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ABSTRACT 

Present study concentrates primarily on radial crack propagation by the explosive 

gas pressure and the associated fracture formation, and on estimating the effects of natural 

discontinuities on rock fragmentation in bench blasting. Boundary element and finite element 

methods coupled with fracture mechanics theories are used to study the crack propagation. Fractal 

geometry principles are used to study the effect of natural discontinuities. 

Predicted stresses from conventional bench blasting model without any radial crack differ 

little from those around a pressurized hole in an infinite medium. Contrary to field observations, 

the radially symmetric stress field predicts a thin failed zone concentric with the hole. 

A loading rate dependent model, developed considering microflaws, suggest only long micro 

fractures become the radial cracks. The biaxial compression zone at the side of a radial crack 

suppresses smaller cracks. Other cracks can grow beyond this zone. Some die as the cracks become 

pressurized. Tensile (13 outside this zone peaks near the crack tip. A biaxial tension zone forms 

ahead of the crack tip. 

A multicrack model of bench blasting is developed. Biaxial compression zone forms near 

the hole. (13 is tensile outside this zone and peaks near the crack tips. Numerous tensile fractures 

form in these regions. Tensile fractures continue to form with radial crack growth and existing 

fractures grow in sliding. Stress redistribution around the fractures produces second and lower 

order fractures. These fractures break rock between the radial cracks. Pressurization of radial 

cracks is essential to propagate them for longer distances and to form associated fractures for 

further breakage of burden. 

The beam bending model produces unrealistically large burden displacement. The 

equivalent cavity hypothesis correctly estimates the stresses beyond the radial cracks but ignores 

the radial crack propagation and the associated breakage. It predicts a failed region concentric with 

the hole. 

The effect of natural discontinuities on fragmentation is determined by comparing the 

Schuhmann size distribution curves of the blasted fragments and the in-situ ·blocks. In-situ block 
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and after blast fragments sizes, measured from photographs, are fractal which is analogous to 

Schuhmann Distribution. Exploiting the fractal characteristics eliminates the problems associated 

with size determination. Automated data reduction processes can make this method very powerful 

for routine monitoring 8Jld design optimization of blasts. 

Discontinuity pattern, fracture density, block density, fault structure, and microcracks in 

laboratory specimens are also fractal. Fractal behavior at micr08cale (10-6 m) to megascale (105 m) 

implies Self-similar rock fracture formation. The fractal dimension may be related to the applied 

stress field. 
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CHAPTER ONE 

INTRODUCTION 

"Although blasting has been performed in mining for more than three centuries, we still do 

not know much about the basic laws governing blasting in a rock face" (Reuther, 1989, p. 122). 

The chemical energy of an explosive is released almost instantaneously upon detonation. The 

released energy is divided into a number of processes which take place either simultaneously 

or following one another very rapidly. Many of the processes are interdependent and poorly 

understood. Figure 1.1, modified from Rascheeff and Goemans (1977), schematically shows the 

present understanding of how the explosive energy is divided into different processes. Da Gama 

(1983) has reported more than twenty variables which affect the fracturing process. A number of 

these variables are connected to different rock properties which are either very difficult to measure 

in the field or defined poorly. For example, rock strength is one of the main parameters in blasting. 

It is not clear which strength value should be used as our understanding of the failure process of the 

rock in blasting lacks much depth. Presence of natural discontinuities in the rock mass most of the 

time dominates the overall fragmentation process. There are only qualitative guidelines to take into 

account these discontinuities. Therefore, trial blasts are necessary to come up with a design which 

is close to the optimum for a particular site. A change in the rock properties, discontinuity pattern, 

and explosive types necessitates a new set of trial blasts. A comprehensive theory of blasting which 

describes satisfactorily all the physical phenomena occurring after the explosive initiation in the 

hole would be very complex and is still far from being complete. 

The release of explosive energy is generally divided into two parts - the strain energy in 

terms of seismic waves and the relatively late acting gas energy. The proportion of each type of 

energy in a blast depends on the explosive type and on the type of excitation. Presence of a free 

face allows the propagating compressive seismic waves to reflect and become tensile. These tensile 

waves can induce fracturing. Explosive gases flow into the radial cracks and propagate them by 

wedging action. Natural discontinuities in the rock affect both the action of seismic waves and 

the radial cracks. The whole event lasts only a few milliseconds. The shock produced by the 



28 

1 Total Available Energy 

I Unliberated Energy I 
1 Liberated Energy 1 

Reaction in C-J Plane Reaction behind C-J Plane 

~ 
I Shock Wave Energy Gas EnergyJ 

Energy Consumed 
~ inCrushi Rock 

around the ~rehole 
1 1 

Kinetic Energy Residual Heat 

1 
in Gases Energy in Gases 

Tangential Radial 
Stress Stress 

Component Component 
1 

Residual KE KE of the 
in Gases Projected M88S 

Energy Consumed 
I-+' in Cracking 

'Energy Consumed 
in Opening-up 

---+-1 Seismic Energy 1--- Cracks 

J ~ 
IBurden Movementl I Fly Rock I 

'--+-1 Acoustic Energy I....J Residual KE 
of the Projected 
Rock Fragments 

Figure 1.1 : Distribution of explosive energy into different processes in blasting (modified from 
Raseheegg and Goemans, 1977) 
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detonation and subsequent fracturing make instrumented measurements of different variables, for 

example, accurate determination of the pressure pulse and responses very difficult. 

Blasting as a comminution process is extremely inefficient. Only a small part of the energy 

released actually goes into fragmentation. According to some estimate, less than 1 % of the energy 

is utilized in fracturing the rock. A better understanding of the different phenomena is essential in 

controlling the blasting parameters so as to obtain a better utilization of the available energy. This 

will not only allow better fragmentation but also minimize the harmful side effects such as ground 

vibration, air blast, fly rock, and damage to the rock left in place. With the increased restriction 

imposed on blasting to minimize the damage to the environment, the use of explosive energy in 

fragmenting rock should be optimized. Increasing the efficiency of the process will also bring down 

the cost. 

The first step towards understanding of the blasting process should be to classify different 

blasting types based on the design and the input variables. Explosives are used to create fractures in 

rock in widely varying conditions such as bench blasting with two or more free faces, crater blasting 

with one free face allowing upward movement of the broken rocks, tunnel blasting with generally 

one free face, in-situ fracturing in the presence of lithological stresses, vertical crater retreat blast 

with gravity aiding the movement of the fragments, explosive casting, and massive blasts such as 

coyote blasts and nuclear blasts. Explosives used in these blasts have widely varying properties 

such 83 velocity of detonation, energy content especially proportion of shock energy and gas energy, 

density, and cap sensitivity. Even explosives referred by a common name can have wide property 

variation. For example, ANFO (Ammonium Nitrate Fuel Oil) is generally site-mixed, many times 

locally. Quality of ammonium nitrate, percentage of fuel oil, and quality of mixing of the two can 

produce explosives with very different properties. 

It may be extremely difficult, if not impossible, to develop a grand unified theory of rock 

fragmentation during blasting although the basic fracture formation from seismic waves or from 

gas pressure is invariant. Change in explosive type with various blast design parameters made the 

overall process so different. Therefore, it may not be prudent to translate the conclusions obtained 

with one type of conditions or blasting to another without careful observations of the similarity and 

the difference of conditions and their consequences. 

Many researchers have attempted to develop a better understanding of blasting. Early 

work has mainly concentrated on field experiments yielding primarily empirical relationships. 
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Investigation of the fragmentation mechanism at regular scale blasts may be almost impracticable 

due to f.!xcessive cost and lack of precise control on many variables, such as rock mass characteristics. 

An effective method is lacking to quantify the results of blasting, such as the fragmentation of the 

rock mass. The whole event lasts only a few milliseconds. The shock produced by the detonation 

and subsequent fracturing make measurement of variables, for example, the pressure pulse or the 

strain close to the hole, extremely difficult. Therefore, instrumentation of a full size blast is complex 

and costly. Destruction of the measuring transducers by the blasting forces increases the cost. As a 

result, qualitative observation rather than instrumentation is generally used in day to day blasting. 

Many studies have attempted to understand the fragmentation mechanism at model scale. 

Although the results from these studies do identify some of the possible fragmentation mechanisms, 

translating these results to actual field scale blasting produces sometimes misleading conclusions as 

in these studies the model geometry and the input variables, such as explosive type and quantity, 

do not simulate the field conditions. 

An alternate and relatively inexpensive approach is to study the fragmentation process 

using numerical methods. A large number of studies have attempted to develop ma~hematical 

models of the blasting process. Most numerical models determine the stresses around the hole 

either from the stress waves or from the quasi-static gas pressure. The expected fracture pattern 

is generally derived from the calculated stress distribution. Most studies reported in the mining 

literature ignore the formation of the radial cracks around the hole. Stress distribution around 

an intact hole is taken as a basis for the formation of radial cracks and the ultimate breakage 

of the burden. Only a few studies have calculated the propagation of the discrete fractures from 

a pressurized hole. Although the speed of computer and the available memory have improved 

significantly over the last few years, still only simple problems can be solved realistically. Several 

hours of supercomputer time ar~ required for some models which try to investigate the phenomena 

at a very detailed level. As an alternative to discrete crack propagation, continuum damage models 

have been used. This saves a lot of computing time but simulates only an average condition. 

Most of the studies on blasting have accounted for only one form of energy as the prime 

source for fracturing - either the shock energy or the gas energy. This is also true for studies on 

bench blasting in mines and quarries. There are distinctly two schools of thought on the dominant 

fracturing process. Only a few studies have attempted to combine the effects of the two types 

of energy available from explosive detonation. Commonly used explosives in mines and quarries 
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produce a small amount of shock or strain energy, generally 6 to 10 % of the total amount. "The 

detonation pulse delivers only a fraction of the explosive energy; it consumes about a tenth of the 

explosive energy of an explosive. The major work is delivered in the form of the more statically 

acting gas pressure. In any event, the dynamic pressure pulse and the static gas pressure interact 

into a complex mechanism which depends on the rock, as given by nature, on the selected explosive, 

and on the blast design, which so far have eluded final investigation" (Reuther, 1989, p. 87). 

Due to enormons complexity of the problem, every study investigates only a part of the 

process. No study has been able to take explicitly into account all the aspects of a particular type 

of blasting. Blast design still remains an art rather than a science. 
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CHAPTER TWO 

OBJECTIVE AND OUTLINE OF THE STUDY 

There are considerable uncertainties about the exact failure mechanism of the rock mass 

in blasting. The interaction among the explosive parameters, the rock parameters, and the blast 

design parameters in producing the final results are poorly understood. Due to lack of actual 

measurements in field, it is not certain whether the dynamic effects (that is, the strain wave) or 

the quasi-static gas pressure or some combination of both are responsible for the breakage observed 

in blasting. Variation in blast geometries makes the interaction much more complex by amplifying 

the effect of one parameter and restricting another. Presence of natural discontinuities (joints, 

bedding planes, etc.) in the rock mass dictates the fracture formation and the ultimate breakage. 

Blasting results may be more influenced by the discontinuities than by the explosive properties 

(Hagan, 1973). Very little quantitative information is available about the extent to which these 

discontinuities affect the fragmentation process in blasting. Many studies have attempted. to develop 

a conceptual model of rock fracture process in bench blasting from model or small scale experiments 

and limited numerical analyses, still the present state of knowledge is quite poor in explaining the 

breakage, and sometimes quite contradictory. Although the ultimate objective of each study on 

blasting is to develop rules and methods by which the degree and the extent of the breakage in the 

surrounding rock from an explosion in a hole can be predicted reliably for all types and geometries 

(Kutter, 1967), each study can realistically look into a small part of the whole problem. 

Elimination of blast geometry from the list of variables to be studied reduces the scope 

of this investigation significantly. It is decided to study the bench blasts in mines and quarries 

with one free face using commonly used explosives, such as, ANFO, water gel or emulsion type 

of explosives. These have a low proportion of strain energy due to a relatively slower reaction 

rate (velocity of detonation), and produce more gases. Although the basic fracturing mechanism 

observed may still be present in another type of blasting, the relative preference of one mechanism 

over other may make the overall fragmentation process completely different. 



33 

The primary objectives of this study are -

i) to integrate the present state of knowledge about bench blasting and compare it with field 

observations, 

ii) to develop an improved understanding of the different fracturing processes that take place 

in the rock mass during blasting, and 

iii) to develop a method to estimate the effect of natural discontinuities on fragmentation from 

blasting. 

Chapter Three deals with the geometry and the basic parameters used in regular mine 

bench blasting. The range for each of the parameters is given to place the results of different 

studies, described in later chapters, in proper perspective. 

Effects of the hole diameter and the shape of the applied pressure pulse at the hole wall are 

discussed in Chapter Four. The present state of understanding of the development of the fractured 

zone around an explosively loaded hole is also discussed in this chapter. Available information in the 

blasting literature on radial crack formation, the number ofradial cracks, the extent of pressurization 

and their propagation by the energy of the quasi-static gas pressure is presented. Other proposed 

theories of rock breakage in bench blasting and their relative merits are also discussed in this 

chapter. 

The gas pressure theory does not include any details of stress distribution around the hole. 

An intact circular hole or an equivalent hole having radius equal to the length of the radial cracks is 

generally used to infer the f~acture formation around the hole (Porter, 1971; Bhandari, 1975, 1979; 

Ash, 1973; Smith, 1976; Sunu et al., 1988). In Chapter Five, the stresses around the intact circular 

hole are first analyzed using the boundary element method to develop an understanding of the 

presently used model. The stress distribution around the hole from this model fails to explain the 

extensive breakage observed in actual blasting. This model completely ignores the effects of radial 

cracks on stress distribution. A new model is developed in this chapter using the finite element 

method to incorporate a radial crack with the pressurized hole. Analysis of the stress distribution 

from this not only shows the possibility of more radial crack formation but also the possibility of 

a pattern of fracture formation quite different from that derived from the previous model without 

any radial crack. 
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In Chapter Six, a conceptual model of radial crack formation from commonly used 

explosives in mines and quarries is developed first. This pressurization rate dependent model 

predicts the formation of multiple radial fractures from the existing large microflaws. A new model 

of bench blasting is then developed using the finite element method incorporating multiple radial 

cracks from the pressurized hole. They are allowed to propagate in mixed mode by the action of the 

quasi-static gas pressure in the bole and inside the cracks. The stress distribution in the burden, 

the propagation of the radial cracks, and the form&tion of new fractures in the rock and their 

subaequent propagation are studied. The possibility of further breakage of the burden, especially 

the rock in between the radial cracks, by these new fractures is also discussed here. The results 

from this model are compared with the equivalent cavity hypothesis of Kutter (1967) and Kutter 

and Fairhurst (1971), and also with the beam bending model of Ash (1973) and Smith (1976). 

A method to quantify the effect of natural discontinuities on rock blasting has been 

developed in Chapter Seven using the theory of fractal geometry. Data collected from four blasts in 

an open pit copper mine are used to test this procedure. The fractal behavior of the in-situ block 

size and the blasted fragments are utilized to determine the respective Schuhmann distribution 

curves. Comparison of the curve of in-situ blocks with that of after blast fragments determines 

the proportion of particles formed by pre-existing discontinuities It is observed that the fractal 

behavior of natural discontinuities is not limited only to the in-situ block size. Fracture pattern, 

fracture density, and block density of the natural discontinuities observed in all four faces are also 

investigated. All show fractal behavior. 

Chapter Eight summarizes the important results and conclusions arrived in this study. The 

fractal behavior of the fracturing process are also discussed in this chapter. 



35 

CHAPTER THREE 

STANDARDS FOR BLAST DESIGN 

Several methods of designing a good blast for a surface mine exist, such as, Ash's method 

(1973), Langefors and Kihlstrom's method (1978), and the Powder Factor Method (Lambooy and 

Espley-Jones, 1970). Ash's method is quite popular in US. It has been derived from statistical 

analyses of good blasting practices at a number of mines and quarries in the United States (Ash, 

1963). Many explosive companies have developed proprietary blast design method either based on 

one of the above methods or adopting an independent approach (Favreau, 1980; Paine et al, 1937). 

The present state of blast design is not advanced enough to determine each design parameter exactly. 

Therefore, each mine has to refine the parameters through trial and error taking into account the 

desired fragment size, the rock breaking characteristics and the effect of natural discontinuities 

present in the rock mass. 

Figure 3.1 shows the basic parameters used in a bench blast. The diameter of the drill hole 

DH is the most important parameter for any blast design. It influences the selection of all other 

parameters. Burden is the distance of the hole from the free face. In Figure 3.1, Hd is the drilled 

burden, the burden measured from the original free face. Initiation pattern, or, the sequence in 

which the holes are initiated, may change the position of the free face during blasting. Therefore, 

the initiation burden Hi of a particular hole is the distance from the current position of the free 

face just before initiation of that hole. In blast degign, generally Hi is used. Spacing is the distance 

between two consecutive holes fired together in the delay period. The hole is generally drilled 

slightly below the floor level to obtain a clean breakage. The extra length of hole below the floor or 

the grade level is called subdrilling J. Part of the drill hole at the top is not filled with explosive. 

Instead, some inert material, such as drill cuttings, sand, crushed stone, etc., is used as stemming 

to contain the explosive gases in the hole for a slightly longer time to increase rock fracturing. The 

stemming column is denoted in Figure 3.1 as T. 
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Figure 3.1 : Blast design terminology. 
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The design method developed by Ash (1963, 1973) uses five basic parameters for blast 

design: 

1. Burden Ratio KB, 

2. Hole Depth Ratio KH, 

3. Subdrilling Ratio KJ, 

4. Stemming Ratio KT, 

5. Spacing Ratio Ks. 

Burden ratio KB is defined as the ratio between the burden distance to the diameter of the explosive 

De. Using the parameters shown in Figure 3.1, KB is-

B· 
KB=-' 

De 
(3.1) 

If cartridged explosives are used without any tamping, the explosive diameter is less than 

the hole diameter. For free flowing explosives, like ANFO (Ammonium Nitrate and Fuel Oil 

mixture), water-gel and emulsion explosives after slitting the cartridges, pump able explosives, the 

explosive diameter is quite close to the drill hole diameter. Therefore, using drill hole diameter, 

instead of explosive diameter, for these cases does produce acceptable values in practice. 

Hole depth ratio KH is the ratio betwep.n the hole depth to the burden 

(3.2) 

Sub drilling ratio KJ is the ratio of sub drilling depth to the burden 

(3.3) 

Stemming mHo KT is the ratio of stemming length to the burden 

(3.4) 

Spacing ratio Ks is the ratio of spacing distance to the burden 
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(3.5) 

Ash (1963, 1973) has given a range of values to be used in designing for each of the ratios 

based on field practice and some theoretical analysis. The suggested range for each ratio is given 

in Table 3.1. For average field conditions, Ash (1963) recommends a KB value of 30 to produce 

satisfactory results. A lower KB value, 20 to 25, may be required if a light density explosive, such 

as field-mixed ANFO, is used. Dense explosives allow larger KB values, close to 40. As burden 

distance controls fragmentation and throw of the fragments, generally a trial and error approach 

is required to arrive at the optimum value for a particular site. Ash (1963) has suggested a more 

careful choice of burden values for smaller diameter drill holes. 

Table 3.1 : Suggested values of different design 
ratios used in blasting (Ash, 1963, 1973) 

Ratio Range of Values 

KB 20 - 40 

KH 1.5 - 4.0 

KJ 0.2 - 0.3 

KT 0.7 - 1.0 

Ks 1.2 - 1.8 

Depth of the hole should never be less than burden to avoid overbreak and crate ring (Ash, 

1963). Depth of sub drilling also should never be less than 0.2 times the burden. A larger KJ value 

is required if the rock at the floor is quite massive. KJ may be zero if a clear parting exists at 

the floor level. It may become negative if the rock below the level is quite 80ft and should not be 

fractured as much as possible. For example, if there is a coal seam below the floor, back fiUing a 

few feet of the hole is necessary to avoid fracturing of the coal. A KT value of 0.7 is a reasonable 

approximation to control the airblast and to obtain stress balance in the collar region (Ash, 1963). 

For massive rock, a higher value of KT may be required to avoid back break and cratering. 
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Commercial blasting usually requires multiple blast holes. When explosives in multiple 

holes are detonated simultaneously or at extremely short-delay intervals, the mutual reinforcement 

action permits larger spacing between blast holes (Ash, 1963, 1973). Ash (1963) has suggested that 

ideal energy balance between charges is accomplished at spacing nearly equal to twice the burden 

(K. = 2) for simultaneously initiated charges. He has suggested that K. should vary between 1 

and 2 for short delay intervals. Although Ash (1963, 1973) has suggested to keep Ks below 2, 

a higher Ks is used sometimes in practice with corresponding reduction in KB value 80 that the 

product Bi x S remains constant. Some field studies have shown improvement of fragmentation 

with this approach (Kihlstrom et al., 1973). Ash (1963, 1973) has pointed out that Ks depends on 

initiation pattern and structural discontinuities. As a result, an optimum Ks for a particular site 

needs tailoring to suit local conditions depending on the orientations of the structural discontinuities 

present. 
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CHAPTER rOUR 

PHENOMENA DURlNG BLASTING 

From the moment of initiation of the explosive charge in the drill hole to the complete break 

out of the burden rock, a series of complex events take place in, around, and away from the hole. 

When a number of holes are initiated at different instants of time or when parts of an explosive 

column detonate at different times (deck-blasting), these complex series of events become even more 

complicated. Explosives have been used for centuries. Yet rock fragmentation by explosive remains 

poorly understood. In actual field blasting, the number of variables involved is more than twenty 

(Da Gama, 1983). This complexity has hindered research at the full scale normally used in blasting. 

Most research studied only a part of the problem, and even that, in many cases, on small scale 

models only. In many tests, even the geometric similarity does not meet the requirements for scaling 

regular blasts. The actual sequence of events and the importance of each on overall fragmentation 

from the perspective of a full size blast are, therefore, not well understood. Perception of relative 

influence of stress waves and gas energy on these events and on oveull fragment distribution is still 

uncertain. Rock blasting remained an art rather than a science for all these years and this still 

holds true today (Kisslinger, 1963; Ash, 1973). In the following sections, an effort has been made 

to synthesize the available information to make a picture of the sequence of events in blasting as 

quantitative as possible, and to examine different hypotheses of rock fragmentation at full scale 

blasting. 

4.1 Phenomena Within the Hole 

Detonation of an explosive column is a very rapid chemical reaction. The velocity at which 

the reaction front travels through the explosive, the velocity of detonation (V.O.D.), is very high. It 

depends on the chemical composition, density, nature of initiation, and confinement of the explosive 

(Cook, 1963; Johansson and Persson, 1970; Ash, 1973). For commonly used commercial explosives, 

V.O.D. lies between 9,000 ft/sec (2,700 /sec) to 23, OOOft/sec (6,900m/sec) (Kutter, 1967; Ash, 
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1973; Langefors and KihlBtrom, 1978). The commonly used explosive ANFO (94 % ammonium 

nitrate prill and 6 % fuel oil mixture) has a detonation velocity ofl,500m/s (5,000ft/s) to 4,500m/s 

(15,000ft/s). PETN, used in many small scale blasting experiments has a velocity of detonation 

7,980 m/s at maximum density. Pressure, density, and particle velocity ahead of the detonation 

front can be determined from the Rankine-Hugoniot relations together with the Chapman-Jouget 

condition (Kutter, 1967; Clark, 1980). Rankine-Hugoniot relations are based on the conservation of 

mass, momentum, and energy in the explosive material across the shock front. The Chapman-Jouget 

condition relates the velocity of the shock front with the material properties behind the shock front 

in terms of equations of state and the chemical energies involved in the reaction. 

Detonation of explosive liberates the energy in a very short time. The compact explosive 

transforms into a glowing gas with an enormous pressure and temperature. In an ideal detonation, 

all the explosive molecules are consumed before any noticeable expansion starts and contribute 

energy to the propagation of the detonation wave at the hydrodynamic value. This ideal detonation 

is possible only if the length of reaction zone is small compared to charge diameter (Cook, 1963; 

Johansson and Persson, 1970). Either incomplete chemical reaction or excessively long reaction zone 

produces non-ideal detonation, that is, a detonation velocity lower than the t,heoretical maximum. 

In non-ideal detonation, steady-state propagation of the detonation front is possible only if the 

explosive diameter is above a critical diameter (Cook, 1963; Johansson and Persson, 1970). Figure 

4.1 shows the variation of detonation velocity with charge diameter for some explosives. This 

figure shows that ANFO does not attain a steady-state velocity unless a diameter of at least 8.5 in 

(216 mm) is used. Initiation of all explosives starts the chemical reaction as defiagration which 

means rapid burning of the explosive but at a much slower rate than detonation. It takes a finite 

time to develop detonation, when the reaction velocity becomes supersonic (Cook, 1963; Ash, 1973). 

Steady-state detonation for most high explosives is reached within one diameter length. It takes at 

least two to four charge diameter lengths for most blasting agents, including ANFO (Ash, 1973). 

4.1.1 Calculation of Detonation Pressure 

It is very difficult to measure the density at the reaction zone in actual field conditions. 

Consequently, a number of approximate equations are used to calculate the detonation pressure. 

Cook (1963) and du Pont (1977) gave the following approximate formula-
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Figure 4.1 : Variation of detonation velocity with charge diameter for some commonly used explo
sives (After Ash, 1973). ANFO does not attain the steady state velocity even at charge 
diameter of 216 mm (8.5 in). 



where, P = density of explosive in glcc 

D = detonation velocity in km/sec 

Pd = detonation pressure in kbar. 
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(4.1) 

Ash (1973), Nicholls and Hooker (1965), Atchison and Pugliese (1964) and many others at 

the US Bureau of Mines have used the following equation -

where, Pd = detonation pressure in psi 

Pg = average loading weight density in Ib/ft3 

D = detonation velocity in ft/sec. 

(4.2) 

Ash (1973) and Taqieddin (1982) also have used the equation given by Dick (1968) -

p. _ 4.18 X 10-7 x pD2 
d - 1 + 0.8D (4.3) 

where, Pd is in kbar, D is in ft/sec and P is in g/cc. 

Of the three equations, the one proposed by Cook (1963) and du Pont (1977) produces the 

highest value of detonation pressure. 

Table 4.1 gives the important properties of some commonly used explosives (Johansson and 

Persson, 1970). 

4.1.2 Bore Hole Pressure 

The rapidly expanding gases impact the hole wall and produce an intense pressure pulse. 

The peak bore hole pressure or the peak pressure at the moment of impact with the hole wall 

depends on the loading density (amount of explosive per unit length of blast hole), decoupling 

ratio, and the type of material between the explosive and the drill hole wall (Cook, 1963; Kutter, 

1967; Kutter and Fairhurst, 1971; Atchison, 1972). The decoupling ratio is defined as the ratio of 

the diameter of the hole to the diameter of the explosive charge. 

Otuonye et al. (1983) and Britton et al. (1984) have reported a model to calculate bore 

hole pressure from the ratio of the heat capacity at constant pressure Cp to that at constant volume 
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Table 4.1 : Properties of Some Explosives (Johansson and Persson, 1970) 

Explosive Density Explosive Volume of Reaction Detonation Detonation 
Energy Products Velocity Pressuret 

(g/cc) (KJ/Kg) at NTP (liter/kg) (m/sec) (MPa) 

Lead Azide 4.71 1530 407 5600 36926 

PETN 1.67 6120 780 7980 26587 

ANFOt 0.85 3717 4757 2250-4500· 1076-4303 

t Calculated using equation (4.1) 

t (94 % prill, 6 % oil) 

• Data from Figure 4.1 for hole diameters 50 mm and 226 mm respectively 
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Cu , heat release Q, moles of gaseous products, compressibility factor Z, and increase of bore hole 

volume with stemming compaction. The compressibility factor Z (Z is 1.0 for an ideal gas) is 

defined as-

where, P = pressure 

V = volume 

n = number of moles 

R = universal gas constant 

T = absolute temperature. 

PV 
Z = nRT (4.4) 

Type of explosive and point of initiation control the percentage of theoretical maximum 

possible energy liberated and its distribution along the length of the hole. Pressure on the hole wan 

rises almost instantaneously. Kutter (1967) and Kutter and Fairhurst (1971) have postulated that 

for all practical purposes, the bore hole pressure is of the order of one-quarter to one-half of the peak 

detonation pressure. In an ideal detonation, the pressure decays more or less expouentially due to 

cooling of the gases and to outward expansion of the hole (Cook et aI., 1966; Kutter, 1967; Persson 

et aI., 1970; Kutter and Fairhurst, 1971). The pressure pulse duration is of the order of a few 

hundred microseconds. Although the initial pressure decreases very rapidly, it remains high enough 

to continue the expansion of the hole and to exert a quasi-static pressure on the surrounding rock for 

a relatively long time. In some cases, venting of the gases through the stemming or through large 

discontinuities in the rock mass may drastically reduce the duration of quasi-static gas pressure 

(Kutter, 1967; Kutter and Fairhurst, 1971). 

4.1.3 Pressure-Time Curve at Hole Wall 

Figure 4.2 shows the idealized pressure time curves for two explosives - one having a very 

high detonation rate (solid line) and another baving a slow detonation rate (dashed line). The first 

is representative of explosives having a detonation velocity equal or close to the thermodynamic 

detonation rate (Cook, 1963). The peak pressure is a sharp spike produced almost immediately 

after detonation. Explosives with low detonation velocity (e.g. ANFO) have a pressure-time curve 

similar to the second one. This curve shows a sustained pressure, called heaving action, for a much 
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- P (t) Curve for Infinite Reaction Rate 

-- P (t) Curve for Slow Reaction Rate 

Time (Seale Magnitude - Milliseconds) 

Figure 4.2 : Idealized pressure time curves Cor two explosives - one having a very high detonation 
rate (aolid line) and another having a slow detonation rate (dashed line) (After Cook, 
1963). 
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longer time, but with a lower initial pressure. Pressure peaks after a relatively long time. Heaving 

action is produced by the chemical reaction continuing long after the detonation wave has passed. 

This continuing reaction probably also contributes a large fraction of the total potential energy 

generated by the explosive. These types of explosives may indeed produce nearly as much total 

blast energy as the fast-reacting explosives. 

It is extremely difficult to measure directly the borehole pressure variation with time. Few 

transducers, if any, can withstand the shock energy produced in high explosive detonation. Most 

measurements are carried out indirectly. Very few measurements have been made in field blasts 

(Schmidt et aI., 1981; Willamson and Armstrong, 1986). Data reported are generally measured in a 

cannon (Cook, 1963; Bauer and Frantzos, 1987; Otuonye et al., 1983) or in a single small diameter 

drill hole (Ito and Sassa, 1962). 

Computed pressure-time curves, calculated by Cook (1963), for four explosives are 

reproduced in Figure 4.3. Both ANFO compositions produce much lower peak pressure th'an the two 

dynamite compositions. 94/6 AN (prill)-fuel oil shows clearly non-ideal detonation characteristics. 

Cook (1963) has measured the pressure-time curve for PETN in a cannon (Figure 4.4). PETN shows 

a large pressure spike with little steady-state pressure. The energy of the explosive under the spike, 

termed as strain energy is much more than that under steady-state condition called gas energy. 

Comparing the results of both figures, it is evident that PETN produces higher strain energy to gas 

energy ratio than other explosives shown in these figures. This is one of the fundamental differences 

between PETN and ANFO. These figures also show another fundamental difference betwee~ these 

two explosives. Before ANFO (94/6) prill could reach steady state, the reaction is over for PETN. 

The major implications for blasting research of these fundamental differences are discussed later. 

Ito and Sassa (1962) have detonated 45 g of No.3 Take dynamite (Nitroglycerine gel 16 to 

20%, AN 65 to 75%, other materials 10 to 20%) in 55mm diameter 0.7m long holes in serpentine 

rock. The wave shape for a confined shot, corrected for the wave shape acting on the side wall of 

the gauge, given by Ito and Sassa (1962) is reproduced in Figure 4.5. The time difference between 

points (a) and (b) gives the rise time of the pulse, which is about 2JJs. At point (c), about 3JJs 

after the peak (b), the stress has decreased by about half. At point (d), 12JJs from the starting of 

the pulse, the stress is about one third of the peak. Beyond point (d), the stress decrease is very 

slow, and is termed the quasi-static gas pressure phase. After point (f), about 100JJs frem the start, 
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Figure 4.4 : Measured pressure-time curve from 25gm of fine PETN (After Cook, 1963). 
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Figure 4.5 : Measured pressure-time curve from 45 gm of No. 3 Take dynamite (After Ito and Sassa, 
1962). 
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the stress decrease becomes even slower. At point (f), the stress is about one-sixth of the peak. 

In these experiments, durations of this phase are about 500 ps. Ito and Sassa (1962) concludes 

that the sharp wave shape between points (a) and (c) is influenced by the dynamic properties 

of the explosive (detonation velocity, brisance etc.) and by the characteristic impedance of the 

surrounding rock. Quasi-static properties of the explosives, such as quantity and temperature of 

released gases, method of initiation and stemming control this quasi-static gas pressure phase. 

Ito and Sassa (1962) infer that the pressure at any time t, can be approximated by-

for t>O (4.5) 

where, Po = peak Pressure 

cr = decay Constant. 

Otuonye et al. (1983) have measured the bore hole pressure produced by PETN inside a 

cannon using a pressure transducer. They assume that the time difference between the initiation of 

the explosive charge and stemming movement is negligible in their experiments. The experimental 

pressure-time curves for 10 g, 20 g, 30 g, and 50 g of PETN are reproduced in Figure 4.6 along with 

computed curves for 30 g PETN. The theoretical curve is computed using the method reported by 

Otuonye et aI. (1983) and Britton et a!. (1984). 

Bauer and Frantzos (1987) have measured the pressure-time curve for ANFO in a steel 

cannon using four high pressure quartz transducers. Recorded measurements include the effect of 

mechanical vibration of the transducer assembly itself. Using a dynamic finite element program 

they obtaine by trial and error a true pressure pulse that would produce an output very dose to 

the recorded one. This true pulse is reproduced in Figure 4.7. The pressure rises to the peak value 

of 100,000 psi (689.5 MPa) in 4ps. It then drops to about 55,000 psi (379.2 MPa) in only 0.5ps, 

remaines stationary at this value for the next 5 JlS, and then drops to about 30,000 psi (206.9 MPa). 

It remaines constant at this level for the next 6ps. We may conclude from this curve that the 

semi-stationary phase of the pressure pulse starts quite early in the event. The peak pressure is 

quite low. ANFO used in this experiment has a very low density (0.24g/cc) compared to regular 

ANFO (0.9 g/cc) used in mine blasts. This low explosive density produces a low detonation velocity, 

which in turn generates a low detonation pressure. 
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Figure 4.6: Measured pressure-time curves from different weights of PETN confined with -4.76 to 
+3.36 mm mesh limestone aggregates (After Otuonye et al., 1983) 
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Williamson and Armstrong (1986) have measured the gas pressure in a hole drilled close to a 

production hole. The peak pressure developed in the monitoring hole is a function of the gas volume 

produced, the distance frem the loaded hole, and the number of favorably oriented discontinuities 

available in the rock. Limited data show some variability of peak pressure measured. It is not 

clear how to translate this measurement to the actual pressure time curve in the hole loaded with 

explosive. 

Sharpe (1942) has developed expressions for the elastic compressive wave (P wave) 

generated by a spherical charge in a homogeneous, isotropic, elastic, and infinite medium. He 

has assumed an exponentially decaying pressure pulse of the form in equation (4.5). Sharpe (1942) 

has observed that a pressure pulse of the form -

where, N = normality factor 

Q, fJ = decay constants, 

for t > 0 (4.6) 

would probably simulate quite closely the shape observed in practice. Duvall (1953) has solved for 

the stresses generated by the P wave, when N is equal to 1, using superposition of two exponential 

pressure functions with different decay rates. 

Bligh (1972) has observed that the pressure-time curve at the bore hole wall can be modeled 

as-

for t > 0 (4.7) 

where, C1 ,C2 ,C3, and C4 are constants. Different pulse shape can be generated manipulating these 

four constants. Bligh (1972) has used this equation to model the input pressure pulse from different 

acetylene-air mixtures. 

Warpinski et al. (1979) and Schmidt et al. (1981) have measured the variation of gas 

pressure with time from propellant initiation in 8 in (200 mm) diameter holes in ash-fall tuff. They 

have used different propellants with extremely slow (e.g. 0.09 psi/liS or 0.000621 MPa/l's) to quite 

high loading rate (e.g. 20psi/.us or 0.138 MPa/JJs). Chen (1981) has modeled the input pressure 

pulse from the different propellant mixtures in these in-situ fracturing tests as -
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pet) = -pate-b. (4.8) 

where, Po = rate at which the pressure is applied 

l/b = time required for the pulse to reach its maximum pressure. 

There is a fundamental difference between the equations used by Sharpe (1942) (equation 

4.5) and Duvall (1953) (equation 4.7), and the equations of Bligh (1972) and Chen (1981). Equations 

(4.5) and (4.7) ignore the pressure rise time. Input pressure instantaneously rises to the peak value 

and decay exponentially thereafter. Equations (4.7) and (4.8) consider the finite rise time and 

model the streBBes when the pressure is rising in the hole. Both these equations require numerical 

approximations to determine the stresses and the strains around the hole from an arbitrary shaped 

pressure pulse applied at the hole wall. 

4.1.4 Dynamic Stresses from the Pressure Pulse 

Theoretical calculations assuming conservation of energy have been carried out to determine 

the amplitude of the stress wave from spherical and cylindrical cavities with time and distance in 

a homogeneous, elastic, isotropic medium (Sharpe, 1942j Blake, 1952j Selberg, 1952j Duvall, 1953j 

Jordan, 1962j Favreau, 1969j Bligh, 1974j Rinehart, 1975j Chen, 1981). Determination of stresses 

from an exponentially decaying pressure pulse applied at the wall of a cylindrical cavity is much 

more complicated than of a spherical cavity and requires numerical techniques (Selberg, 1952j 

Jordan, 1962j Bligh, 1974j Rinehart, 1975j Chen, 1981). Radial and tangential streBBes, calculated 

by Rinehart (1975), from an exponential decaying pressure pulse in a cylindrical hole, of the form 

given by equation (4.5) with Q equal to 0.25, are represented in Figure 4.8. 

The radial stress at the cavity boundary is always compressive. Beyond a distance of 

twice the hole radius (r = 2a), the radial streBB develops with time a tensile tail. The amplitude 

of this tensile tail increases further away from the hole. Its peak never exceeds about 20 % of 

the compressive peak. The tangential stress at the hole boundary reverses from compression to 

tension. Its tensile peak is about two and half times the compreBBive peak. With distance, the 

peak amplitude of the tensile part reduces at a decreasing rate. Due to the large stress difference 

between the radial and the compressive streBBes, high shear streBB is formed. At the cavity wall, the 

amplitude of this shear stress increases till it reaches the peak. Thereafter, it falls off monotonically. 
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The magnitude of the shear stress decreases with distance. At large distances from the source, the 

shear stress is negligible and remains almost constant with time. Stress wave characteristics are 

relatively insensitive to changes in the shape of the input pulse, especially the decay constant a. 

Peak compressive values of the radial and the tangential stresses remain unchanged with different 

values of a. Only the decay of stress with time is affected (Rinehart, 1975, pp. 53-54). 

The sharp peak of the pressure pulse produced by the very rapid reaction rate sends out 

stress waves ra.dially away from the bore hole. If the pressure pulse has sufficient strength, a zone 

of rock around the hole is pulverized. The intensity of cracking decreases away from the hole. 

From this heavily cracked zone, a few cracks develop radially and propagate to some considerable 

length. Field and laboratory measurements show that the amplitude of the stress wave decreases 

more than warranted by the geometrical spreading only in order to supply energy for the fracturing 

process scattering of waves etc. (Barkan, 1962; Duvall and Petkof, 1959; Nicholls and Hooker, 

1962; Atchison and Pugliese, 1964; Kutter, 1967; Richart et al., 1970; Kutter and Fairhurst, 1971; 

Prange, 1978; Anon., 1981; Ghosh and Daemen, 1983). The preceding theoretical analyses assume 

homogeneous, isotropic, elastic material and do not account for any crack formation. They consider 

geometrical spreading as the sole source of decay of wave amplitude. Therefore, these solutions do 

not account for loss of energy due to crack initiation, crack propagation, relative motions at grain 

boundaries, pore fluid flow etc (Anon., 1981). 

4.1.4.1 Effect of Hole Diameter. Bligh (1974) has analyzed the effect of the hole 

diameter on the tangential stress around the hole (Figure 4.9). In quartzite rock, the pressure pulse 

in a 50 mm diameter hole produces maximum overshoot from the static solution. The duration 

of the leading compressive part of the pulse and its peak amplitude increases with an increase in 

hole diameter. The peak of the trailing tensile part decreases, and the duration increases with 

an increase in hole diameter. The shape of the tensile tangential stress decay with time curve for 

large diameters is markedly different from that for small diameters. At small diameters, the tensile 

stress reaches the peak very quickly and thereafter drops off gradually. Rising time of the tensile 

pulse increases and the sharpness of the peak decreases with an increase in hole diameter. For 

large diameter holes, the tensile stress reaches the peak after a relatively long time and decays very 
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Figure 4.9 : Effect of hole diameter on the tangential stress in quartzite (After Bligh, 1974). 
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slowly. Therefore, great caution should be exercised when translating the results from scale model 

blocks to full size field blasting. 

4.1.4.2 Effect of Input Pressure Pulse. The effect of different pressure pulses pet) 

applied at the wall of 50mm and 200mm holes in quarbite (Bligh, 1974) is shown in Figures 4.10 

(a) and 4.10 (b). Pressure pulse pet) = (0) produces maximum overshoot as compared to the static 

solution in a 50mm hole, while pet) = (6) produces a maximum overshoot in a 200mm hole. Slow 

rising pressure pulses (e) and (f) produce almost similar solutions as the static case. This means 

that the pressure pulse may be considered as applied quasi-statically. Material properties have an 

insignificant effect on slow rising stress (Bligh, 1974). 

4.1.4.3 Shear Wave Generation and Decay of Stress Magnitude. All the analy

ses described above inherently assume complete radial symmetry around the hole and therefore, 

do not predict the generation of a shear wave. Photoelastic measurements by Barker and Fourney 

(1978), Barker et al. (1979), Fourney and Barker (1979), Holloway et al. (1980), Fourney (1983a, 

1983b), Fourney et al. (1984a), Rossmanith (1983a, 1983b), and Rossmanith and Fourney (1983) 

indicate the generation of a shear wave during explosive detonation in drill holes. Kisslinger 

(1963) has reported detection of a shear wave from underground explosions. Fourney (1983a) 

has speculated that ctu .. !ii;;:/S and crack initiation at the drill hole wall deshoys the symmetry and 

is responsible for the generation of shear waves. Kisslinger (1963) has suggested that radial crack 

initiation in hard rock and instability of the material in unconsolidated media could be the possible 

cause of shear wave generation. 

4.1.5 Different zones of Fracturing Around the Hole 

Depending on the degree of fracturing, the rock around the drill hole, can be divided into 

different zones (Kisslinger, 1963; Kutter, 1967; Johansson and Persson, 1970; Persson et aI., 1970; 

Kutter and Fairhurst, 1971; Atchison, 1972; du Pont, 1977; Langefors and Kihlstrom, 1978; Jaeger 

and Cook, 1979; Fourney, 1983a). The nomenclature for defining these zones varies from author to 

author. Therefore, a consistent system of names is proposed here relating to the fragment size in 

each region. The zones are defined as follows -

i) a crushed zone, directly around the drill hole, 

ii) a cracked zone outside the crushed zone, 
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iii) a zone of radial fractures, and 

iv) a seismic zone beyond all these three zones. 

A schematic diagram of these zones is shown in Figure 4.11. 

4.1.5.1 Crushed Zone. In the immediate vicinity of the bore hole, the rock is crushed 

by very large compressive stresses generated by the shock wave. The radial stress of the shock 

wave exceeds the compressive strength of the rock several times so that an annulus of intensely 

crushed rock is created around the drill hole by the collapse of voids, inter- and intra-granular 

cracking, differential compression of the particles, and rock matrix, and other modes of microscopic 

deformation (Hino, 1959, p. 95; Brown, 1970; Jaeger and Cook, 1979, pp. 529-534; Hagan, 1979). 

Johansson and Persson (1970, pp. 245) and Atchison (1972) have speculated that plastic failure 

might be a possible criterion of fracturing. If the energy of explosive is high (e.g. in a nuclear blast), 

part of the rock might even be vaporized. Kutter (1967) and Kutter and Fairhurst (1971) have 

hypothesized that for all practical purposes the rock in this zone could be considered to behave 

mechanically as a fluid. Observation of powdery residue at the hole remnants indicate intensive 

crushing at least at the bore hole wall. This disintegrated zone consumes a very large amount of 

energy from the shock wave. This disintegration process takes place at a speed larger than the 

compreeaive wave velocity. 

The crushed zone thickness depends on the peak bore hole pressure and on the dynamic 

rock properties. Crystalline rock with very low porosity can exert great resistance to crushing. 

Weak and/or highly-porous rocks is crushed easily (Hagan, 1979). The crushed zone thickness 

increases beyond a critical value of bore hole pressure. As mentioned before, the bore hole pressure 

depends on density and detonation velocity squared. Detonation velocity in turn depends on density. 

Therefore, lowering the density reduces the detonation velocity which, in turn, considerably reduces 

the detonation pressure and consequently, the crushed zone thickness. Kutter (1967) and Kutter 

and Fairhurst (1971) have postulated that the thickness of the crushed zone would be negligible for 

general mining and construction blasts because of the relatively small quantity of charge detonated 

in each hole. Langefors and Kihlstrom (1978) have estimated the thickness of this zone to be about 

one hole radius. 
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4.1.5.2 Cracked Zone. The adjoining transitional non-linear zone is characterized by 

crushing on the inner boundary and predominantly radial fracturing in the outer region with 

increasing fragment size radially outward. This cracked zone is characterized by severe fracturing 

by intense radial and circumferential cracks (Atchison, 1972). These fractures form when tangential 

stress sign changes produce high shear stresses (Figure 4.8). Figure 6.4.4 in Johansson and Persson 

(1970, p. 247) shows the shear fracture very illustratively. Two families of equiangular spirals 

(Jaeger and Cook, 1979, Figure 9.4.2, p. 237) can be seen in the cracked zone produced from a 

PETN blast in plexiglass. This highly cracked zone propagates radialJy outward until the maximum 

shear stress falJs below some critical value. The thickness of the cracked zone also depends on the 

peak blast hole pressure and on the dynamic rock strength. 

4.1.5.3 Zone of Radial Fractures. Outside this zone, predominantly radial cracks 

form by tensile loading (Kisslinger, 1963; Kutter, 1967; Da Gama and Nelson, 1971; Kutter and 

Fairhurst, 1971; Atchison, 1972; Jaeger and Cook, 1979; Fourney, 1983a). Most investigators 

conclude that the tangential component of the elastic precursor wave produces these radial cracks 

(Kisslinger, 1963; Kutter, 1967; Da Gama and Nelson, 1971; Kutter and Fairhurst, 1971; Atchison, 

1972; Jaeger and Cook, 1979; Fourney, 1983a). Figure 4.8 shows that the tangential stress is 

tensile may have sufficient amplitude to cause initiation of radial cracks. Figure 4.8 also shows that 

the radial stress starts forming a tensile tail at about twice the bore hole radius distance. With 

increasing distance, the amplitude of this tensile part increases. 

Kutter (1967), Kutter and Fairhurst (1971), and Atchison (1972) have concluded that 

this tensile part of the radial stress component of the stress wave forms cracks in circumferential 

direction. It is questionable whether cracks in circumferential direction can form or, if formed, 

whether they are significant irom overalJ fragmentation point of view. The tensile part of radial 

stress in Figure 4.8 becomes larger than the tensile part of tangential stress only at very large 

distance from the hole. Measurement of radial stress in field (DuvalJ and Atchison, 1957) show 

that a tensile tail is formed only after a distance of seven hole radius (in granite) to about twenty 

hole radius (in marlstone). Similar observations are made by Atchison and Tournay (1959), Duvall 

and Petkof (1959), and NicholJs and Hooker (1962). At this range of distances, it is doubtful 

whether the amplitude of tensile part of radial stress component is sufficient enough to cause 

circumferential cracks. In alJ the field experiments, the observed crater is much smalJer than this 
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distance. Langefors and Kihlstrom (1978, pp. 18) have speculated that those tangential cracks 

have no significant influence for practical applications. 

It is not very clear exactly where the radial cracks are initiated. Kutter and Fairhurst 

(1971) have postulated that these cracks are the result of either continuation of cracks generated 

in the cracked zone or new cracks initiated from flaws (micro fractures) inherent in the rock. 

Researchers from University of Maryland (Barker and Fourney, 1978; Fourney, 1983a; Fourneyet 

al. 1984a, 1984b) have concluded that existing flaws in the rock initiate and propagate by the 

tensile component of the stress wave normal to the crack surface if the stress intensity factor K 

exceeds the fracture toughness KIC. Swift (1984) and Schatz and Hanson (1986) also agree that 

multiple crack can form after the stress waves initiate the suitably oriented flaws in the rock. The 

propagating cracks align themselves normal to the maximum tensile stress so as to maximize the 

dynamic tensile factor KD. These cracks stop propagating when the tangential stress 0', drops below 

the dynamic tensile strength of rock. 

Kutter (1967) and Kutter and Fairhurst (1971) have predicted that these stress 

wave-induced radial cracks are about four times (spherical cavity) to six times (cylindrica.l cavity) 

the hole radius in length. Dally et al. (1975) have allowed the explosive gases to vent in one of 

the experiments in Homalite 100. Six cracks grew larger than two hole radii. The longest crack 

has propagated about seven times the hole radius. Mchugh (1983) has used a steel sheath in his 

experiment in plexiglass to prevent the explosive gases to flow into the radial cracks. The longest 

crack has grown to about five bore hole radii. Da Gama and Nelson (1971) have attempted to 

predict the length of radial cracks using Griffith's criteria. 

Assuming a triangular stress pulse with a vertical front Da Gama and Nelson (1971) have 

derived the relationship between the final crack length and the detonation pressure of the explosive 

in a hole-

where, a = hole radius 

b = distance of mid-point of initial crack from the hole boundary 

~(C + CJ) = half of final crack length 

dp = detonation pressure 

(4.9) 



8 = pressure pulse 

m = stress attenuation factor 

II = Poisson's ratio 

G = Shear modulus 

'Y = effective surface energy 

r = distance of the wave front from the hole center as it outruns the crack 

Cp = P wave propagation velocity 

Cc = crack propagation velocity. 
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Da Gama and Nelson (1971) have assumed that Cc = 0.38Cp • They have also assumed that 

the dimensions of a, b, and c are quite small compared to other linear dimensions in the equation, 

e.g. r. Taking these simplifying assumptions, equation (4.9) becomes 

0.197r (1 - II) 
(4.10) 

This is the corrected form of the equation given by Da Gama and Nelson (1971). Analysis of 

the results given by equation (4.10) shows that at lower detonation pressure crack length increases 

almost linearly with increase in cavity size. At higher pressure, crack length becomes insensitive 

to cavity size. Ratio of crack length to cavity radius generally decreases sharply with the increase 

of cavity radius for a particular detonation pressure. This ratio also decreases with the decrease of 

detonation pressure. 

Radial cracks have a theoretical maximum propagation velocity equal to the Rayleigh 

wave (CR) velocity in the medium. CR is slower than the velocities of both P and S, Cp and 

Ca respectively. Brady and Brown (1985) report a crack propagation velocity about 0.20-0.25Cp • 

Barker and Fourney (1978) and Barker et al. (1979) report a crack propagation velocity of slightly 

over 0.5Ca or about 0.27Cp • In model studies of crack initiation in Homalite 100, maximum crack 

velocity of 635 m/s was observed. This high crack velocity was attributed to the interference of 

stress fields from neighboring cracks which were thought to inhibit branching. Crack propagation 

velocity dropped abruptly to 380m/s outside the dense radial cracking region (equal to 0.5 bore 

hole diameters) as neighboring cracks stopped propagating. 

Both P and S waves outdistance the crack-tips soon as the theoretical maximum crack 

propagation velocity is equal to the Rayleigh wave (CR) velocity in the medium which is slower 
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than the velocities of both P and S waves (Cp and C. waves). In practice, the cracks propagate at 

a much slower velocity. 

As the stress waves outdistance crack tips, the detonation gaseous products start 

penetrating the cracks and pressurizing them quasi-statically (Kutter, 1967; Johansson and Persson, 

1970; Kutter and Fairhurst, 1971; Langefors and Kihlstrom, 1978; Fourney, 1983a; Fourney et al., 

1984c). Kutter (1967) and Kutter and Fairhurst (1971) predict further increase of crushed zone 

since the static strength is lower than the dynamic strength. They also speculate that new cracks 

may initiate and existing flaws may start propagating due to the tensile tangential stress from 

quasi-static pressurization. 

4.1.6 Alternate Theory of Radial Crack Generation and Propagation 

Jaeger and Cook (1979, pp. 529-534) give an account of the events which is quite different 

from the above description. They speCUlate that the stress waves only crush and fracture the rock 

around the hole. Figure 4.12 shows the fracturing processes according to Jaeger and Cook (1979). 

During the first time period, the stress wave produces microfracturing only in the immediate vicinity 

of the hole. Due to higher propagation velocity, both P and S waves outdistance the crack front 

very soon. Therefore, the quasi-static bore hole gas pressure can be considered as the major source 

of stresses in this time period. This gas pressure produces a compressive radial stress and a tensile 

tangential stress outside the annulus. They are equal in magnitude, and can be calculated using 

hollow cylinder with internal pressure theory (Jaeger and Cook, 1979, pp. 134-137; Brady and 

Brown, 1985 p. 161). 

In the second time period, the stress waves travel through the seismic zone. The tangential 

and radial stresses fracture rock outside the crushed zone by radial cracks of different lengths and 

angular spacing. The third time period is of much longer duration. Gaseous products under pressure 

flow into radial cracks and extend them. Longer cracks propagate a greater distance at the expense 

of shorter cracks. 

There is a clear contradiction between these two accounts of the radial crack propagation 

taking place around the hole after the detonation of the explosive charge. In the first one, the 

tensile tangential component of the stress wave initiates the radial cracks and propagate them up 

to a certain distance. This is the most widely accepted account of radial crack formation around 
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Figure 4.12: Fracture formation around an explosively loaded hole, according to Jaeger and Cook 
(1979), during each of three time periods, T1, T2 , and T3 • Os is the shear wave 
velocity in the rock. r e , rh, r o, re , and r, are the radii of the explosive, the hole, the 
crushed annulus, the cracked zone, and the average length of radial cracks extended 
by gas pressure respectively. 
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the hole. In the account given by Jaeger and Cook (1979), stress waves crush only the rock 

around the hole. Radial cracks are initiated and propagated by quasi-static gas pressure action 

only. Identification of the true mechanism requires a close look at the pressure-time curve of the 

explosive and the corresponding velocities of crack and stress waves. This has been discussed in 

Section 6.1. 

4.1.7 Propagation of Radial Cracks by Gas Pressure 

In Figures 4.3 through 4.7, computed and measured pressure-time curves of different 

explosives have been reproduced. Except in the results from Otuonye et al. (1983) (Figure 4.6), the 

pressure decreases rapidly and becomes nearly constant after about 50 to about 200 JJS. Figure 8 

of Fourney (1983c) confirms this. Pressure from an unspecified amount of PETN becomes more or 

less constant after 45 JJS. The results by Otuonye et al. (1983) show a slower decay. It takes about 

0.6 to 0.8 ms after stemming ejection to produce a more or less constant stress. This pressure drop 

is due to the release of confinement and may not represent the true shape of input pressure pulse 

on the hole wall. 

The travel distances for P and S waves, and the crack length at 25 % and 33 % P wave 

speed at different instants of time are shown in Figure 4.13. The data in this figure show that 

the pressure within the hole reaches a steady state when the (the P wave) has travelled only two 

to three bore hole distance. In other words, quasi-static load is applied to the hole wall when 

shear fracturing is ending or radial cracks are just initiated. The exact time of application of 

the quasi-static pressure depends on many variables. Detonation characteristics of the explosive 

(detonation velocity, nature of reaction etc.), type of initiation (under driven, over driven), degree of 

confinement etc. have a pronounced effect not only on the peak bore hole pressure but allm on decay 

rate and on the quasi-static gas pressure charac.:teristics. Both P and S waves soon outdistance the 

crack front. They do not supply any more energy to the crack tip to continue crack propagation. 

Although the theoretical results (Figure 4.8) show a tensile tangential stress component of the 

wave, actual measurement in Homalite 100 (Barker and Fourney, 1978; Fourney et al., 1984a) show 

only compressive tangential stress. It is in the opinion of Barker and Fourney (1978), Fourney et 

al. (1984a) and others that the tensile part of tangential component is consumed in producing 

cracks near the hole. Therefore, the stress waves do not support the radial cracks in propagating 
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outward once they outdistance them totally. Gaseous products start flowing into the cracks and 

start pressurizing the crack surfaces. Depending on the pressure pulse characteristics, the gas 

energy initiates the radial cracks or propagate the radial cracks already initiated by stress waves. 

They come into play much before originally conceived. Therefore, it can be concluded that gas 

energy plays a bigger role than originally thought and it may be sufficient to analyze the problem 

statically after radial crack initiation has taken place. This hypothesis is supported by Bligh (1974). 

Be has concluded that a slow rising pressure pulse produces dynamic stresses little different from 

those predicted by static analysis. In practice, PETN is never used as the main explosive charge 

for blasting in mines and quarries. It is generally used to initiate the main charge of explosive. 

Ammoniura nitrate based explosives are commonly used explosives in mines and quarries. In this 

group, ANFO varieties, are used primarily. ANFO produces a slow rising pressure pulse (Figure 

4.3). Therefore, static analysis is sufficient to model practical rock blasting in mines and quarries. 

Effect of the quasi-static gas pressure is felt throughout the rock medium. It produces 

a tensile tangential component in the rock. Radial cracks propagating outward may also be 

pressurized at least partially by the explosive gases. This gas pressure changes the stress distribution 

around the hole. It not only produces a wedging action at the crack-tip but also compresses the rock 

in between two radial cracks. Both the bore hole pressure and the pressure of gases in the cracks 

help the propagation of the radial cracks (Kutter, 1967; Johansson and Persson, 1970; Persson 

et aI., 1970; Kutter and Fairhurst, 1971; Atchison, 1972; Langefors and Kihlstrom, 1978; Jaeger 

and Cook, 1979). Ouchterlony (1974) has analyzed the rock fracturing process by blasting using a 

fracture mechanics approach. He has concluded that it is almost impossible for all radial cracks to 

grow uniformly. He also has concluded that this preferential crack growth increases with increasing 

number of cracks. These long cracks produce a clamping action over the tip of short cracks and, 

further, reduce their growth. The stress at the tip of the long cracks is not affected by the short 

cracks if the long cracks are 2 to 3 times longer than the short ones. The hole does not affect the 

crack-tip stress once the length of these cracks exceeds 2 to 3 times the hole radius. The ultimate 

crack growth strongly depends on the extent of gas penetration into the cracks. 

4.1.7.1 Number of Radial Cracks. It is not clear how many radial cracks ultimately 

propagate from the hole boundary in bench blasting. Semi-empirical model of Cuderman (1981, 

1982, 1984, 1985), Swift and Kusubov (1981), Cuderman and Northrop (1984), and Swift (1984) 

suggest that more than two radial cracks, that is, more number of radial cracks than observed in 



69 

hydraulic fracturing, form in regular bench blasting. Only exception may be the cautious blasting 

(Gustafsson, 1973; Langefors and Kihlstrom, 1978) where decoupling of the explosive charge is 

used to produce only two fractures at opposite sides of the hole. There is not much data about 

the number of long radial cracks that form from a typical blast. Data on blasting do not have 

much information whether type of explosive (more shock energy, more quasi-static gas energy), 

peak detonation or bore hole pressure do affect the number of long radial cracks. In-situ fracturing 

tests of Cuderman (1981, 1982, 1984, 1985), Swift and Kusubov (1981), Cuderman and Northrop 

(1984), and Swift (1984) have shown that the pressure rise time and the rate of pressurization of 

the bore hole control whether more than two long fractures form. In Table 4.2, all the available 

information in the blasting literature have been compiled. 

Fourney (1983a) and Fourney et aI. (1984a, 1984b) have concluded from their study in 

Homalite 100 with PETN explosive that the number of dominant radial cracks is between eight to 

twelve. One of their typical blasts (Figure 3 in Fourney, 1983a; Figure 8.3 in Fourney et al., 1984) 

shows eleven dominant cracks, with an average length of about 19 hole diameters. Johansson and 

Persson (1970, p. 266) report the number to be seven. Persson et al. (1970) state that frequently 

about five radial cracks grow to any considerable extent. Ouchterlony (1974) supports this number. 

He has concluded that the radial crack system would be uniform if the number of radial cracks 

varied from 4 to 6 at the beginning of the fracturing process, when not much gas penetration into 

the fracture has taken place. Kutter and Fairhurst (1971) have not reported the typical number of 

cracks in their experiments. Figure 5 from Kutter and Fairhurst (1971) shows about eight radial 

cracks generated in glass with spark discharges. Identical pulses in different diameter holes in 

plexiglass (Figure 8 of Kutter and Fairhurst, 1971) have produced about eight to nine prominent 

radial cracks. This number remains the same in four rock types tested by Kutter and Fairhurst 

(1971). Langefors and Kihlstrom (1978) (Figures 10.1 (a) and 10.1 (b) p. 297; Figure 1.3 (a), p. 

22) put the number to be between 8 and 12. Increasing the coupling of the explosive does not 

increase the number ofradial cracks substantially {Figure 10.1 (b» but the radial cracks are better 

developed and more symmetrically arranged around the hole when explosive is in full contact with 

the hole (Figure 10.1 (a». Lownds and Seligmann (1976) also give the number of radial cracks to 

be between 8 and 12 in PMMA (polymethyl methacrylate). Field and Ladegaard-Peder80n (1971) 

ha.ve given a number between 4 and 8 from their experiments in blocks of Perspex. 



Table 4.2 : Summary of available information on radial crack 

Author Explosive Medium Hole KB KH KT Number of Length of Crack Conunent 

Diameter Radial Radial Velocity 

Cracks Cracks 

(x diameter) 

Ouchterlony 4-6 Theoretical fracture 

(1974) mechanics analysis 

Lownds (1983) ANFO Kimberlite 20 largest 68 Numerical simulation 

NL = (~)1.5 

Harries (1975) 50 Numerical simulation 

DaGama - int [~(~)m] Equation used in 

(1984) numerical simulation 

Dally et al. Lead Azide Homalite 8.7mm 22" 10-12 1.5 6 -10% ofP, Explosive gases 

(1975) 70 mg 100 6 7 higher just allowed to vent 

after detonation 

Dallyet al. Lead Azide Homalite 8.7mm 22" 24 1.5 11-17 % ofP Explosive gases 

(1975) 70mg 100 4 ~37 contained in hole 

,; Nearest distance to the edge ... Continued 

~ 
0 



Table 4.2 continued ... 

Author Explosive Medium Hole KB KH KT Number of Length of Crack Conunent 

Diameter Radial Radial Velocity 

Cracks Cracks 

(x diameter) 

Holloway PETN GraniteP 6.3mm 16 - 2f - -lOt -20 44% ofP Laboratory experiments 

et al. (1980) (0.3-0.5 gm) Limestone" 12% of P in rock plates 

Initially 

28% ofP 

Field & Lead Azide Perspex 1.5 mm 10 20 2.6 4-8 -18 - 20 Lower 4 nun of hole is 

Ladegaard- and Lead filled with explosive 

Pedersen (1971) Styphnate (5:1) 

Fourney et al. PETN Homalite 6.4 mm 24'" 8-12 19 18% ofP Laboratory experiments 

(1984a) ,.., 0.25 g outside 5 at model scale 

hoie diameter 

Kutter (1967) Spark Glass 25mm 6'" -6 1-3 

& Kutter and discharge 2 6 

Fairhurst (1971) 

p Westerly Granite ... Continued 

f Plate thickness / hole diameter 

t Double the number shown in Figure 8 for one side of the hole 

V St. Paul &. Chambers berg Limestone 

V Nearest distance to the edge ""'I .... 



Table 4.2 continued· .. 

Author Explosive Medium Hole KB KH KT Number of Length of Crack Comment 

Diameter Radial Radial Velocity 

Cracks Cracks 

(x diameter) 

Kutter (1967) & Spark Plexiglass 6.3mm 12t 6 3 150 mm diameter plate 

Kutter and discharge 9.1 mm 8t ..... 7 0.5 with 12.5 mm thickness 

Fairhurst (1971) 2 2 Number of cracks in 

18.3 mm 4t 10 1 cracked zone decreases with 

increasing hole diameter 

Kutter (1967) & Spark Granite** 19mm 6" 8-9 ..... 3 Figure 4.12 (a) 

Kutter and discharge Marble, 19mm 6" > 10 ..... 3 Figure 4.12 (b) 

Fairhurst (1971) Basalt 19mm 6" 8-9 ..... 3 Figure 4.12 (c) 

Slate 19mm 6" ..... 10 ..... 4 Figure 4.12 (d) 

No crushing around the hole 

Lownds and PETN PMMA 1.5mm 200" 8-12 5-8 

Seligmann (1976) 

Langefors (1959) N.A. Plexiglass 4.5 mm 4.4 1.0 1.0 ..... 8-12 ..... 11 Figure 7 

t Plate thickness / plate diameter ... Continued 

** Charcoal Granite 

..; Nearest distance to the edge , Tenassee Marble 

-.:.I 

'" 



Table 4.2 continued ... 

Author Explosive Medium Hole KB KH KT Number of Length of Crack Comment 

Diameter Radial Radial Velocity 

Cracks Cracks 

(x diameter) 

Langefors &; N.A. Plexiglass N.A. N.A. N.A. N.A. -~12 ...... 5 N.A . No free face 

Kihlstrom (fully coupled) Figure 10.1 

(1978) ...... 3 pp.297 

25% decoupling 

ratio 

Persson N.A. Rock N.A. N.A. N.A. N.A. 5~ N.A. initially 1000 m/s No free face 

et al. (1970) (homogeneous) or more, decreases 

gradually 

Johansson N.A. Rock N.A. N.A. N.A. N.A. 7~ N.A. initially 1000 mls No free face 

&; Persson (homogeneous) or more, decreases 

(1970) gradually 

Johansson &; PETN Plexiglass 2.7 mm N.A. N.A. N.A. ...... 8l ..... 8 N.A. Large cube of 

Persson (1970) plexiglass 

and Persson 

et al. (1970) 

~ General statement '" Continued 

f. Figure 4.4 pp. 247 

-:! 
c.:> 



Table 4.2 continued ... 

Author Explosive Medium Hole KB KH KT Number of Length of Crack Comment 

Diameter Radial Radial Velocity 

Cracks Cracks 

(x diameter) 

Warpinski Slow propellent Tuff 200 mm N.A. N.A. N.A. 1 3 In-situ fracture test 

et al. (1979) (0.6 kPal ps) Pulse duration = 900 ms 

(peak = 48 MPa) 

Warpinski Fast propellant Tuff 200mm N.A. N.A. N.A. 1 1.2 m In-situ fracture test 

et al.(1979) (> 10000 kPa/J.lS) Many Less than 0.15m Pulse duration = "" 1 ms 

(peak> 200 MPa) 

Warpinski Intermediate Tuff 200mm N.A. N.A. N.A. 12 0.30 to 2.5 m In-situ fracture test 

et al. (1979) propellent 6 > 1.5m Pulse duration = 9 ms 

(140 kPa Ips) 

(peak=95 MPa) 

Mchugh PETN Plexiglass 13mm+ 12 4 12 or 47* Unsheathed experiment 

(1983) 47- 11 0.8 or 3* 

Mchugh PETN Plexiglass 13mm+ 12 1 1.2 or 5* Sheathed experiment 

(1983) 47- 4 0.2 or 0.6* 

+ Cylinder length 0.3 mm, cylinder diameter 0.3 m ... Continued 

* Using explosive diameter 



Table 4.2 continued ... 

Author Explosive Medium Hole KB KH KT Number of Length of Crack Comment 

Diameter Radial Radial Velocity 

Cracks Cracks 

(x diameter) 

Schmidt Propellant Tuff 150 mm N .A. N .A. N .A. 10 1 GF4 In-situ fracture 

et al. (1981) Peak pressure = 593 MPa 5 >6 test (Figure 59) 

Pressure rate = 0.4 MPa 50 maximum 

Propellant Tuff 150 mm N .A. N .A. N .A. 8 1 GF5 In-situ fracture 

Peak pressure = 46 MPa 5 3 test (Figure 67) 

Pressure rate = 0.1 MPa 5 maximum 

Propellant Tuff 150 mm N .A. N .A. N .A. 8 1 GF6 In-situ fracture 

Peak pressure = 46 MPa 7 3 test (Figure 70) 

Pressure rate = 0.1 MPa 5 maximum 

Swift and Water compressed Nugget N.A. N.A. N.A. N.A. 10-12 N.A. N.A. 

Kusubov (1981) in hole Sandstone 

Swift and Water compressed Nugget 14.3 mm N.A. N.A. N.A. 10-12 0.1-4.4 maximum - at loading rate 

Kusubov in hole Sandstone 100 MPa/ms in quasi-

(1982) dry and wet samples 

Water compressed Nugget 14.3 mm N.A. N.A. N.A. 8-9 0.1-3 maximum at loading rate 

in hole Sandstone 50-75 MPa/ms in quasi-

dry and wet samples 
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None of the above results is obtained in rock using conventional explosive. Data about the 

number of cracks generated in rock by widely used commercial explosives are almost nonexistent. 

Some results are given in the literature on dynamic well bore fracturing. Warpinski et al. (1979) 

have used controlled propellants to create multiple fractures in volcanic ashfall tuft' formations. 

Slow propellant (loading rate is 0.09 psi! I's or 0.000621 MPa/l'sec and peak pressure is 6250 psi 

(43.1 MPa» has produced only one fracture. Fast propellant (loading rate ~ 1500 psill's or 

10.3 MPa/ps and peak pressure ~ 20,000 psi or 137.9MPa has produced a 2 to 4in (50 to 100mm 

crushed zone around the hole. Many cracks shorter than 6 in (0.15 m) developed with a single crack 

growing to about 4 ft (1.2 m). Intermediate propellant (loading rate is 20 psill's or 0.138 MPal JJS 

and peak pressure is 13,800 psi or 95.2 MPa) produced twelve separate fractures in random radial 

orientations with length varying from 6 in (0.15 m) to 8 ft (2.4 m). All three propellants are 

deflagrating. Warpinski et al. (1979) have concluded that the number of radial fractures depends 

on the rate .of pressure application, and probably on rock properties, hole diameter, and the 

number of available flaw sites for crack initiation. They also have concluded that generation of 

high pressure gases and pressurization of the crack surfaces by these gases were more critical for 

fracture propagation than nucleation of these fractures. 

Da Gama (1984) has reported a formula for calculating the number of radial cracks using 

the ratio of dynamic tangential stress of the wave and dynamic tensile strength. He has hypothesized 

that the number ofradial cracks is equal the nearest integer of the ratio. Introducing the attenuation 

of the wave with distance, the formula becomes -

where, N = number of cracks 

Po = borehole pressure 

To = dynamic tensile strength 

a = charge radius 

r = distance from charge center 

m = attenuation coefficient. 

(4.11) 

Close to the hole, m varies between 1.5 to 3.0 for radial component of stress. The value 

is higher for tangential stress (Kutter and Fairhurst, 1971). The number of cracks decreases with 
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the decrease of borehole pressure, increase of distance and increase of attenuation coefficients. 

At borehole pressures 1000 MPa and 2000 MPa, within the range produced by most commercially 

used explosives, the number of cracks longer than five hole diameters are very small, about 0 to 

3. Experimental results from Fourney (19838.) in Homatite 100 show about eleven cracks at this 

distance. 

Swift and Kusubov (1981) have reported the results of tailored-pulse loading tests in nugget 

sandstone. Number of fractures increased with an increase in loading rate. At a loading rate of 

the order of 100 MPa/ms, 10 to 12 fractures are initiated. Nilson et al. (1985) and Warpinski et 

at. (1979) have reported 12 cracks grew more than 1 n (0.3m) when a propellant (pressure loading 

rate is 138 MPa and peak pressure is 95 MPa) is fired in volcanic ash fall tuff. 

Harries (1975) and later on Lownds (1983) have used the numerical simulation technique 

to calculate the fragment size distribution from a multi-hole blast. Each hole produces a fixed 

pattern of radial cracks having fixed or random orientation with respect to the free face. Harries 

(1975) have used about 50 radial cracks from each hole propagating considerable distance. Lownds 

(1983) have concluded that the fragmentation produced by an ANFO blast in Kimberlite can be 

adequately reproduced by 20 cracks from each hole. The radial crack pattern is described by -

where, L = crack length 

NL = number of cracks having L or longer 

Lma:t: = length of longest crack 

E = an exponent. 

( 4.12) 

Lownds (1983) have used Lma:t: equal to 68 bore hole diameters and E equal to 1.5 for blasts 

in Kimberlite. The number of radial cracks in both of these simulations is extremely high and does 

not have any theoretical or experimental justification. It is not possible for so many radial cracks 

to grow simultaneously from each hole, as discussed later in this chapter. None of the simulation 

model takes into account any other mean of fragmentation. Each fragment is bounded by three or 

more radial c~acks. It may, therefore, be possible that 80 many cracks are required to match the 

experimental results. 
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4.1.7.2 Equivalent Cavity Concept. Kutter (1967) and Kutter and Fairhurst (1971) 

have proposed an 'equivalent cavity' concept to analyze the fragmentation created by the gas 

pressure. EquiValent cavity is defined as the size of a hole which under the same applied pressure, 

produces the same stress field beyond the zone containing radial cracks. Assuming an elastic, 

isotropic, and infinite rock medium containing a central hole with radial cracks under biaxial 

tension and plane strain conditions, they have concluded that the stress field beyond the crack tips 

approached that of an uncracked cavity with a radius approximately equal to the crack lengths. 

They also have concluded that the error in this approximation decreases with an increase in radial 

cracks length. This hypothetical concept goes against the preceding discussions where it is shown 

that the radial cracks grow with the quasi-static gas pressure. This hypothesis also neglects the 

pressure distribution in the crack. This concept is further discussed in Section 6.4. 

4.1.7.3 Effect of Gas Pressurization of Radial Cracks. It has been hypothesized 

by almost every investigator that radial cracks, once formed, would be propagated by the energy 

supplied by the quasi-static gas pressure. Although it has been mentioned by many that the gaseous 

products eventually enter the fractures and pressurize the crack faces, the role of gas pressure 

penetration and pressurization of crack faces on the overall fragmentation of burden rock have not 

been given due importance, especially in the literature on mine and quarry blasting. 

The pressure distribution within the cracks not only influences the stress-intensity factor 

at the crack tip but also influence the growth of neighboring cracks (Ouchterlony, 1974; Dally et 

al., 1975; Warpinski et al., 1979; Trent et al., 1981; Hanson et al., 1984; Schatz and Hanson, 1986; 

Nilson et al., 1985; Nilson and Griffiths, 1986). According to Johansson and Persson (1970), Persson 

et al. (1970), and Langefors and Kihlstrom (1978) gaseous products flow into the cracks and the 

pressure in the hole thereby reduces rapidly. Schmidt et al. (1980) have measured the tangential 

and the radial stresses in the rock from propellant firing in a hole. Measured stresses more than ten 

times larger than those calculated from a pressurized hole. They have concluded this discrepancy 

to substantial fracture pressurization by the gases. This gas pressure produces a wedge-effect on 

the crack surface causing tension at the crack tip. 

Ouchterlony (19'14) has calculated the stress intensity factors for the radial cracks around 

a drill hole in an infinite medium when gaseous products have not entered the fracture system and 

when gaseous products have pressurized the entire crack lengths. The normalized stress intensity 

factors for different crack length are shown in Figure 4.14. This figure shows that with total gas 
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penetration, the stress intensity factor increases sharply with an increase in crack length and soon 

becomes constant. If no gas penetration occurs, the stress intensity factor increases with crack 

length and reaches a peak very soon. It falls off with an increase in crack length. Therefore, unless 

gas penetration takes place, the radial cracks can not propagate very far. Figure 4.14 shows that 

the normalized stress intensity factor falls off at a rate of about 0.408/~ where ~ is the crack length 

in terms of drill hole radius. At about 10 radii distance, the stress intensity factor is about 12 % 

of the peak stress intensity factor. The difference in stress intensity factor between those two cases 

increases with the increase of crack length. Therefore, the ultimate length of a radial crack depend 

upon the extent of gas penetration. 

Pressurization of the radial cracks from a bore hole by the exploeive gases produces 

compressive stress in the neighborhood. This compressive stress applies a clamping action on 

the neighboring cracks and suppress their growth (Trent et aI., 1981; Warren, 1982). Therefore, 

explosive gases have the potential to propagate a few cracks selectively. Trent et aI. (1981) have 

used the explicit finite difference code STEALTH to model single hole fragmentation in oil shale. 

CAVS sub-program of STEALTH carries out the coupling of the change in crack aperture with the 

three dimensional stress tensor. In their model, explosive gases freely enters the fractures, at a 

velocity dependent on the width and length of the crack. The pressure in the bore hole drops until 

equilibrium is reached. Their calculations show that crack pressurization by explosive gases tries to 

suppress cracking but beyond 2 m, gaseous products help considerably the crack formation. In the 

intermediate zone, models with pressurized cracks gives similar results as these given by the model 

with no crack pressurization. 

Warren (1982) has calculated the tangential stress on the bore hole wall when only one 

radial crack is present. When an unpressurized crack is present, the tangential stress (1'9 starts as 

zero at 0 = 0° corresponding to the stress free crack surface. (1'9 becomes highly compressive and 

then slowly becomes tensile, as shown in Figure 4.15. When the length of the radial crack is 1.46 

times the hole radius, the crossover to tensile region occurs at 28° from the crack. Maximum tensile 

stress occurs at 45°. When the crack is 3.85 times the hole radius, (1'9 becomes tensile at about 

40°. For longer crack lengths, this cross-over point moves further away from the crack. Figure 4.15 

shows the variation of (1'9 along the hole boundary when the crack is fully pressurized at 5,000 psi 

(34.5 MPa). Because of pressurization of the crack, the croes-over point is further away when the 
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Figure 4.14 : Normalized stress intensity factors for six radial cracks, completely pressurized and 
un pressurized, from a pressurized circular hole (After Ouchterlony, 1983). 
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Figure 4.15: Tangential stress at the surface of a pressurized circular hole (radius a) with one radial 
crack (length 6) - a) and b) radial crack completely unpressurized and c) radial crack 
completely pressurized at 5000psi (After Warren, 1982). 
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crack length is increased. The magnitude of the tensile phase in the pressurized case is almost 

negligible. 

Referring back to the results from Warren (1982), the presence of one crack from the cavity 

impedes the generation of neighboring cracks. When the original crack is short and completely 

unpressurized, cracks within about ±30o from the original one are suppressed. From the moment 

stress waves leave the crack front and quasi-static gas pressure acts in the cavity, growth of one crack 

tries to inhibit the formation of other cracks within a certain angle. Therefore, very few fractures 

can grow from the cracked zone, and they grow more or less symmetrically. As the cracks become 

pressurized and continue to grow, some cracks fall behind one after another and stop propagating. 

After a relatively long time, only a few cracks propagate a considerable distance. Figure 4.15 shows 

that if the cracks grow while fully pressurized, the number of long radial cracks is about 7 to 8. 

When the crack is unpressurized, about 8 to 12 cracks grow long (Figure 4.15). Results discussed 

above have been obtained when only one crack is present in the analysis. It has been assumed that 

the stress field from one crack do not interfere with the stress field of another crack if they are apart 

from each other by the angle predicted by single crack analysis. 

McHugh (1983) has reported an experimental and analytical study to determine the effect 

of internal gas pressure on crack extension from an explosively loaded hole in an infinite body. Two 

experiments have been conducted to determine whether the explosive gases would penetrate and 

pressllrize the fractures. Plexiglass type G is used in these experiments. Each plexiglass cylinder is 

0.30m (12 in) long and 0.32m (12in) in diameter. The cylinders are constructed from 0.10m (4 in) 

thick plates. The plates are glued with an acrylic cement. A hole of 0.013 m (1/2 in) diameter is 

drilled along the axis of each cylinder. PETN charges of diameter 0.0032 m (1/8 in) and 0.152 m(6 in) 

long are centered in the hole. Holes are plugged so that the explosive gases can not escape steel 

sheath of 0.0005 m (0.020 in) thick is used in one experiment to contain the gases in the hole. In 

the other experiment, gases are allowed to enter the fractures. 

Cracks (except near the free face) in a sheathed bore hole experiment are vertical, 

half-penny shaped, and have extended radially away from the hole. Cracks in the midsection 

are much smaller than those in the lower block. They do not have any residue of explosive. The 

bore hole plug have failed and have allowed gases to penetrate the cracks in the lower section. 

Cracks are heavily stained by explosive residue. 
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Numerical simulations with the NAG-FRAG module (McHugh, 1983) indicate that the 

cracks would be 0.02 to 0.05 m long for both experiments if only circumferential tensile stresses 

were acting. This is in good agreement with the crack lengths observed in sheathed experiments. 

The middle portion of the block in the unsheathed experiment contains large 

half-penny-shaped vertical cracks radially propagating away from the bore hole. These cracks 

are darkened by the explosive residue, indicating that the cracks are internally pressurized by the 

explosive gases. 

The cumulative number of cracks with radii greater than a particular crack radius for both 

the experiments is shown in Figure 4.16. As expected, a small number of long cracks with numerous 

small cracks are produced in each experiment. At each radius, the cracks in the unsheathed bore 

hole experiment are much longer than in the sheathed bore hole experiment (by a factor of 5 to 

10). 

McHugh (1983) has used the analytical model GASLEAK to determine whether gas flow 

from hole to crack alone is sufficient to increase the crack length. The transient pressure in the 

hole is ignored. In this model the stress intensity factor at the crack tip increases with the flow 

of gas. The crack grows if the stress intensity factor exceeds the fracture toughness. The volume 

of the crack increases and the pressure falls. Additional gas flows in the crack and again the 

stress intensity factor increases. This process repeats until the pressure in the crack is incapable 

of generating sufficient stress intensity to cause any more crack extension. For initial bore hole 

pressure and volume of 500 MPa and 8.04 X 106 m3 respectively, and for a fracture toughness KIC of 

1.1 MPam1/ 2 , the variation of pressure in the crack and stress intensity factor with time are shown 

in Figures 4.17 (a) and (b). Considerable pressure occurs in the crack. Stress intensity factor at 

the crack tip remains above Klc for a long time, allowing the crack to grow significant distance. 

McHugh (1983) has also calculated the upper bound of final crack length of half-penny 

shaped cracks extending from a bore hole when gas penetration into cracks predominates. He has 

neglected the shock-wave induced tensile stresses and assumed explosive gas to be perfect. The 

maximum length of the final crack C is approximately equal to (McHugh, 1983) -

c'" ( 2Vi ) [2-y/(4-y-l)] ( 2Pi ) [2-y/(2-y-O.5)] 

mrw .,fi K/C 
(4.13) 



u 20 
c 
til 

.&: ... .. 
u ... 
til 
U ... 
~ 

15 

, , , 
10 I , , 

\ Unsheathed Borehole 

, 0 
u 
> 
.~ 5 
:; 4 
E 

, -
,Sheathed Borehole~ ______ -1 
\ , 
~ 

'. 
8 3 
I 2 

z 'I 

o ~~~~~--------~------~ o 123 4 5 10 15 
Crack Radius C - x 10-2 m 

84 

Figure 4.16 : Cumulative number of cracks versus crack radius in laboratory experiments (After 
McHugh, 1983). 
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Figure 4.17 : Calculated variation of a) pressure in the crack and b) stress intensity factor at crack 
tip from the GASLEAK analytical model (After McHugh, 1983). 



where, Pi = initial pressure 

Vi = initial volume 

n = number of cracks 

r = ratio of specific heats of the gases 

w = crack width (assuming half penny-shaped cracks with constant width) 

Klc = fracture arrest toughness. 

85 

A plot of this equation is given in Figure 4.18. This figure indicates that even relatively moderate 

bore hole pressure extends the crack effectively. The final crack lengths are 10 to 100 times larger 

than when only the tensile stress acts. In-situ stress reduces the fracture length somewhat. Still 

the crack length was 3 to 25 times larger for sheathed bore hole experiment. 

Dally et al. (1975) have reported a model study in Homalite 100 which shows the effect of 

bore hole pressurization on ultimate fracture length. Two tests are carried out using 70 mg of lead 

azide. 

In the first experiment, explosive gases are allowed to vent. This shot produces about 10 to 

12 cracks having a length of about two bore hole radii. Six of these cracks grow to larger lengths. 

The longest crack has a length of about 7 times the bore hole radius. 

In the second test the explosive gases are contained in the hole with end caps. High speed 

photographs from the early phase of the dynamic event show that both dilatational (P) and shear (S) 

waves, though not clearly separated from each other, have outdistanced the crack front within 33 JlS 

from initiation. Photo chromatic fringes show that the containment of gaseous products significantly 

increases the shear wave width and the available energy for extending the cracks. Although the 

wave velocities remain the same, the amplitudes of both compressive and tensile parts of the P wave 

increase by 20 % and 50 % respectively. Pulse length increases by 30 %. Fourteen dominant radial 

cracks are formed in this test. Only six of them continue to grow much longer. The. longest crack 

has a length more than 37 times the bore hole radius, compared to 7 in the vented case. Crack 

velocities are significantly higher for the contained charge 236 to 376 mls as compared to 216 m/s. 

These two experiments show that the pressure from the gaseous products dramatically 

enhances the fracturing process. Cracks grow more than five times longer. As the effect of hole 

pressure on stresses at the tip of crack having lengths more than 2 to 3 times the hole radius 

(Ouchterlony, 1974), most of this enhanced fracturing effects come from crack pressurization by 
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Figure 4.18: Calculated length of half-penny shaped cracks as afundion of initial bore hole pressure 
for various number of cracks (After McHugh, 1983). 
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the gaseous products. Containment of the explosive also increases the amplitude of stress waves. 

Hence the Joint-Initiated cracks (Fourney, 1983bj Fourney et aI., 1984a, 1984b) should be longer 

and larger in number. In summary, the crack pressurization by explosive gases not only increases 

the fracturing by quasi-static gas pressure but also enhances the flaw initiation by stress waves. 

Hanson et aI. (1984, 1985) have developed an analytical-numerical approach to model 

the discrete multiple crack extension from a pressurized hole. Results from their study show that 

multiple fracture propagation is possible only if the fractures are pressurized over a part of their 

length. If the load is distributed uniformly over the entire length of the fractures, stable multiple 

fracture propagation is not possible. 

Not much information is available about the extent of gas pressurization in the radial 

cracks. Fourney et aI. (1984c) carried out model tests with plexiglass to determine the velocity of 

gas penetration. They used a water ink mixture to get a better picture offtuid flow into the fracture 

system, although the behavior of water-ink mixture would be different from gaseous products from 

explosives. The fluid front had a velocity of about 80 % of the fracture front velocity when explosive 

was used. The fluid front was very irregular in shape. The velocity of the fluid front dropped to 

about 60 % of the fracture front velocity, with a very regular front, when propellant was used. 

There are many reasons for the formation of pressure gradients in this cracks. Restriction 

of the flow of the gases by constriction at the crack mouth due to debris may be one cause. 

Extensive crushing of the hole wall by the strong stress waves may form this debris. The large 

temperature difference between the gases (10000 to 30,0000 K) and the temperature of the host 

rock (3000 K) induces heat transfer and subsequent cooling of explosive gases (McHugh, 1983j 

Nilson and Griffiths, 1986). As a result, the volume of the gases decreases, resulting in slower flow 

velocity and consequently, a pressure gradient. Surface roughness of the cracks may restrict the 

flow of gases in the crack (McHugh, 1983j Nilson et aI., 1985; Nilson and Griffiths, 1986). Diffusion 

of the gases into the rock through the crack surfaces can also attribute to the formation of the stress 

gradient (Schatz et al., 1987). 

4.2 Other Mechanisms of Fragmentation from Blasting 

Many other mechanisms have been proposed as possible, and, in some cases, the 

predominant mechanism of fragmentation in rock blasting. The stress wave theory and the beam 

bending theory have been proposed as alternate explanation of fragmentation from blasting. Release 
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of load, shear fracture and in-flight collision have been proposed as rock fracturing mechanisms. 

They may be taking place in conjunction with other mechanisms. 

4.2.1 Stress Wave Theory 

Hino (1956) and Duvall and Atchison (1957) have proposed that P wave is solely responsible 

for rock fragmentation in blasting. The compressive stress becomes tensile after reflection from a 

free face (Cook, 1963; Kolsky, 1963; Cook et aI., 1966; Rinehart, 1975). According to this theory, 

this reflected tensile wave is the dominant factor in fracturing the burden rock. If the amplitude of 

this tensile wave exceeds the tensile strength of the rock, a new fracture, almost parallel to the free 

face, forms. This process is caned spalling or scabbing and the fractures are caUed spall fractures or 

scab fractures or simply spalls. Multiple fracturing takes place if the amplitude of the compression 

wave at the time of reflection exceeds twice the tensile strength of the rock. The first fracture forms 

where the amplitude of the reflected tensile wave exceeds the strength. The part of the wave which 

has not participated in the original reflection is reflected from this new fracture surface and repeats 

the process of spaUing. 

The stress wave theory ran into trouble when Fogelson et aI. (1959) concluded that only 

about 5 to 9 % of the calculated total energy of the explosive was converted into radial strain 

energy of the stress wave in their experiments in granite gneiss. Nicholls and Hooker (1962) put 

this number as 0.9 to 1.9% in salt. Noren (1956) has observed that the stress wave can travel the 

burden distance in normal blasts before any movement occurred. He has concluded that for small 

burdens, stress wave might playa role in the fragmentation process but the rock movement is due 

to expanding explosive gases. In normal burden, stress wave could not be the dominant factor in 

fragmentation. Persson et a1. (1970), Johansson and Persson (1970), and Langefors and Kihlstrom 

(1978) also have concluded that stress wave induced fracturing can not be the dominant mechanism 

of fragmentation. Persson et al. (1970) and Johansson and Persson (1970) have concluded that it 

required 5 kg/m3 or more explosive per unit volume of rock to cause any spall fracture in granite. 

Porter (1971) and Porter and Fairhurst (1971) have concluded that the radial cracks would initiate 

at the hole wall by the gas pressure and (oUow one of the maximum principal stress trajectories 

without any crack pressurization. 
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4.2.2 Release of Load Theory 

Cook (1963, pp. 344-346), Cook et al. (1966), Hagan and Just (1974), and Hagan (1979) 

have reported 'release of load' as a possible mean of fracturing the rock in blasting. The steep 

decrease of bore hole pressure allows the compressed burden rock to spring back into tension. 

Fractures form if the tensile phase has sufficient magnitude. The effect of the release of load is 

backward scabbing or spalling, or it may form permanent fractures in the rock (Cook, 1963). Hagan 

(1979) has attributed the step-like increase of fragment velocity sometimes observed to the release 

of load mechanism. According to Hagan and Just (1974), this springing back takes place after the 

escape of explosive gases through stemming and radial cracks. By this time, the burden rock is 

well fragmented. Therefore, this mechanism cannot be a major one from an overall fragmentation 

point of view. This conclusion is supported by the observation of little fragmentation in pre-split 

blasting. 

4.2.3 Shear Fracture Theory and In-flight Collision 

Shear fracturing is also proposed as a possible mechanism of fragmentation of rock by 

blasting (Cook, 1963, pp. 346-347; Hagan and Just, 1974; Hagan, 1979). Hagan and Just (1974) 

and Hagan (1979) have speculated that shear fracture can place when the explosive gases cause 

relative movement along suitably oriented fractures and structured discontinuities. 

Cook (1963) has postulated that fracturing can take place along the maximum shear stress 

trajectories in the rock mass. This refers to the shear failure of intact rock. He has given the 

example of 'burn-cut' in tunnel blasting where generation of shear fractures is critical for the 

proper performance of the blast. 

Fracturing can also take place by collision of fragments in-flight. This fracturing is 

controlled by the initiation sequence and the time delays between holes and rows (Hagan and 

Just, 1974; Hagan, 1979). 
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4.2.4 Beam Bending or Flexural Rupture Theory 

Bending of the burden rock mass and breakage by flcx1ue have also been advanced as a 

possible mechanism of rock breakage during blasting. The concept is quite old (Daw and Daw, 

1898).t Indirect mention of flexural rupture being a possihle breakage mechanism is given by 

Langefors (1959). The present fOl'm of these proposed mechanism is largely due to Ash (1973). 

Smith (1976), Haghighi and Konya (1985, 1986), and Haghighi et al. (1985) have tried to extend 

this model further. Stiffness of the burden is the main factor of flexural breakage during blasting 

(Ash, 1985). It depends on the elastic modulus, cross-sectional shape, support type and conditions 

(constraints to movements) and respective length, thickness, and width (Ash 1973, 1985; Popov, 

1976). Ash (1973) has considered a modified cantilever beam model as the most representative 

of the initial stage of bending of radially fractured bench segments. The beam has a rectangular 

shape with the free face as one side. The opposite face is formed by pressurized cracks from either 

side of the bore hole along a joint orientation parallel to the free face. The other two sides are 

formed by cracks from both sides of the bore hole but oriented with jointing that is approximately 

normal to the free face. The bottom of the beam is fixed and the top or collar region is allowed to 

rotate and move longitudinally without deflecting normal to the bore hole axis (by placing a roller 

directly opposite to the center of stemming). Beam thickness is equal to burden. A length of two 

thirds the burden dimension of the beam is kept unloaded from the top of the bench to account for 

stemming. No subdrilling was employed. A distributed loading along the length of the explosive 

column emulates the bore hole pressure. Figure 4.19 shows the beam with all loading and support 

conditions. The weight of the rock is neglected in the analysis, as it produces a pressure at the 

bench floor far less than the bore hole pressure. 

Ash (1973) has given a quantitative solution of a hypothetical blasting problem using the 

flexural model. A bore hole pressure of 400,000 psi (2758 MPa) in a lin (25.4 mm) diameter hole 

was used for this calculation. For a rock having Young's modulus of 8 x 106 psi (55160 MPa) a 

t as referenced by Ash (1985) - Daw, A. W., and Daw, Z. W., 1898, "The Blasting of Rock: 

In Mines, Quarries, Tunnels, etc.," E. and F. N. Spon Ltd., London. 
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burden of 30 in (762 mm) was used with a bench height of 110 in (2794 mm) and a stemming of 20 in 

(508 mm), giving a charge length of 90 in (2286 mm). The values of different parameters, shown in 

Figure 4.19, as calculated by Ash (1973), are -

11 = 90 in (2286 mm) 

12 = 100 in (2540 mm) 

L = 110in(2794mm) 

P = 400,OOOlb/in(7149606.3kg/m) 

R2 = 11,300,000 lb (5130200 kg/m) 

.no = 24,700,000 lb/in (441488189 kg/m) 

Mo = 490,000,000 lb/in (8758267718 kg/m). 

Ash (1973) has justified the high values as - "It should be noted that the calculated values 

for the various response variables were exceedingly high and would not represent the true conditions 

present during normal blasting. This is because the loading remained constant. Instead, the bore hole 

pressure would have been reduced considerably during the process. Development of radial fractures 

would have consumed some of the energy and as displacement occurred a relatively large pressure 

reduction would result from the volume change accompanying bore hole enlargement and opening of 

cracks along the principal plane of weakness as they become pressurized. The pressure magnitude, 

thus, should be a decreasing function of both the displacement, V, and distance from the bore hole, 

z." As the displacement is heavily restrained on the floor, the only possible breakage mechanism 

is by rotation. Ash (1973) has observed that as maximum shear stress occurs at an angle of 45° to 

the maximum principal stress, fracture lines oriented about 45° with the free face and floor would 

develop. Ash (1973) commented that near 45° orientations of the toes and bootlegs observed in 

field blasting proved the hypothesis. 

Although this beam bending model seems very interesting and may be intuitively correct, 

there are a number of serious inconsistencies with this conceptual model, as described by Ash 

(1973, 1985) and adopted by Smith (1976), Haghighi and Konya (1985, 1986), and Haghighi et aI. 

(1985). The first problem is the definition of the beam. Ash (1973) has postulated that two sides 

of the beam are joint planes opened up by propagating pressurized radial cracks. Smith (1976), 
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in Figure 3, has shown them as radial cracks. The dimensions of the beam are given as burden 

(B), spacing (S) and bench height (H) (Ash, 1973, 1985; Smith, 1976; Haghighi and Konya, 1985, 

1986). If the beam is formed by radial cracks only, then it is difficult to see how a rectangular 

cross-section develops. It should have a triangular or close to triangular cross-section. In field 

blasting a rectangular breakout is very rare. The next problem comes from the definition of the 

loading conditions. According to Ash (1973, 1985) and Smith (1976) the beam is defined by either 

propagating radial cracks or joints opened up by pressurized radial cracks. The beam gets fully 

defined when either of the fracture type reaches the free face from both side of the hole. All these 

fractures have some connection with the bore hole containing pressurized gases. The pressurized 

gases flow into the fractures causing a complex loading pattern. Although the pressure in the hole 

starts decreasing, the load is applied on larger area of the beam surface. Therefore, the loading 

on the beam is not a fixed line load assumed in beam bending model. With bore hole pressure 

alone, the calculat,ed results for different parameters are quite high. Ash (1973) has concluded that 

these values, in actual cases, would be smaller due to consumption of energy in developing radial 

cracks. This justification is a total contradiction of the original definition of the rock beam. It is a 

serious flaw of the conceptua! model proposed by Ash (1973). Later studies (Smith, 1976; Haghighi 

and Konya, 1985, 1986; Haghighi et al. 1985) have not clarified the physical processes of the beam 

formation. 

The third problem arises regarding the breakage between the holes. According to this 

theory, a hump should occur between two adjacent hole as shown in Figure 4.20 except in cases 

where both the holes sit on a totally vertical joint plane. This is not observed in actual blasting 

unless the spacing between the holes is very high. 

Beam bending model of Ash (1973), shown in Figure 4.19, has a roller support in front 

of the bench at the burden region. Physical configuration of bench blasting does not have any 

support at this location. Ash has not given any justification for having a support there. R2 can not 

represent two dimensional idealization of truly three dimensional restraining force offered by the 

intact rock at both sides of hole all along its length. Because the beam is defined by propagating 

radial cracks and joints opened by radial cracks. This means that the beam is already separated 
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Original free face 

Free face .fter blast 

Figure 4.20 : Breakage of rock in between two holes fired simultaneously according to beam bending 
theory and most probable case in actual blasting. 
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from the rest of rock mass which gives maximum displacement at top. Actual photographs of mine 

blasts (Ash, 1973; Figure 10 of Reil et al.,1985) show that maximum displacement occurs close 

to mid-height of the bench. Results from this beam bending, calculated in Section 6.6, also gives 

similar results. Therefore, R2 is acting as a factor to restrict only the displacement at the top to 

get acceptable face profile. 

The flexural rupture model of rock fragmentation, as described by Ash (1973, 1985), Smith 

(1976), Haghighi and Konya, (1985, 1986); and Haghighi et al. (1985) is based on the premise 

that radial cracks have already formed. This means the primary fragmenting or fracturing is 

over. Therefore, the beam bending model actually models the secondary fracturing, that is, the 

fragmentation of the rock in between the two radial cracks delimiting the breakage. Bending creates 

fractures where the tensile stress is maximum. Hence, the fractures do not form over the entire 

vertical free face and cause extensive fracturing of the burden. These fractures also can not be the 

sole cause for the absence of pie-shaped fragments in the muck pile. Therefore, it is not possible 

for the flexural rupture to become the major fragmentation mechanism. In Chapter Six, the results 

from the finite element analyses are compared with the beam bending theory to analyze further the 

applicability of this hypothesis as a viable model of rock fragmentation from blasting. 

Notwithstanding these objections raised against the model, it still seems probable that the 

burden rock experiences some kind of bending. Natural joints in the rock and formation of radial 

cracks reduce stiffness of burden, and add more breakage to the overall fragmentation process. 

Refinement of the present model is required to improve its prediction capability so that the results 

represent actual situation more clearly. 

4.3 Role of Free Face on Overall Fragmentation 

In a well designed blast, the broken rock fragments move forward instead of upwards 

(flyrock). The vertical free face and the open space in front of it provide the place for the fragments 

to move forward. It also acts as a reflecting surface for the stress waves. 

Adequate forward movement (throw) is required to obtain a good diggable muck pile and 

also to minimize flyrock. Forward movement of the burden starts when at least the major part of 
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the fracturing process around the hole is over. As discussed before, the stress waves contain a small 

amount (less than 10 %) of the total energy. In regular field blasting, the energy of the reflected 

stress waves is inadequate to produce multiple spall fractures. Therefore, the role of the free face 

in producing multiple spall fractures is not significant in regular mine blasting. 

Just (1971) and Hagan (1979) have speculated that even weak reflected tensile wave can 

extend a few suitably-oriented radial cracks quite considerably. The radial cracks oriented almost 

tangentially with the wave front are extended by the reflected wave. It seems that the two radial 

cracks at the two edges of breakage should be most affected as these cracks run with a very acute 

angle with the free face. Photoelastic observations in Homatite 100 (Barker and Fourney, 1978; 

Barker et al., 1979; Fourney, 1983a; Fourney et al., 1984b) and high speed photographs in rock 

plates (Holloway et al., 1980) show that the radial cracks do not propagate at the theoretical 

velocity equal to the Rayleigh wave. The propagation velocity is much slower. Therefore, the radial 

cracks are quite short when the reflected tensile wave passes over them. These measurements and 

many others (Duvall and Petkof, 1959; Atchison and Tournay, 1959; Nicholls and Hooker, 1962; 

Anderson et al., 1984) show that the pulse duration and, consequently, the pulse width are quite 

small close to the hole. The pulse duration is of the order of a fraction of a millisecond. The radial 

cracks get the additional energy only for this short time period, and with the recorded velocity 

of propagation, the cracks have advanced only a short distance, on the order of some centimeters. 

Therefore, this role of the free face in selective propagation of few cracks is also not significant from 

an overall fragmentation point of view. 

Photoelastic investigations in Homalite 100 (Barker and Fourney, 1978; Barker et al., 1979; 

Fourney, 1983a, 1983b; Fourney et el., 1984a, 1984b) have discovered other effects of the reflected 

stress wave. PP, PS, SS, SP waves are produced after reflection of both P and S waves from the free 

face. These waves can reinitiate an old crack and can also cause branching of an already propagating 

crack. Energy contained in the waves is the sole driving energy of the cracks initiated at the flaw 

sites (Barker et al., 1979). These cracks stop propagating once the wave outdistances them unless 

another wave comes and supplies new energy. The direction of crack propagation changes, with 

the change of driving energy from different wave types giving an overall random fracturing pattern. 
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The extent of rock fracturing in the burden region by this mechanism is not known. It is not known 

to the author about the experiment which has determined the extent of rock fracturing by this 

mechanism in regular field blasting. It is also observed that the outgoing P and S waves can cause 

initiation of small flaws. Winzer and Ritter (1980) have observed initiation of some old cracks 

in a large limestone block. They have concluded that whenever an outgoing or a reflected stress 

wave passes over a discontinuity, there ia a. possibility of reactivation of old flaws or initiation of 

new cracks. Therefore, the free face helps in producing more cracks in the burden rock, causing 

breaking up of the wedge-shaped fragments in between radial cracks. 

Langefors (1959) has concluded that the free face affected the propagation of some of the 

radial cracks when quasi-static stress field conditions prevailed. The quasi-static gas pressure in 

the hole exerts strain in the cracks formed by the stress waves. This stress field also displaces the 

free face forward. The outward movement of the free face produces additional strain on the cracks 

in the burden region. These cracks continue to grow till full loosening of the burden occurs, if the 

charge is sufficient. Due to outward bending of the free face, a tensile stress is produced at the 

free face whose magnitude is maximum at the point just opposite to the hole. If this stress has 

sufficient magnitude, tensile cracks grow inward. The above account of the effect of the free face 

on overall blasting is very important in practical bench blasting. Unless the blast design is quite 

poor, no large radial cracks are seen to propagate at the back for a considerable distance, although 

Langefors (1959) has observed microcracks at the back at a distance about the same size as the 

burden. Photoelastic investigations at the University of Maryland have shown that outgoing P 

and S waves are capable of reinitiating old cracks and originating new cracks at the site of existing 

material discontinuities. If this is also true in field blasting, then the free face enhances the breakage 

of the burden with additional fractures by providing a space to move and a reflecting surface. This 

conclusion has strong support from the evidence obtained in crater blasting. In crater blasting there 

is only one free face - the horizontal surface at the top. The crater profile is almost axisymmetric 

with the hole unless major joint planes disturb the symmetry (Kipp and Grady, 1980; Chen et aI., 

1984; Adams et aI., 1985). 
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It has been recognized for a long time that the geological discontinuities present in the 

rock mass have a very significant influence on the fragmentation from a blast. In extreme cases, the 

discontinuities may totally overshadow the effects of explosive properties (Belland, 1966; Just, 1971; 

Ash, 1973; Hagan, 1973; Burkle, 1979; Lande, 1983; Winzer et 801., 1983). Discontinuity is a general 

term includes joints, bedding planes, schistosity planes, weakness zones and faults (International 

Society for Rock Mechanics, 1977). Proper consideration of the discontinuities is required for 

obtaining an optimum result from a blast. Unfortunately, this is the least understood area of rock 

blasting (Fairhurst, 1970; Persson and Holmberg, 1983). No blast design method incorporates the 

effect of discontinuities explicitly. Qualitative guidelines are available to modify the blast parameters 

to suit the local conditions (Gustafsson, 1973; Burkle, 1979; Hagan, 1982; Lande, 1983). Trial and 

error is a part of the routine process to improve the blast results. Experience plays a big role in 

the optimizing process. 

Present knowledge of the fracturing of rock mass with discontinuities under explosive load 

is very limited. Only a few studies report about experiments carried out to understand the effect 

of discontinuities on fragmentation from blasting. Generally a few major joint sets in the rock 

mass control the rock breakage from blasting. The discontinuities may be filled or open. Filling 

materials generally are weaker than the rock. Explosive gases can penetrate the discontinuities and 

open them easily. 

Photoelastic studies (Barker and Fourney, 1978; Barker et al., 1979; Fourney, 198380, 1984bj 

Fourney et aI., 1984a, 1984bj Fourney et aI., 1985) have discovered some new mechanisms of 

fragmentation in a jointed medium. Both the outgoing P and S waves are capable of reinitiating 

old, small flaws or initiating a new crack from existing flaws. Flaws oriented in the tangential 

direction are most susceptible to this as the major part of the tangential stress of the waves is 

consumed in forming radial cracks from the cavity. Generally the P wave tail in conjunction with 

the S wave produces this type of fracturing. Once a crack is initiated by the tail of the P wave 

or by the leading part of the S wave, the long duration S wave tail can propagate the crack for 
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a long distance. The shear wave reorients the crack propagation direction to approximately 450 

from the radial direction. In these experiments the gases from bore hole have not pressurized these 

nonradial cracks. PETN has been used in all these experiments. Commercial explosives, such as 

ANFO, and water gel, produce more gas than PETN (Johansson and Persson, 1970). It may be 

possible that the explosive gases How into these cracks and pressurize the crack faces if they are 

close to the hole or to a pressurized radial crack. The internal pressure may produce sufficient 

stress intensity at the crack tip for propagation. Even if the cracks are not internally pressurized, 

the pressurized radial cracks, if suitably located, may be able to maintain sufficient stress intensity 

above the fracture toughness level. Non-radial propagation of these Haw-initiated cracks can break 

up the wedge-shaped fragment£; ill between the radial cracks. 

Studies in Homalite 100 show that outgoing P and S waves can initiate shear fractures at 

large Haw sites such as joints or bedding planes. Shear loading and possible fracturing start during 

the passage of P wave. The slow moving S wave aids the process. Crack initiation occurs generally 

700 to 900 to the discontinuity plane. 

Upon reflection at the free face, P and S waves produce four waves - PP, PS, SP, SS. PP 

wave has maximum tensile stress normal to the wave front. Therefore, it may be able to initiate 

Haws tangential to the wave front. If the stress intensity factor is extremely large, multiple crack 

branching may result (Fourney et aI., 1984b). The PS wave may interact constructively with the 

PP wave producing crack branching. 

The fast moving PP wave may interact constructively with the outgoing S wave to initiate 

new cracks at flaw sites. This constructive interference occurs approximately one-quarter of the 

burden distance away from the free face (Barker et aI., 1979; Fourney, 1983a). SP and SS waves also 

can supply energy for initiating new cracks. In these experiments, these new cracks are initiated 

and driven by stress waves only. Therefore, they rapidly stop after the passage of the wave unless 

a next wave system supplies additional energy for propagation. This reinitiation, branching and 

re-aligning give the cracks a random look. The longest distance from the hole at which a flaw can 

be initiated is directly related to the severity of the flaw and to the P wave attenuation (Barker 

and Fourney, 1978; Barker et aI., 1979; Fourney, 1983a). 
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Winzer et al. (1979) have observed the joint initiated fractures in their study in large 

limestone blocks. Many old discontinuities, such as joints and bedding planes, have opened up at 

early in the fracturing process. Many new cracks have formed perpendicular to these discontinuities. 

Gas venting through the bedding planes have usuaUy occurred much later. 

The quasi-static gas pressure can produce shear stress on a discontinuity plane. If the 

discontinuity is suitably located and oriented, the induce shear stress can exceed the shear strength 

causing shear failure of the weakness plane. This failed weakness plane may join with the other 

fracture network increasing the fragmentation of the burden rock. 

The quasi-static gas pressure starts prE:ssurizing the rock mass earlier than previously 

thought. For a period of time, it may be quite likely that some stress wave induced fracturing 

is taking place when the rock is under quasi-stntic pressure. This gas pressure starts producing 

stress concentration at the tip of the cracks as they are formed by the stress waves. Therefore, 

some additional driving energy may be supplied by the gas pressure. Reorientation of the crack 

propagation direction may take place due to stress reversal as the stress wave leaves the cracks. 

Very little is known exactly what takes place in the rock mass fuU of discontinuities under combined 

action of stress waves and quasi-static gas preflSure. Most theoretical analyses about stress wave 

interaction with discontinuities are carried out for a single discontinuity. In rock mass, numerous 

small flaws crisscross with major discontinuities. Even in a relatively intact rock, they are large 

in number, and are difficult to deal with in a discrete manner. Present understanding of the 

fracturing process in that type of medium is quite poor. More studies are required to understand 

how these cracks, oriented almost randomly under the combined action of different stress waves and 

quasi-static gas pressure, interact with each other and influence the growth of neighboring cracks. 

4.5 Fracture of Rock in Between Two Radial Cracks 

Blasting literature is specially silent on the process of rock breakage in between two 

radial cracks or, in other words, on the absence of the wedge shaped fragments in the muck pile. 

Both the strain-wave theory (Duvall and Atchison, 1957; Hino, 1959) and the theory of radial 

crack development by quasi-static gas pressure (Persson et al., 1970; Porter, 1971; Langefors and 
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Kihlstrom, 1978) do not explain the degree of fragmentation observed in field blasting (Winzer et 

aI., 1979). High speed photographs offield blasting do not show the predominance of wedge-shaped 

fragments in the overall broken rock mass (Winzer et aI., 1979; Winzer et aI., 1983; Rell et aI., 

1985). 

These natural discontinuities in the rock can exert a significant influence on the 

fragmentation process of the wedge shaped fragments. Both outgoing and reflected stress waves 

can reinitiate an old flaw and can even generate new fractures from that site. Passage of different 

reflected waves may cause reorientation and even branching of these fractures. These cracks may 

not propagate for a long distance as the energy supplied by a stress wave vanishes with the passage 

of that stress wave. Explosive gases may be able to penetrate a few of these fractures and pressurize 

them. This quasi-statically applied pressure can produce sufficient stress intensity at few suitably 

oriented crack tips to propagate them further. Extent of gas penetration in the cracks, and location 

and reorientation of each non- pressurized crack with respect to the pressurized cracks dictate 

which non-pressurized crack grow. In relatively joint free rock also, there are some small flaws. 

New fractures may start from these flaws by the stress waves. These new fractures stop growing 

when the stress wave passes away. Quasi-static gas pressure may produce enough stress intensity 

at the tips of some suitably located cracks to propagate them further. It seems unlikely that this 

mechanism is the major factor in overall fragmentation. Experiments in Homalite 100 show that 

new fracture development at small flaw site is directly related to the severity of the flaws. Amplitude 

of the stress waves produced in field blasting may not be adequate at large distance from hole to 

cause sufficient fracture generation all over the burden region. Therefore, it remains uncertain why 

the wedge-shaped fragments are generally absent in regular bench blasting. 

4.6 Scale Effect on Blasting Results 

It is very difficult to conduct blasting experiments at field scale due to enormous complexity 

from numerous variables (Da Gama, 1983) and economics. Therefore, small scale blasting is a 

popular choice among the researchers. Experimental blasts have been conducted at very small 

model scale (Persson et aL, 1970; Johansson and Persson, 1970; Da Gama, 1971; Porter, 1971; 
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Field and Ladegaard-Pederson, 1971; Kihlstrom et aI., 1973; Fourney et aI., 1974, 1979, 1984a, 

1984b, 1984c, 1984d, 1985; Dally et aI., 1975; Bhandari, 1975, 1979, 1983; Barker and Fourney, 

1978; Swift et aI., 1978; Barker et aI., 1979; Fourney and Barker, 1979; Holloway et aI., 1980; Singh 

et aI., 1980; Fourney, 1983a, 1983b, 1983c; Shukla and Fourney, 1985; Wilson and Holloway, 1987), 

at intermediate scale (Ash, 1973; Bergman et aI., 1973, 1974; Dick et aI., 1973; Winzer et aI., 1979; 

Winzer and rutter, 1980), and at large (field) scale (Winzer et aI., 1979, 1983; Aimone, 1982; Da 

Gama, 1983; Reil et ru., 1985; Dowding and Aimone, 1985; van Zyl, 1986; Maerz et aI., 1987; Nie 

and Rustan, 1987; Franklin et aI., 1988; Savely, 1989). Very few studies verify the same observation 

at model scale and at large scale. Therefore, it is not known with some certainty whether any 

conclusion at model scale can be directly translated to field blasting. 

Langefors (1959) has der\ved the following relationship between the burden Bd and the 

explosive charge required for breakage Q -

(4.14) 

where, a2,a3, and a4 are empirical constants. The coefficients a2 and a3 depend on the 

elasto-plastic properties of the rock mass. a4 depends on the weight of the rock to be loosened by 

blasting. Langefors (1959) reports for ordinary Swedish bed rock, the coefficients are -

Q = 70Bi + 350Bl + 4Bd 4 • (4.15) 

Therefore, a factor proportional to the specific charge Q/ Bl (g/m3) is -

Q3 = 70/Bd + 350 + 4Bd 
Bd 

(4.16) 

Table 4.3 gives the value of Q/ Bl for various burden values varying from 0.01 m to 10 m. 

Persson et aI. (1969) have modified the equation (4.14) for an extended charge in a long borehole 

parallel to the vertical free face as -

(4.17) 
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Table 4.3 : Variation of explosive requirement and the normalized structure 

material brittleness number 

Bd (m) Q/B~ (gJm3
) q/B3 (g/m3

) S/(GrcEJu;)1/2 

0.01 7350 3.267 10.00 

0.03 2683 1.134 5.77 

0.10 1050 0.387 3.16 

0.30 584 0.174 1.83 

1.0 424 0.101 1.0 

3.0 385 0.082 0.58 

5.0 384 0.081 0.45 

7.0 388 0.083 0.38 

10.0 397 0.086 0.32 
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where, q = charge weight (dynamite equivalent) per unit length of borehole 

b1, b2 , and b3 = empirical coefficients. 

The factor proportional to the specific charge q/ Bi (kg/m3 ) is -

q 0.032 
-2 = -B + 0.067 + 0.0016Bd 
Bd d 

(4.18) 

Calculated values of q/ Bi for various burdens are given in Table 4.3. The requirement of explosive 

per unit volume of rock increases about 19 times when the burden is decreased from 10 m to 0.01 m. 

The concept of a structure-material brittleness number, a quantity relating the structure scale, the 

tensile strength UT (an indicator of brittle behavior), and the critical strain energy release rate GIC 

(an indicator of ductility), has been proposed by Carpinteri (1982) -

(4.19) 

where, S is the structure-material brittleness number and a is the characteristic length of the 

structure. Taking GlC, E, and UT as material constants, S is proportional to the square root of 

the characteristic size. Values of S are given in Table 4.3 taking burden as the characteristic length 

in blasting. 

Results in Table 4.3 show that the structure becomes more 'brittle' as the burden increases 

even though the 'brittleness' remains constant. Therefore, the fracturing characteristics are different 

at widely different scale (Ingraffea, 1987). The requirement of explosive changes drastically as 

the structure becomes more 'brittle'. At extremely small burden, the explosive required is very 

high. This has been observed in model scale blasting experiments (Bhandari, 1975, 1979, 1983; 

Singh et aI., 1980; Wilson and Holloway, 1987). The explosive requirement reduces by more than 

eighteen times when burden dimension reaches the value commonly used in field blasting. This 

trend is possibly related to the brittleness of the structure. Therefore, the results obtained in 

model blasting can not be translated directly to the field blasting. Langefors (1959) fully agrees 

with this conclusion. He states that the material in model scale blasting needs to be more 'ductile' 

than rock although a perfect material is almost impossible to find. This conclusion surely confirms 
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the structural-brittleness number concept. Langefors (1959) concludes that plexiglass can be a 

suitable material (close to the perfect material) for model scale blasting although a number of 

important properties are not similar (e.g., the distribution of the microcracks in the material). 

Barker et al. (1979) also have the same opinion of directly translating their observations at model 

scale in Homalite directly to the field blasting. 

AU the model scale blasting uses PETN or some other primary explosive as a rule for reliable 

detonation. Commonly used explosives, such as ANFO, water gel, emulsion, do not detonate at 

such small diameters used in model blasting. PETN and other primary explosive generally contain 

more shock energy (in terms of seismic energy) than ANFO etc. Therefore, these experiments have 

an inherent bias towards strain energy. On the other hand, the magnitude of the seismic wave is 

dependent on actual travel distance rather than any scaled distance. Therefore, more role of gas 

pressure is expected in fracturing the rock in model blasting. 

Bligh (1974) has reported that the tensile part of the tangential stress reaches the peak 

very quickly and thereafter drops off graduaIly for smaIl hole diameters. For large diameter holes, 

the peak tensile stress is reached after a relatively long time and decays more slowly. Explosives 

used in model scale blasting produce very sharp rising pressure pulse. On the other hand, explosives 

commonly used in field produce a much slower rising pulse. This produces tangential stress little 

different from that when the pressure is applied statically. Therefore, the strain energy has a much 

bigger role in fragmentation at model scale. Gas pressure takes a much bigger role in field blasting. 

Extreme caution should be exercised when translating the results from model scale blasts to full 

size field blasting. 

4.7 Conclusions 

Available information about different aspects of the phenomena taking place after initiation 

of the explosive in a blast hole reveals several importlUlt observations. Limited data indicate that 

commercial explosives, such as, ANFO, produce quite slow rising pressure pulses at the hole wall 

compared to those from high explosives, such as, PETN. This aspect of the pulse shape is almost 

neglected in deriving the stress field around the hole. Numerical results of Bligh (1974) show that 
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the commercial explosives produce a stress field not much different from quasi-static loading. This 

difference decreases as the hole diameter increases. For a typical hole size used in regular field 

blasting, the stress field remains almost constant for a considerable length of time and decreases 

very slowly. 

It is not known whether the stress wave or the quasi-static gas pressure is the primary 

mechanism for the formation of the radial cracks. There are two conceptual models for radial crack 

formation using the stress wave or the gas pressure as the sole source of energy. The details of the 

actual process are not known. Experimental data in relatively small scale experiments suggest that 

four to twelve radial fractures propagate at least a few hole diameters. It is not possible to predict 

the exact number ofradial cracks, the angular spacing among the cracks, and their respective length 

and orientations. 

The flow of gases inside the radial cracks and subsequent pressurization of their surfaces 

increase the stress intensity factors at the crack tips. Numerical studies in connection with in-situ 

fracturing tests show that compressive stress field is formed in the neighborhood of the cracks. This 

compressive stress suppresses the growth of nearby cracks. 

The scale effect on blasting results is poorly understood. The empirical relationships of 

Langefors (1959) and Persson et al. (1969) as well as the brittleness number of Carpinteri (1982) 

show that the fracturing characteristics of rock may be drastically different at field scale than the 

scale used in model scale experiments. This aspect of rock breakage and its effect on analyzing the 

blasting results at greatly different scales should be investigated further. 
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CHAPTER rIVE 

MODEL BUILDING 

The characteristics of the stress field around the radial cracks are very important for 

propagating the radial cracks and fragmenting the rock in the burden. Previous studies on 

determining stress distribution in the burden are reviewed first to state the present understanding 

of the problem. All these investigations neglect the influence of the radial cracks on the stress field. 

Boundary element analyses are carried out to determine the characteristics of stress distribution 

for this model of bench blasting without any radial crack. The effect of free face on the stress 

distribution is evaluated for this no crack model. A finite element model is developed to determine 

the characteristics of stress distribution around a radial crack from a pressiurized hole and their 

significance on further propagation of the radial crack and any nearby crack. The effect of 

pressurizing the radial crack is also investigated. 

5.1 Literature Survey 

A number of studies have been reported of the stress distribution from a hole loaded with 

explosive in the surrounding rock, and of the subsequent fracturing. Many of these investigations 

model the fragmentation considering only the stress waves from explosive detonation. Most of these 

studies deal with either in-situ fragmentation or with crater blasting, that is, blasting with only 

a horizontal free face, and using very high shock energy explosives. Determination of stress and 

fracturing in the surrounding rock is done mostly using finite difference and finite element analyses. 

These computer programs, for example, STEALTH (Solids and Thermal hydraulics codes for EPRI 

Adapted from Lagrange TOODY and HEMP) (Young et al., 1985), CAYS (Crack And Void 

Strain), a sub-model of STEALTH (Trent et al., 1981), NAG-FRAG (Nucleation And Growth and 

FRAGmentation) (McHugh et al., 1985), FEFFLAP (Finite Element Fracture and Flow Analysis 

Program) (Shaffer et al., 1987) etc., are very sophisticated programs and have different algorithms 

for fracture generation. 
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Regular bench blasting in mines and quarries uses explosives which have relatively more 

gas energy than explosives used in cratering. As a result, quasi-static gas pressure becomes the 

main source of energy for radial crack propagation and breakage of rock in between radial cracks. 

Very few studies deal with the stre3B distribution and the breakage mechanisms in bench blasting 

from the qU&8i-static gas pressure effect of explosive detonation. Smith (1976) has investigated 

the effect of bench height and burden rock stiffness in a three dimensional bench. Ash (1973) has 

studied the stress distribution in a vertical section through the hole using two dimensional finite 

element analysis. Porter (1971) has examined the fragmentation mechanism and the radial crack 

propagation using a two dimensional finite analysis normal to the axis of the drill hole. Bhandari 

(1975, 1979) has closely followed Porter's work and has studied the effect of burden variation on 

the stress distribution. Haghighi and Konya (1985, 1986), and Haghighi et al. (1985) have used a 

three dimensional finite element analysis to study the effect of burden rock stiffness on movement 

of the free face under quasi-static gas pressure. Sunu et al. (1988) have examined the stresses and 

the displacements at the burden region using a two dimensional dynamic finite element program. 

These studies are reviewed here to state our present understanding. 

5.1.1 Three Dimensional Finite Element Analysis by Smith (1976) 

Smith (1976) has used the SOLID SAP finite element program to analyze the stress 

distribution in the burden region from a single pressurized hole. Eight noded three dimensional 

elements are used to model the region around the hole in bench blasting. Smith has used the 

following parameters to formulate the finite element model -

a) hole diameter 1.0625 in (2.7 cm), 

b) burden 15in (38cm), giving a KB ratio ofl4, 

c) Young's modulus 6 x 106 psi (41,370 MPa), 

d) Poisson's ratio 0.27, 

e) pressure at the hole 500,000 psi (3447 MPa). 

Mesh configuration in horizontal and vertical directions are shown in Figure 5.1. A total of 144 

elements and 257 nodal points are used in each model. It is assumed that the stemming material 

would be compressed in half by the applied gas pressure. The horizontal displacement has been 

restricted at 40 in (1 m), 2i times the burden dimension, behind the hole and 40 in (1 m) in front 

of the hole at floor level. The vertical displacement has been restricted at 25 in (0.625 m), 1 j times 



Pr ... ur. 
Surfac •• 
(Blasthol.) 

o Nodal Points 

Hqr. Plone 4 
-,., 

a!f' 
Hor. Plane 3 
Har. Plone 2 

Hor. Plane 

Actually oraup of nodal 
poDnt. to •• 01 hole 

.~ Dllplacement Restricted 

109 

Figure 6.1 : Vertical section through the blasthc·le axis of the finite element model of bench blasting 
of Smith (1976). 
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the burden dimension, below the hole. A distance of only 2i times the burden may be too small 

to impose horizontal displacement boundary condition. The size of the elements, especially those 

forming the hole, is very large (about six times the hole diameter). The next group of elements 

are two and half times this size, which gives only two elements to cover the entire burden region. 

Analytical solution of stresses from a pressurized hole in an infinite medium shows that the stresses 

attenuate proportional to the inverse of squared distance from the center of the hole. Therefore, 

using SLlCn large size .dements introduces significant errors in the calculated stresses, especially close 

to the hole. 

Smith (1976) gives results for four regions in front of the hole - collar or stemming, upper 

half of the explosive column, lower half of the exploaive column and subgrade region. Results are 

summarized here for each region. 

5.1.1.1 Collar I Stemming Region. This region lies in between horizontal planes 5 

and 6 (Figure 5.1) and is one element thick in the vertical direction. Vertical displacement or uplift 

is pronounced at all three KH ratios (1.0, 2.0 and 3.0). It is maximum for KH = 3 and minimum 

for KH = 1. Horizontal displacement of the vertical free face has the oppoaite trend. It is maximum 

for Kif = 1. The maximum principal stress (tensile) is largest when KH = 3 and is smallest when 

KH = 1. Near the boundary of the model at both sides of the hole, the maximum principal stress 

is compressive. 

S.1.l.2 Upper Half of Explosive Column. This region is bounded by horizontal 

planes 4 and 5 and has a thickness of one element. The maximum principal stress in the vertical 

plane is predominantly vertical. In both horizontal and vertical planes the maximum principal 

stresses (tensile) are largest when the KH ratio is 3 and least when KH is 1. Plots of the vertical 

section for different KH ratios (Figure C : 3 of Smith, 1976) show a zone in the burden at a sma)) 

distance from the hole where the maximum principal stress is compressive. The horizontal sections 

(Figure C : 5 of Smith, 1976) do not show this zone. The blast hole expands considerably, least 

at the top (Smith, 1976). A vector plot of the principal directions in the horizontal plane shows a 

stress distribution concentric with the hole. This means that, according to the analysis, the free 

face has a negligible effect on the stress distribution around the hole. 

5.1.1.3 lower Half of Explosive Column. This region is bounded by horizontal 

planes 3 and 4 and has a thickness of one element. This region is moat highly stressed. Maximum 

principal stresses in both horizontal and vertical planes are largest when KH is 1 and least when 
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KH is 3. Plots of the vertical section at different KH ratios show that the compressive zone (where 

the major principal stress is compressive) from the upper half of explosive column extends into 

this region. This is not shown in plots of the horizontal section. When the KH ratio is 1, this 

compressive zone extends into the subgrade region. The vertical free face displaces inward when 

the KH ratio is 1 but free face moves outward when the KH ratio is increased to 3. 

5.1.1.4 Subgrade Region. This region in between horizontal planes 1 and 2 is 5 in 

(12.5 em) thick, which is about one-third the burden dimension. A circular zone, where the 

maximum principal stress is compressive, forms for all three KH ratios. Maximum principal stress 

is generally parallel to this zone. 

Smith has not reported any quantitative data on the stress or displacement. Only 

qualitative descriptions of stress, such as low, medium, or high, are given in all plots. Other 

principal stresses at any section are omitted completely from any discussion. Displacement data 

are plotted at an unknown exaggerated scale. As a result, it becomes almost impossible to compare 

these results with other studies or to draw any quantitative conclusion. 

Smith (1976) has not compared the finite element results with the results from experiments 

or with burden-stiffness hypothesis. Many results of this finite element study contradict the 

burden-stiffness hypothesis. Plots of the horizontal displacement in a vertical section show that 

the free face moves towards the hole along the lower half of the explosive column when KH is 1 and 

2. The free face moves outward when KH is 3. Vertical displacement of the top surface is minimum 

for KH equal to 1 and maximum for KH equal to 3. At KH equal to 3, horizontal displacement 

of the top surface is minimum. This means that the burden rock heaves upward, as in cratering. 

But the beam bending model (burden-stiffness hypothesis) concludes that the burden rock breaks 

with least effort at this configuration in bench blasting as burden rock has lowest stiffness. Finite 

element results also show that the tensile stress around the lower half of the explosive column is 

maximum for KH equal to 1, which is supposed to produce the worst fragmentation. 

Smith (1976) has not used the other two principal stresses in analyzing the fragmentation 

mechanics at different regions of the bench. Finite element results show a zone in front of the hole 

and also in the subgrade region where the maximum principal stress is compressive. This is taken 

as an indication of poor breakage. But the magnitudes of all three principal stresses are required 

to determine whether any fracture forms or not. 
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Smith (1976) has shown the orientation of the maximum principal stress in the burden 

region. The maximum principal stress in horizontal sections shows insignificant influence of the 

free face close to the hole. In vertical sections, the maximum principal stress does not deviate from 

the direction parallel to the free face. Although the maximum principal stress has been calculated 

at only a few points in the burden, it shows little effect of free face, even at the small burden 

dimension giving KB equal to 14. 

It is well known that many small size elements are required to model a beam with reasonable 

accuracy (Desai, 1979, pp. 181-187; Cook, 1981, pp. 91 and 139-140). Smith (1976) has used three 

elements along the length of the bench and three elements along the cross-section of the bench. 

The very small number of elements (a total of 144) used to model a complicated three dimensional 

problem probably has resulted in large numerical inaccuracies and may make the conclusions totally 

unreliable. 

5.1.2 Two Dimensional Finite Element Analysis by Ash (1973) 

Ash (1973) has used the HEATSTRESS finite element program to determine the stress 

distribution in the burden region from blasting under quasi-static gas pressure action with varying 

sub drilling length. No radial crack originates from the hole. The finite element program uses 

constant strain triangular elements. Quadrilateral elements are divided into four triangular elements 

by static condensation. 

The finite element model of the bench has the following parameters -

a) hole diameter 4 in (10 cm), 

b) burden 10 ft (3.3 m), giving a KB ratio of 30, 

c) unloaded collar or stemming 10ft (3.3m), 

d) bench height 30 ft (9.9 m), 

e) hole pressure 400,000 psi (2758 MPa), 

f) Young's modulus of 6 x 106 psi (41370 MPa), 

g) Poisson's ratio of rock 0.25, 

h) Young's modulus of stemming material 6 x loa psi (41.37 MPa), 

i) Poisson's ratio of stemming 0.10. 

Unlike the beam bending model of Ash (1973), the finite element model of the bench does not have 

any constraint on the free face in the collar region to restrict displacement normal to the hole axis. 
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Ash (1973) has analyzed the model for two different assumptions of stress distribution -

a) plane stress and 

b) axisymmetric stress. 

The plane stress model analyzes the stress distribution of the bench in a vertical section through the 

hole. The model extends three times the burden distance at the back of the hole. The boundary is 

fixed at this distance. The axisymmetric stress model only extends from the free face up to the hole. 

It assumes same stress distribution around the hole. Ash (1973) does not report the magnitude of 

principal stresses at any point in the burden region. He shows maximum stress contours, without 

magnitude, for three different lengths of sub drilling -

i) no subdrilling, 

ii) subdriIJing equal to one third of the burden, and 

iii) subdriIJing equal to two thirds of the burden. 

A plot of maximum principal stress for subdriIJing equal to one third of the burden is shown in Figure 

5.2. In the plane stress model the maximum principal stress is tensile in the burden region. Just 

behind the hole, the maximum principal stress is compressive. It becomes tensile again about one 

burden distance behind the hole. With the axisymmetric approximation, the maximum principal 

stress is compressive to about one-third of the burden distance in front of the hole. The region close 

to the free face has a tensile maximum principal stress. The rock in front of the sub drilled section 

is under tension, while in the plane stress case, this region is under compression. 

Displacements of the free face, calculated using the two approximations, are shown in Figure 

5.3. In the plane stress model the burden rock deflects outward, like a cantilever beam hinged at 

the floor. The maximum deflection occurs at the top of the bench. The axisymmetric model gives 

an outward bending of the burden rock with little deflection at top and bottom. 

Ash (1973, pp. 105) has concluded that the axisymmetric solution is closer to the results 

obtained by his beam bending model and also field results (Figures 16, 18, 20, 21, 24 and 25 of Ash, 

1973). He has also postulated that the actual scenario is very close to the infinite plate condition. 

The above conclusions are not only confusing but also appear to be contradictory. If an 

almost infinite plate condition exists then the stress distribution is symmetric all around the hole. 

Moreover, if an actual blast resembles the axisymmetric solution, then the presence of a free face has 

no effect on the stress distribution. Hence, any breakage in the rock should be symmetrical around 
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the hole. This is not true for actual field blasts. Rock in the burden region does get more fractured 

and moves quite a bit. Therefore, a bench blast cannot be modeled by an axisymmetric model, 

although a crater blast may be a good candidate. If the axisymmetric model closely duplicates 

the beam bending model, then similar beam bending should take place at the back of the hole, 

and result in a similar breakage pattern, which is not true for bench blasting. If the problem 

approximates an infinite plate condition, then the stress concentrati(\n due to pressurization of the 

hole at points more than five radii away should be negligible. It is not possible to explain the 

breakage observed in field blasting if the axisymmetric approximation is a close representation of 

the actual situation. 

Analyzing the three dimensional bench blasting problem using two dimensional idealization 

in the vertical section through the hole has an additional problem. Any two dimensional idealization 

ignores the restraining force across the vertical plane. The model of the burden region becomes 

excessively soft. As a result, the calculated stresses and displacements become unrealistic. 

5.1.3 Two Dimensional Finite Element Analysis by Porter (1971) 

Porter (1971) has used a two dimensional finite element analysis to study the stress 

distribution in the burden rock from an internally pressurized hole. He analyzes the problem 

at a horizontal section normal to the axis of the hole. His finite element mesh consists of constant 

strain triangles and quadrilaterals which are decomposed into four constant strain triangles by 

static decomposition. One boundary is fixed at about 4.5 times the burden distance to the sides 

of the hole and about 8 times the burden distance at the back of the hole. The burden is 5 times 

the hole diameter. This is a very small burden compared to the ones used in regular field blasting 

(25 to 40 times the hole diameter). Elements close to the hole have dimensions of the same order 

as the hole radius. This size of element may be large as the stresses decay almost proportional 

to the square of inverse distance. Therefore, the calculated stresses may have a large error due to 

numerical discretization. 

Porter (1971) has not reported stress or displacement value calculated at any point in the 

burden region. His plots of principal directions show complete symmetry around the hole, even at 

points very close to the free face. It can be concluded that in a model of bench blasting without 

any crack the free face has a negligible effect on the stress distribution around the hole, even when 

the burden is unrealistically small. Support for this conclusion comes from the analysis of the stress 
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distribution when the free face is irregular (Porter, 1971). Principal directions for this problem are 

shown in Figure 5.4. In this simulation, the hole is spaced laterally 1.2 times the burden distance 

from a hole already detonated. The previously fired hole haa removed a part of the plate. The 

hole now haa two faces at equal distances to break out. Even with this irregular free face the stress 

distribution around the hole remains quite symmetric. Even at this small burden, with irregular 

shaped free face, the stress distribution near the hole remains unaffected by the free face. 

Porter (1971) also has carried out analyses with one or two cracks emanating from the 

pressurized hole. Be concludes that the presence of an unpressurized crack does not change the 

principal directions close to the crack and ahead of its tip appreciably. The principal directions in 

burden region change only when the cracks are fully pressurized up to their tips at the same pressure 

aa in the hole. Porter (1971) has not considered the stress singularity at the crack tip (Williams, 

1957; Cotterell, 1966; Ouchterlony, 1974, 1983; Sih, 1977; Ingraffea, 1983, 1987). Be has not used 

any special element to model the crack tip. The elements used in this analysis to model the crack 

tip and the crack itself are excessively large to capture the sharp stress gradient (Watwood, 1969; 

Chan et aI., 1970). The boundary condition used on the crack surface is questionable. Porter (1971) 

has restricted displacement between the surfaces of the crack. Analytical work of Williams (1957) 

shows that the crack surfaces are free of any stress in the unpressurized case. But the surfaces are 

not fixed. They undergo considerable displacements. The displacement at any point on the crack 

surface is given by Williams (1957) and Rolfe and Barsom (1977). Correlating displacements with 

analytical solutions is one of the methods for determining the stress intensity factor at the crack 

tip (Chan et aI., 1970; Shih et aI., 1976; Ingraffea, 1983). Disregard of crack surface displacements 

probably has prevented the model from recognizing the discontinuity in the tangential stress as 

across the crack. Therefore, introduction of a crack has not caused a substantial change in the 

stress field. Porter (1971) has hypothesized that a radial crack follows one of the stresa trajectories 

from the model without any radial crack. Be has concluded that radial cracks remain unpressurized 

during the fracturing process. Experimental observations on the laboratory scale (Mchugh, 1983; 

Fourney et aI., 1984c, 1984d) and in the field (Winzer et al., 1979) show that the radial cracks 

are at least partially pressurized. The lTSma:r: theory of crack propagation (Erdogan and Sih, 1963; 

Ingraffea, 1983, 1987) shows that a crack propagates in a direction normal to the maximum tensile 

stress. This direction changes as the crack propagates and distorts the original stress field ahead of 
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its tip. Moreover, the effect of the free face increases as the radial cracks grow longer. Therefore, 

it is not possible for a radial crack to follow continuously one of the isostatics calculated from the 

stress field produced by an internally pressurized hole without any radial crack connected to it. 

5.1.4 Two Dimensional Finite Element Analysis by Bhandari (1975. 1979) 

Bhandari (1975, 1979) reports a finite element study to determine the effect of quasi-static 

gas pressure in a hole on the stress distribution and crack propagation in the burden region. He 

varies the burden, keeping the size of the hole constant. His ultimate objective is to determine the 

mechanism of rock fragmentation in bench blasting. He analyzes the problem at a section normal to 

the bore hole axis, using only constant strain triangular elements. Dimensions of the model closely 

resemble the dimensions of the model blocks used in his experiments. 

Burden dimension in different simulations is 3 to 10 times the hole diameter. These values 

are unrealistic for regular blasting used in mines and quarries. Boundaries are fixed at 2 to 6.5 

times the burden dimension behind the hole. The lower ratio is too small and distorts the stresses 

calculated at different locations in the burden region. A pressure of 1000 MPa has been applied 

at the bore hole wall. Sizes of the constant strain triangular elements close to the hole are at least 

equal to the hole diamet<;lr. Element size increases rapidly away from the hole. Therefore, calculated 

stresses at the centroid of the elements around the hole have large errors. 

Analysis of the results from this study follows Porter (1971). Bhandari (1975, 1979) has 

reported neither stresses or displacements, nor has he plotted the stress vectors according to their 

scaled magnitudes. The stress trajectories are eye-fitted. Plots of principal stresses show almost 

complete symmetry around the hole for both single hole and three hole simulations. The symmetry 

is distorted only very close to the free face. 

Bhandari (1975, 1979) has concluded. following Porter (1971), and Porter and Fairhurst 

(1971), that cracks form where the strain energy density exceeds a critical value. Figure 51 of Porter 

(1971) shows the strain energy density contours concentric with the hole. Therefore, for a hole model 

without any radial crack, which shows almost total symmetry around the hole, the cracked region is 

circular and concentric to the hole. Another problem with this approach is associated with the fact 

that strain energy density in the burden decreases at a rate close to the fourth power of distance. 

This is the decay rate observed in an infinite medium. Figure 5.5 shows the decay of strain energy 
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Figure 5.5 : Decay of strain energy density from a pressurized circular hole in an infinite medium 
with distance from the hole center. 
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density in an infinite medium. Diameter of the hole is varied from 150 mm to 600 mm. A pre88ure 

of 3700 MPa is applied at the hole wall. For a hole diameter of 200 mm the strain energy density 

decreases more than five orders of magnitude at 7.0m from the hole. Therefore, the strain energy 

density fracture criterion does not explain the extensive fracturing observed in field through out 

the burden region. 

Bhandari (1979) has reported that maximum strain energy density occurred at a distance 

of one-fourth burden distance from the free face in front of the hole. It is not clear why the peak 

of strain energy density occurs away from the hole. Plots of principal stresses do not indicate this. 

Without any radial crack around the hole, the strain energy density should reach a maximum at 

the hole wall. This observation probably confirms the characteristic error in stre88 distribution 

calculations near borehole walls. 

Bhandari (1975, 1979) hypothesizes that only a few radial cracks form at the hole wall, 

after stress waves produce the cracked region. He also hypothesizes, following Porter (1971), that 

each of the radial cracks follows one of the stress trajectories calculated from the no crack model. 

There are problems to this hypothesis as discu88ed in Section 5.1.4. A crack can grow only if there 

is sufficient tensile stre88 to sustain its propagation (Erdogan and Sih, 1963; Ingraffea, 1983, 1987). 

The stre88 distribution produced by a no crack model shows very low streSBe3 at large distances 

(more than five hole radii) from the hole. Therefore, this model does not predict any break-out of 

the burden which is contradictory to experimental and field results. This implies that the path of 

propagation of radial cracks in bench blasting can not be predicted using this model. 

Bhandari (1975, 1979) has put forward an explanation for fracturing in between two radial 

cracks or stre88 trajectories. He hypothesizes that radial cracks bifurcate repeatedly before reaching 

the free face. These bifurcated radial cracks break the wedge-shaped rock in between two radial 

cracks into small pieces. The radial cracks need to propagate at a velocity close to or at the 

theoretical velocity or the Rayleigh wave speed in the particular rock type for crack bifurcation 

(Dempsey and Burgers, 1985). Bhandari speculates the radial cracks propagate at this velocity. He 

hypothesizes that the reflected stress waves forms microcracks in the burden. These microcracks 

also causes radial crack bifurcation. Presence of some 'stress raisers' (material inhomogeneity) also 

indicates the radial cracks to bifurcate. Experimental observations in model blasting (Barker et aI., 

1979; Holloway et al., 1980) do not support this speculation. The velocity of propagation of these 

radial cracks never exceeds 40 % of the theoretical velocity. Maximum magnitUde of the tensile 



121 

waves is near the free face. Therefore, the immediate neighborhood of the free face should be the 

site for the microcrack formation and radial crack bifurcation. As a result, this should produce 

small size fragments. Experiments reported by Bhandari (1975, 1979) show largest size fragments 

from this region. Therefore, the explanation put forward by Bhandari (1975, 1979) does not have 

any merit in actual blasting. 

5.1.5 Three Dimensional Finite Element Study by Haghighi and Konya (1985, 1986) 
and Haghighi et aJ. (1985) 

Haghighi and Konya (1985, 1986) and Haghighi et al. (1985) report a three dimensional 

finite element study to determine the effect of varying bench height with a constant burden on 

movement of the bench. Height of the bench has been varied from 12 to 100 ft (3.6 to 30 m) keeping 

burden constant at 10ft (3m), stemming at 8ft (204m), and subdrilling at 4ft (1.2) making KH 

ratio (bench height: burden) varying from 1.2 to 10. A KH ratio greater than 4 is extremely 

rare in practice, and a ratio of 10 is never used due to the many practical difficulties with such 

operation. Rock is considered homogeneous, isotropic and elastic. Exploiting symmetry, only two 

radial cracks are modeled in the burden region (Figure 5.6). There is no crack at the back of the hole. 

AU the radial cracks are perfectly straight, indicating an inherent assumption of mode I fracture 

propagation. Both radial cracks extend to the free face. In this model, a gas preBBure of 425,000 psi 

(2930 MPa) is applied in the borehole (diameter not given) and also partially in the radial cracks. 

This pressure seems quite high, especially at the end of crack propagation using explosive such 

as ANFO. It is not clear what prevents the gaseous products from flowing out through the radial 

cracks. 

The finite element mesh models one burden distance behind the hole and one burden 

distance to both sides. Imposed boundary conditions does not allow the model boundaries to have 

any displacement. It is unlikely that displacements can be negligible at only one burden distance 

behind the hole. This boundary condition surely influences the final results. Effectively, the model 

describes four separate columns. The column encompassing the rock maSB at the back and two sides 

is fixed at the bottom, and is prevented from moving outward. The other three columns are fixed 

only at the bottom and are free to move outward. Therefore, it is not surprising that rock in front 

of the hole moves a lot compared to rock at the back of the hole. These three columns in front of 
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Figure 5.6: Finite element model of blasting used by Haghighi and Konya (1985, 1986) and Haghighi 
et al. (1985). 
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the hole act as cantilever beams. Only three elements model the cross-section of the beam. Three 

elements is not sufficient to accurately represent the stress and the displacement of the beam. 

Baghighi and Konya (1985) report burden displacements values varying from O.Oft (KH 

equal to 1.0) to 23.2ft (7m) (KH equal to 4.0) (Figure 10 of Baghighi and Konya, 1985). Figure 7 

of the same reference gives about 10,000 in (833ft or 250m) displacement when KH is increased to 

10. Baghighi and Konya (1986) have used more than one material type in the burden region. Their 

results show maximum displacement at the free face varying from 6.7ft (2m) to 45.4ft (13.6m). 

Deformed configuration of the bench in these cases and also in cases with single material shows 

penetration of one element into a neighboring element. Elements have been distorted to such an 

extent that rectangular sides of many elements do not remain quadrilateral. In one extreme case 

(Figure 4 of Haghighi and Konya, 1986), the burden region has been separated into two parts. It 

is questionable how the finite element program handles such large displacements and strains. 

Haghighi and Konya (1985) compare the displacements obtained from finite element 

analysis with those from the beam bending model of Ash (1973). They take the beam cross-section 

equal to 1 in x 120 in (0.025 x 3.058 m). If they follow the example calculation given by Ash (1973), 

then the hole diameter is 1 in (25 mm). This gives a KB ratio of 120, extremely large for blasting. In 

this study, a beam having a triangular cross-section forms in front of the hole due to the placement 

of the radial cracks. If we take this cross-section in the calculation of beam bending equations, 

the maximum displacement of the free face is much smaller than that given by this finite element 

analysis. For example, when KH is equal to 10.0, maximum displacement from beam bending 

formula is about 125 ft (37.5 m) instead of 833 ft (250 m) given by this finite element analysis. 

5.1.6 Two Dimensional Dynamic Finite Element Study by Sunu et al. (1988) 

Sunu et al. (1988) have used a two dimensional dynamic finite element program to study the 

stresses and the displacements in the burden region of a single hole. They have studied the vertical 

section trough the bore hole. A no displacement boundary condition is imposed at the back of the 

hole one burden distance away. For a hole diameter of 100 mm, 3, 4, and 5 m burdens are used in 

this analysis. Bench height is 12 m with a sub drilling of 2 m. Only thirty four quadrilateral elements 

are used to model this problem. Size of the elements in the burden region is fifteen to twenty five 

times the hole diameter. A discontinuity plane is placed at the bottom of the hole parallel to the 
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top surface. Sunu et al. (1988) have not justified this seemingly unrealistic assumption. A load of 

2,000 Mpa is applied for 0.1 ma. 

Both the principal stresses are compressive near the hole. 0'3 becomes tensile at about mid 

distance between the hole and the free face. Magnitude of the principal stresses are extremely large 

in the burden region. Maximum tensile stress is 8,966 MPa (for 5 m burden) to 21,220 MPa (for 3 m 

burden). Corresponding maximum displacements are 10.28m and 18.12m respectively. Maximum 

displacement increases with the increase of rock stiffness. When the Young's modulus is increased 

from 28.3GPa to 46.7GPa, burden displacement increases from 10.19m to 1l.87m. Deformed 

configuration of the bench shows opening of the discontinuity plane at the bottom. The burden 

rock rotates about the floor away from the hole. Penetration of one element into another occurs at 

the back. It is questionable how the finite element program handles such large displacements and 

strains. The finite element model does not consider the restraining force exerted by the rock at the 

sides of the hole. The burden rock, as modeled, is restrained only at the floor in front of the face. 

As a result, the burden is free to move and rotate about the floor. This model is not at all realistic. 

5.1.7 Conclusions 

A survey of published studies carried out to determine fragmentation in rock blasting 

under quasi-static gas pressure using numerical techniques shows that all investigations, except 

Porter (1971), Haghighi and Konya (1985, 1986) and Haghighi et aI. (1985), use a model in which 

no crack extends from the hole. These studies ignore the presence of radial cracks in the burden 

and their contribution to the overall stress distribution, which control the breakage. Porter (1971), 

Bhandari (1975, 1979), and Smith (1976) use very small burdens. All the reviewed studies use 

relatively large size elements compared to the hole. As a result, calculated stress distributions 

contain significant errors. III some of these analysis, fixed boundaries at the back and the sides are 

too close to the hole, sometimes as close as one burden distance. Restricting the displacement so 

close to the hole can not adequately simulate infinite space conditions and introduces large errors. 

None of the above-mentioned studies except Sunu et al. (1988) reports the stresses in 

the burden region. Therefore, it is not possible to get either any understanding of the decay of 

stress magnitude away from the hole or any picture of overall stress distribution. Plots of principal 

directions given by Porter (1971) and Bhandari (1975, 1979) show that the stress distribution 

around the hole is quite symmetrical. Symmetry is distorted only close to the free face. Contour 
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plots of the maximum principal stress in a vertical section through the hole (Ash, 1973) do not show 

significant deviation from this symmetry in plane stress analysis. Orientation of maximum principal 

stress in both horizontal and vertical sections of the three dimensional analysis of Smith (1976) also 

show radial symmetry around the hole. This observation in the published studies implies that the 

free face produces a negligible effect on the stress distribution from the no crack model, except close 

to free face. 

All these studies are almost silent on the mechanisms which lead to overall breakage. Smith 

(1976) and Ash (1976) consider only the maximum principal stress in their analysis. Smith (1976) 

concludes that the zone of compressive maximum principal stress indicates poor breakage condition. 

Porter (1971) postulates that a radial crack propagates along a principal stress trajectory. He has 

neglects the stress singularity at the crack tip. Due to questionable boundary conditions on the 

crack surface, his analysis with a radial crack shows a negligible effect of the crack on the stress 

distribution in the burden region. According to the O'Bmoz theory, a crack propagates normal 

to the maximum tensile stress. This direction changes in the burden region, as the radial crack 

propagates. Moreover, the influence of the free face increases as the radial crack grows. Therefore, 

it is not possible to predict the radial crack propagation path from the isostatics of the stress field 

from a pressurized crack only. Bhandari (1975, 1979) speculates that the rock mass in between two 

radial cracks breaks due to bifurcation of the radial cracks. Bifurcation of a propagating crack is 

possible if its propagation velocity is close to the theoretical velocity in the medium. Experimental 

observations in rock and rock like materials give the radial crack propagation velocity to be much less 

than the theoretical velocity. Barker et al. (1979) observe a decrease in crack propagation velocity 

as the radial crack grows longer. Therefore, radial crack bifurcation cannot be the mechanism of 

extensive breakage, observed in the field, between two radial cracks. 

5.2 Stress Distribution from an Internally Pressurized Hole Without Any 
Radial Crack Using Boundary Element Method 

The TWODD (Two Dimensional Displacement Discontinuity) boundary element program 

(Crouch and Starfield, 1983) has been used to determine the stresses in the burden region from an 

internally pressurized hole without radial crack. Porter (1971), Ash (1973), Bhandari (1975, 1979), 

and Smith (1976) have used this model of rock blasting to identify the mechanisms of fragmentation 

by quasi-static gas pressure. None of the above studies indicate quantitatively stress distribution in 
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the burden region. Analysis of this model helps to understand the stress distribution in the burden 

region. This is essential not only to determine the distribution of stress in the burden region but 

also to ascertain the fragmentation mechanism and failure zones. 

The TWODD program implements the displacement discontinuity formulation of Crouch 

and Starfield (1983, pp. 79-109) to calculate stresses and displacements at different points in the 

medium. This formulation is based on the premise that a discrete approximation of a continuous 

discontinuity of displacement along the surfaces of a crack is possible. The boundary is divided 

into a number of small elements over which the displacement discontinuity is taken to be constant. 

Solutions for all elements are determined by summing the known analytical solution for a single, 

constant elemental displacement discontinuity (Crouch and Starfield, 1983). The TWODD program 

has been modified to calculate the principal stresses and their orientations at each point. 

The boundary element model of bench blasting used in this study comprises of two 

boundaries - the wan of the borehole and the vertical free face. The zone of interest lies 

in between these two boundaries (Figure 5.7). Only these boundaries need to be discretized 

with boundary elements. The model utilizes the symmetry of the problem about the y-axis. 

Exploitation of the symmetry condition not only reduces the number of boundary elements required 

to model the problem but also reduces the size of the highly populated matrix formed to solve the 

simultaneous equations. This saves computer time to determine the displacement discontinuity at 

each boundary element. Due to the reduced number of elements, much less time is required to 

determine displacement and stresses at each point. 

5.2.1 Boundary Element Analysis of Bench Blasting Model With No Radial Crack 

Simulations have been carried out using the TWODD boundary element program for 

different hole diameters, keeping the burden constant. Results from some of these simulations have 

been used later for comparison with finite element results. In other cases, stresses and displacements 

have been calculated on a square grid pattern. 

Seven hole diameters - 150, 200, 300, 600, 1000, 2000, and 4000 mm - are used with a 

constant burden of 7.0m. This gives a wide variation of KB ratios - 47, 35, 23, 12, 7, 3.5, and 

1.75 respectively. They not only cover the range of KB ratios used in practice but also deal with 

extremes. A hole diameter, larger than 300 to 350 mm, is rarely used in mine bench blasting. In this 
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Figure 5.7: Boundary element model of bench blasting. Only the free face and the hole boundary 
are discretized. 
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numerical simulation those unrealistic hole sizes are required to obtain very small KB ratios. These 

KB ratios are used to stretch the 'no radial crack' model of bench blasting beyond the practical 

hole sizes so as to understand its characteristics and to evaluate previously published analyses, such 

as Porter (1971) and Bhandari (1975, 1979). Use of the extreme KB ratios also gives a better 

understanding of the effect of the free face on the stress distribution in the burden region. 

For each hole diameter, principal stresses ~1 and ~3, and their orientations with respect to 

the x-axis (parallel to the free face) have been calculated. ~1 and ~3, have been plotted as three 

dimensional surfaces and as contour plots. Figures 5.8 through 5.10 give the three dimensional 

surface plot of ~1 when hole diameters are 200, 600, and 2000 mm reapectively. Three dimensional 

surface plots of eT3 for the same hole diameters are shown in Figures 5.11 through 5.13. Contour 

plots of ~1 and ~3 are given in Figures 5.14 through 5.16 and 5.17 through 5.19 respectively. Contour 

and three dimensional plots for other hole diameters are given in Appendix A. 

These figures bring out the characteristics of the stress distribution induced by a pressurized 

hole without any radial crack in a semi-infinite medium. ~1 is compressive at all points in the burden 

region. ~3 is tensile throughout the burden. As the gas pressure inside the hole is the sole source 

of loading in this model without any radial crack, maximum ~1 and ~3 occur at the hole wall, and 

have almost equal magnitudes. Three dimensional surface plots show that both ~1 and ~3 decay 

continuously away from the hole, irrespective of the direction. Contour lines concentric with the 

hole result from this symmetric decay. This is true even when the hole diameter is unrealistically 

large, for example, 4000 mm. Except in the region very close to the free face, magnitudes of ~1 and 

~3 are almost identical throughout the burden region. Differences at points close to the free face 

decrease with decreasing hole diameter. For practical hole sizes, this difference becomes negligible. 

Principal stresses decrease rapidly with distance from the hole. At distances greater than 

about five hole radii, both ~1 and ~3 decrease to an almost insignificant level compared to the 

applied pressure. Closer to the free face, ~1 and ~3 are too small to induce any fracturing in 

commonly encountered rock types. 

The effect of the free face is noticeable in a very small region close to the free face. As the 

contour lines are more or less concentric with the hole, part of the contour line in front of the hole 

is much closer to the free face. As a result, the effect of the free face on any particular contour line 

is evident only on this part of the contour line. The Ul contour lines are pushed towards the hole 
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(0.0 m, 40.0 m) 

(7.0 m, 40.0 m) 

Figure 5.8 : Three dimensional surface plot of 0'1 from the no crack model for hole diameter 200 mm 
with applied pressure of 1000 MPa. 

Hole (0.0 m, 33.0 m) 

(7.0 m, 33.0 m) 

(7.0 m, 40.0 m) 

Figure 5.9 : Three dimensional surface plot of 0'1 from the no crack model for hole diameter 600 mm 
with applied pressure of 1000 MPa. 
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(0.0 m, 40.0 m) 

(7.0 m, 40.0 m) 
Figure 5.10 : Three dimensional surface plot of trl from the no crack model for hole diameter 

2000 mrn with applied pressure of 1000 MPa. trl is calculated at a relatively coarse 
gid near the hole boundary. Numerical inaccuracies introduced during interpolation 
of trl at a much closer grid for plotting have produced several individual peaks instead 
of a wall of constant height. 

I 
Hole (0.0 m, 33.0 m) 

(0.0 m, 40.0 m) 

Figure 5.11 : Three dimensionalsurfa.c:e ploC·of tra from the no crack model for hole diameter 200 mm 
with applied pressure of 1000 MPa. Numerical inaccuracies introduced during plotting 
have produced two peaks instead of a wall of constant height. 
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Hoi. (0.0 m, 33.0 m) 

(0.0 m, 40.0 m) 

(7.0 m, 40.0 m) . 

Figure 5.12: Three dimensionallurface plot of tTa from the no crack model for hole diameter 600mm 
with applied pressure of 1000 MPa. 

(7.0 m, 40.0 m) 

Figure 5.13 : Three dimensional lurface plot of tTa from the no crack model for hole diameter 
2000 mm with applied prel8ure of 1000 MPa. 
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Figure 5.14 : Contour plot of 0'1 when hole diameter is 200 mm with applied pressure of 1000 MPa. 
In the neighborhood of the pressurized hole, contour Jines of 0'1 are concentric with 
the hole. 
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Figure 5.15 : Contour plot of 0'1 when hole diameter is 600 mm with applied pressure of 1000 MPa. 
In the neighborhood of the pressurized hole, contour lines of 0'1 are concentric with 
the hole. At large distance from the hole, 0'1 contours are pushed towards the hole by 
the free face. 
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Figure 5.16: Contour plot of 0'1 when hole diameter is 2000mm with applied pressure of 1000 MPa. 
Contour lines are concentric with the hole except near the free face. The free face 
pushes the 0'1 contours towards the hole. 
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Figure 5.17 : Contour plot of 0'3 when hole diameter is 200 nun with applied pressure of 1000 MPa. 
Contour lines are concentric with the hole. 
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Figure 5.18 : Contour plot of D's when hole diameter is 600 mm with applied pressure of 1000 MPa. 
Contour lines are concentric with tbe bole except near the free face. In the neighbor
hood of the free face, they become almost normal to it in the region opposite to the 
hole. This suggests some increase of tensile D's than that in an infinite medium. 
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Figure 5.19 : Contour plot of 0'3 when hole diameter is 2000 mm with applied pressure of 1000 MPa. 
Contour lines are concentric with the hole except near the free face. Free face increases 
tensile 0'3. 
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whereas the tT3 contours are pulled towards the free face. Hence, points in front of the hole close 

to the free face have slightly lower compressive major principal stress tTl than points at the same 

distance from the hole at the side. Therefore, the free face reduces tTl in the region in between 

the hole and the free face. As the tT3 contours are pulled towards the hole, the free face increases 

tT3. Nevertheless, tTl and tT3 are so small in this region, even for a 4000 mm hole diameter, that the 

effect of the free face becomes almost insignificant, especially for practical hole sizes. 

5.2.2 Comparison of Boundary Element Analysis Results With Infinite Medium 
Expressions 

Determination of stresses around a hole or an excavation, unpressurized or pressurized, in 

an infinite medium is a classical problem in rock mechanics (Bray, 1987). For a circular hole shown 

in Figure 5.20, the state of stress is defined as (Jaeger and Cook, 1979; Brady and Brown, 1985; 

Bray, 1987)-

(5.1) 

(5.2) 

tTrS =-~(pI+P2)(1+2;: -3;:)sin2{1 (5.3) 

where, a = radius of the hole 

r = radial distance from the center of the hole 

p = internal pressure of the hole 

PI, P2 = in-situ stresses applied at infinity 

{I = orientation of the point from x-axis. 

In bench blasting, especially in surface mines, both PI and P2 are negligible and may be 

omitted from analysis. The above equations then reduce to -

(5.4) 

(5.5) 
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(a) 

Figure 5.20 : Geometry of the problem, coordinate system and nomenc1ature of stress and displace
ment around a pressurized hole in an isotropic, linearly elastic, homogeneous, and 
infinite medium under a biaxial stress field (After Brady and Brown, 1985). 
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(5.6) 

Equations (5.1) through (5.6) are valid for an infinite medium. 

5.2.3 Comparison of No Crack Model With Analytical Solutions in Infinite Medium 

In bench blasting, due to the presence of at least two free faces the situation is more of a 

half-space than an infinite medium. Principal stresses induced by a pressurized hole are determined 

using the modified TWODD program for a range of hole diameters treating the bench geometry 

as a half space. In this analysis, principal stresses from the TWODD program are compared with 

equations (5.4) and (5.5). 

The results of the analysis are presented in Figures 5.21 through 5.27. These figures show 

the principal stresses calculated analytically from equations (5.4) and (5.5) (drawn as solid lines) as 

well as the numerical results from the TWODD program. Stresses are normalized by the pressure 

pressure at the hole. 

Figures 5.21 through 5.27 show that for all particular hole sizes, u,. and U8 from equations 

(5.4) and (5.5) do not significantly differ from 0'1 and 0'3 given by the boundary element analysis. 

Both Ul and 0'3 decay monotonically with distance from the hole. The rate of decay of 0'1 and 0'3 is 

almost proportional to the inverse squared distance from the hole center, the rate for a pressurized 

hole in an infinite medium. The decrease is the same in any direction. Beyond about five hole radii 

from the hole both principal stresses become insignificant compared to the applied pressure. 

Points close to the free face experience the maximum effect of the free face. Even so, stresses 

close to the free face are so small that they are not significantly different from analytical results. 

The difference between the analytical and the numerical stresses becomes noticeable in the region 

close to the free face when the hole size has been increased to 2000mm (KB = 3.7) and 4000mm 

(KB = 1.75). 0'1 becomes smaller than 0',. and 0'3 becomes larger than 0'8. The maximum deviation 

never exceeds 10 % of the applied pressure. This deviation decreases with increasing distance from 

the free face. Therefore, points at the sides, but at similar distances from the hole center, show 

much smaller deviations. 
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Figure 5.21 : Principal stresses calculated in the shaded region, shown in the inset diagram, using 
TWODD from a 150mm hole with 7m burden (KB = 47) and using equations (5.4) 
and (5.5) (Solid lines). Numerically calculated 0'1 and 0'3 in the burden for a hole 
diameter of 150 mm are virtually same with the stresses in an infinite medium. 
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Figure 5.22 : Principal stresses calculated in the shaded region, shown in the inset diagram, using 
TWODD from a 200mm hole with 7m burden (KB = 35) and using equations (5.4) 
and (5.5) (Solid lines). Numerically calculated 0'1 and 0'3 in the burden for a hole 
diameter of 200 mm are virtually same with the streBBes in an infinite medium. 
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Figure 5.23 : Principal stresses calculated in the shaded region, shown in the inset diagram, using 
TWODD from a 300 rom hole with 7m burden (KB = 23) and using equations (5.4) 
and (5.5) (Solid lines). Numerically calculated /11 and /13 in the burden for a hole 
diameter of 300 rom are virtually same with the stresses in an infinite medium. 
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Figure 5.24 : Principal stresses calculated using TWODD from a 600mm hole with 7m burden 
(KB = 12) and using equations (5.4) and (5.5) (Solid lines). Numerically calculated 
0'1 and 0'3 in the burden for a hole diameter of 600 mm are virtually same with the 
stresses in an infinite medium. 
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Figure 5.25 : Principal stresses calculated using TWODD from a 1000 mm hole with 7 m burden 
(KB = 7) and using equations (5.4) and (5.5) (Solid lines). Numerically calculated 
0"1 and CT3 in the burden for a hole diameter of 1000 mm are virtually same with the 
stresses in an infinite medium. 
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Figure 5.26 : Principal stresses calculated using TWODD from a 2000 mm hole with 7 m burden 
(KB = 3.5) and using equations (5.4) and (5.5) (Solid lines). Effect of the free face 
is maximum in the neighborhood of the free face. 0'1 decreases and 0'3 increases from 
those given by equations (5.4) and (5.5) respectively. But the deviation from the 
infinite solution is marginal. 
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Figure 5.27 : Principal stresses calculated using TWODD from a 4000mm hole with 7m burden 
(KB = 1.75) and using equations (5.4) and (5.5) (Solid lines). Magnitude of calcu
lated 0'1 decreases and 0'3 increases from those given by equations (5.4) and (5.5) re
spectively. But the deviation from the infinite solution, even for this extra-ordinarily 
large hole diameter, is less than 10 %. 
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5.2.4 Curve Fitting Analysis to the Results from TWODD Program 

Calculated principal stresses in the burden region are fitted to a curve of the form -

(5.7) 

where, x = inverse of distance from the hole center 

Y = either 0'1 or 0'3 

A = regressed coefficient. 

Coefficient A corresponds to p.a2 in equations (5.4) and (5.5). The calculated value of A should 

be very close to p.a2 if the difference between the boundary element results and the analytical 

solutions is negligible. Therefore, the calculated value of A has been used as a measure of the 

difference between the two models. The coefficient of determination r2, obtained from curve-fitting 

analysis, quantifies the difference. 

If we have an expression that predicts the value for a particular outcome ~ as -

then the difference rei or residual between the calculated value Y and the original Y is -

The least-squares curve fitting criterion dictates that -

where, n = number of data pairs 

or, in other words, 

or, 

or, 

n 

n 

L re~ = minimum 
i=l 

L (Axl- ~)2 = minimum 
i=l 

n n 

ALxt= LX1~ 
i=l i=l 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 
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Results from curve fitting analysis are shown in Table 5.1 and 5.2. Fitted values of A 

are not significantly different from. the theoretical values of A for a pressurized hole in an infinite 

medium, even for an unrealistically large hole diameter (e.g. 4000 mm). Coefficient of determination 

r2 is almost equal to 1.0 for all hole sizes analyzed in this study. r2 value decreases somewhat with 

increasing hole diameter. Results of the analysis of the residuals are given in Table 5.3. Mean 

and variance of the residuals increase with an increase in hole diameter. with an increase in hole 

diameter, burden dimension decreases. The hole wall moves closer to the free face. Therefore, 

influence of the free face on streBS distribution in the burden region increases. 

Mean of the residuals is tested for statistical significance. A null hypothesis is formulated 

so that the mean value for each hole diameter is not different from zero statistically. Results of this 

hypothesis testing are given in Table 5.4. Null hypothesis is rejected in every case at 5 % significance 

level. Therefore, the effect exerted by the free face on the streBS distribution in the burden region 

is definite and always statistically significant. 

5.2.5 Breakage of Rock Produced by No Radial Crack Model With 200 mm Hole 
Diameter 

In this analysis only a 200 mm diameter hole size is selected as it gives a KB ratio of 35, 

generally used in field. Results from the boundary element analysis of the preBSurized hole without 

any radial crack show that Ul is always compressive and U3 is always tensile. StreBSes at points close 

to the hole satisfy both tensile and shear failure criteria simultaneously. It has been hypothesized 

that tensile failure takes place at those points. 

ABSuming the tensile strength of the rock to be 10 MPa, the zone where tensile failure can 

take place is shown in Figure 5.28. This figure shows that the failure zone is concentric with the hole. 

EXCeBS stress, defined as actual stress (here minor principal stress U3) minus the tensile strength, 

contours are concentric with the hole. The magnitude of this excess stress decreases rapidly with 

distance from the hole boundary. Therefore, the breakage of rock predicted by the no radial crack 

model is symmetric around the hole with the maximum potential for breakage at hole wall. The 

thickness of the fractured zone is very small compared to the burden distance. As a result, a vast 

region of rock in between the free face and this fractured region remains intact. 
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Table 5.1 : Comparison of major principal stress Ul with radial streBB Ur 

(stresses normalized by applied pressure) 

Hole KB Theoretical Fitted Coefficient of 

Diameter Value of Value of Determination 

(mm) A A r2 

150 47 0.0056 0.0057 0.9999 

200 35 0.0100 0.0100 0.9999 

300 23 0.0225 0.0226 0.9997 

600 12 0.0900 0.0913 0.9999 

1000 7 0.2500 0.2526 0.9996 

2000 3.5 1.0000 0.9785 0.9938 

4000 1.75 4.0000 4.2149 0.9773 

Table 5.2 : Comparison of minor principal streBB and U3 with tangential 
streBB Ue (stresses normalized by applied preBBure) 

Hole KB Theoretical Fitted Coefficient of 

Diameter Value of Value of Determination 

(mm) A A r2 

150 47 -0.0056 -0.0058 0.9999 

200 35 -0.0100 -0.0100 0.9999 

300 23 -0.0225 -0.0226 0.9997 

600 12 -0.0900 -0.0914 0.9998 

1000 7 -0.2500 -0.2569 0.9993 

2000 3.5 -1.0000 -1.0873 0.9902 

4000 1.75 -4.0000 -3.9583 0.9643 
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Table 5.3 : Analysis of the residuals (stresses normalized by applied pre88ure) 

Hole Principal Mean Variance Skewne88 Kurtosis 

Diameter Stre88 (MPa) (MPa)2 

(mm) 

150 Major -7.539 x 10-5 2.729 X 10-9 0.3786 0.6530 

Minor -4.232 x 10-5 2.643 X 10-9 -0.0919 -1.4801 

200 Major -7.681 x 10-5 5.879 X 10-9 0.3024 4.5784 

Minor -8.362 x 10-5 6.106 X 10-9 2.5559 24.3779 

300 Major -2.838 X 10-4 3.716 X 10-8 -0.5538 3.4082 

Minor 2.838 x 10-4 3.716 X 10-8 0.5538 3.4082 

600 Major -1.041 X 10-3 4.994 X 10-7 0.2105 4.3164 

Minor 7.812 x 10-4 3.908 X 10-7 -0.2873 0.0018 

1000 Major -2.735 X 10-3 4.613 X 10-6 0.7005 5.8995 

Minor -2.003 x 10-3 3.247 X 10-6 -0.1056 0.4802 

2000 Major -6.177 X 10-3 8.261 X 10-5 0.2017 0.1791 

Minor -4.715 x 10-3 4.877 X 10-5 -0.6996 -0.2619 

4000 Major 2.171 X 10-3 8.214 X 10-4 0.9034 1.1891 

Minor 5.250 x 10-3 4.945 X 10-4 0.8311 3.5865 
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Table 5.4 ; Hypothesis tests of residuals values 

Null Hypothesis: I' = 1'0 = O.Oj Alternate Hypothesis: I' ¥- 1'0 

Test Statistics : Z = ~/~ 
where, X = sample mean 

8 = sample standard deviation 

n = number of data point 

Rejection Region: 1 Z I> Za/2 If Q = 0.05, Za/2 = 1.96 

Hole Principal Z Conclusion 

Diameter (mm) Stress 

150 Major -32.54 Reject 

Minor -18.55 Reject 

200 Major -45.91 Reject 

Minor -49.04 Reject 

300 Major -41.16 Reject 

Minor 41.16 Reject 

600 Major -32.54 Reject 

Minor -18.55 Reject 

1000 Major -27.90 Reject 

Minor -24.36 Reject 

2000 Major -4.90 Reject 

Minor -4.87 Reject 

4000 Major 2.05 Reject 

Minor 6.41 Reject 
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Figure 5.28 : Tensile failure lOoe around a 200 mID diameter hole. Applied preeaure is 1000 MPa in 
200 mm diameter hole. Assumed tensile streogth is 10 MPa. 
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5.2.6 Conclusions 

Major and minor principal stresses in the burden region from a pressurized hole have been 

calculated using the modified TWODD boundary element program. The hole diameter has been 

varied keeping the burden constant to analyze the stress distribution for various KB ratios - from 

extremely small to extremely large compared to field practices. 

Stress analyses from a pressurized hole in a half-space without radial crack shows that 0"1 

is compressive and 0"3 is tensile at every point in the burden region. Radial and tangential stresses 

have been calculated using the analytical expressions, equations (5.4) and (5.5) respectively, for a 

pressurized hole in an infinite medium. For all hole sizes and KB ratios used in this study, 0"1 and 

0"3 do not differ significantly from 0",. and 0", at any point. 

0"1 and 0"3 are maximum at the hole wall and decay symmetrically around the hole. Both 

0"1 and 0"3 decay monotonically with distance from the hole. The rate of decay is identical in all 

directions. For all practical configurations of bench blasting, the decay rate is proportional to the 

inverse squared distance from the hole center, the rate for a pressurized hole in an infinite medium. 

The decay rate is same for 0"1 and 0"3. When the hole size is unrealistically large, with an extremely 

small KB ratio, the rate of decay of stresses deviates noticeably from the infinite medium solution 

but only very close to the free face. More than five hole radii away, both 0"1 and 0"3 become very 

small compared to the applied pressure irrespective of the hole size. Closer to the free face, the 

principal stresses are so small that they can not induce any breakage in commonly encountered rock 

types. Again, the symmetrical stress distribution around the hole produces a broken region which 

is concentric with the hole. This implies the breakage is independent of the location of the free face. 

In actual mine blasting, the burden rock gets fractured much more than the rock behind the hole. 

After all, the rock mass behind the last row of holes, in general, do stand till the next blast. Again, 

the thickness of the fractured zone is very small compared to the burden distance. As a result, 

a vast region of rock in between the free face and this fractured zone remains intact. Therefore, 

fractured rock masses should be thrown upward by the explosive gases as this is the only space 

where rock fragments can be displaced. Unless it is poorly designed with excessive burden for the 

amount of explosive used in each hole, burden rock fragments and displaces some distance in the 

forward direction. Photographs of mine blasts, as shown in Figure 5.29, show that the burden gets 

completely fractured and individual pieces are thrown forward. Although there is a good possibility 
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(b) 

Figure 5.29 : Fragmentation of the face during blasting: a) a typical frame from high speed pho
tography, b) corresponding trace of fragments from the film (After Reil et aJ. 1985). 
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of in-flight collision of the individual pieces and secondary breakage due to impact with the ground, 

Figure 5.29 shows that the individual pieces are small while in flight. This excludes the p088ibility 

of later breakage of the unfractured burden region. Therefore, the model of bench blasting without 

any radial crack does not produce results consistent with field observations. 

Resulto from this analysis bring out the effect of the free face on the stress distribution. 

Presence of the free face gives the burden rock space to displace more than the rock mass behind 

the hole. This extra displacement produces lower 0'1 and higher 0"3compared to the pressurized hole 

in an infinite medium or to the stresses at corresponding points at the back of the hole. This stress 

difference caused by the free face is maximum close to the free face. It decreases continuously with 

distance from the free face. 

Crouch and Starfield (1983, pp. 164-171) formulated the effect offree face at any point 

as the superimposition of two stress fields - one directly from the hole and another from an 

imaginary hole which is a mirror image of the original hole about the free face. A correction term 

is required to make the free face stress free. Therefore, the effect of free face is really manifested in 

the contribution from the imaginary hole. Points close to the real hole is about twice the burden 

distance away from the imaginary hole. With the rate of decay of principal stresses observed close 

to hole or calculated from analytical expressions for an infinite medium (proportional to inverse 

squared distance), the contribution of imaginary hole close to the real hole for a KB ratio of 35 is 

about 0.005 % of the applied pressure. For a KB ratio of 1.75, the contribution increases to about 

2 % of the applied pressure. Close to free face contribution of the imaginary hole is about 0.03 % 

(for KB equal to 35) to 8.2 % (for KB equal to 1.75) of the applied pressure. Therefore, it can be 

concluded that modeling the bench blasting phenomena as an internally pressurized hole with no 

radial crack produce results which show practically insignificant effect of free face for the range of 

hole diameter and KB ratios used in practice. 

5.3 Effect of One Radial Crack on Stress Distribution 
in the Burden Region 

Small scale experiments in many different materials using different explosives (Table 4.2) 

show that about 4 to 8 radial cracks emerge out of the cracked region and propagate some distance 

away from the hole. A radial crack breaks the continuity of the tangential stress and reduces the 

stiffness of the burden rock. Therefore, the longer the crack wider is the zone in the burden where 
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discontinuity of stress exists. Softer burden results in more displacement of the free face for the same 

applied pressure. This, in turn, increases the stress difference induced by the free face. Therefore, 

for the same hole diameter, the model with radial crack demonstrates more effect of the free face 

on the stress distribution than the model without radial crack. The influence of the free face on the 

stress distribution increases with the length of the radial crack. As a result, the stress field ahead of 

the crack tip is also affected mere by the free face. Due to the very small radius of curvature of the 

crack tip, stresses ahead of the crack tip increase many fold. This stress increase depends on the 

length of the crack and the type of pressurization of the crack surfaces. This stress concentration 

decreases rapidly. At large distances from the crack, the stress distribution is little different from 

the no crack model. 

In this analysis, the stress distribution from a pressurized hole in a half-space with one 

radial crack is determined. Depths of holes used in regular bench blasting are shallow, and, for 

practical purposes, the in-situ stresses may be neglected. The stress distribution obtained from this 

analysis is compared with that from a no crack model to show the effect of a single radial crack on 

the stress field in the burden region. 

5.3.1 Finite Element Model with One Radial Crack 

A two dimensional finite element analysis has been carried out to determine the effect of 

a radial crack, pressurized or unpressurized, on the stress distribution in the burden region. The 

bench is modeled as a half-space. A horizontal section normal to the axis of the hole has been 

modeled using the NASTRAN (NASA STRuctural ANalysis) finite element program. The hole 

is 200 mm in diameter and has a burden of 7.0 m. This gives a burden to hole diameter ratio J(B 

of 35.0. The axis of the radial crack is in the direction normal to the free face. The radial crack 

is 2.0m in length, giving a crack length to hole diameter ratio of 10. A line joining the center of 

the hole and the crack tip forms a line of symmetry, as shown in Figure 5.30. The right side of the 

model has been modeled. 

Three loading cases were analyzed -

a) radial crack is fully pressurized, 

b) radial crack is pressurized up to half of its length, and 

c) radial crack is not pressurized at all. 
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Free Face 

B = 7.0 m 

2.0m 

Presl!lurized Hole 

Figure 5.30 : Schematic diagram of the model of the pressurized hole with one radial crack in the 
direction normal to the free face. 
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In all three cases, the hole boundary is uniformly pressurized at 3700 MPa. The precise stress 

distribution inside the radial crack produced by the explosive gases is not known. It is assumed 

that the pressure in the crack is the same as in the hole. In other words, the pressures in the hole 

and in the radial cracks are in equilibrium at that instant of time, as shown in Figure 5.30. With an 

increase in crack length, the pressure drops following the thermodynamic relation PV = constant. 

The finite element mesh is shown in Figure 5.31. The mesh models a horizontal section 

of unit thickness normal to the explosive column. It is assumed that this section is sufficiently 

distant from the stemming column or the floor so as not to include these ends effects in the results. 

The pressurized hole has been placed at coordinates (O.Om, 33.0m). This model extends 33.0m 

behind the back of the hole and 40.0 m to the side. The area within the boundaries is covered 

mostly by four-nodes quadrilateral elements (QUAD4) from the library of elements of NASTRAN 

program. Eight-noded quadrilateral element QUAD8 and six-noded triangular element TRIA6 are 

used to model the crack tip. Three-noded triangular elements TRIA3 is used to shape the hole 

close to circular. Instead of using triangular elements as transition elements between zones of finer 

and coarser elements, the special elastic interpolation element RSPLINE is used. This reduces the 

number of elements substantially without sacrificing accuracy. 

The finite element mesh has been generated by the pre-processor program of GIFTS 

(Graphics-oriented Interface Finite element Time-sharing System) (1985) finite element program. 

GIFTS allows the model to be seen on a graphics screen, but it does not have the capability to 

generate the special crack tip elements. It also can not incorporate the RSPLINE elements and make 

necessary adjustments to the mesh. Therefore, the general model without crack tip formulation 

and RSPLINE elements has been translated to a NASTRAN data file by the GIFTS-NASTRAN 

translator program after optimizing the mesh in GIFTS. Crack tip elements are developed manually 

and added to NASTRAN data file by hand. Similarly, RSPLINE elements were created by hand 

and added to the NASTRAN data file. All adjustments required to incorporate this element are 

made manually. Ultimately the NASTRAN data file contains the following number elements of 

each type-

i) QUAD4 = 1578 

ii) TRIA3 = 6 

iii) TRIA6 = 4 
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Figure 5.31a) : Finite element mesh of the one radial crack problem. This mesh covers an area of 
40 m x 40 m. The crack runs from the hole perpendicular to the free face. 



161 

Crick tip 

oX I-u 
II 

U ... 
:0 
" 0:: 

Hole 

(0.0 m, 33.0 m) 

L 
7.A~~J:"-'U 

Figure 5.31b) : Close up view of the finite element mesh near the hole and the radial crack. 
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iv) QUADS = 8 

v) RSPLINE = 14 

The behavior of rock at high stress and str~in rates is not well understood. Many 

uncertainties remain about the processes that take place after explosive detonation in a hole. In the 

case of mine blasting, it is still not clear why such an extensive fracturing of the burden rock takes 

place. Many sophisticated material models have been reported in the literature. For example, 

Grady and Kipp (1979) and Kipp and Grady (1980) explicitly model the experimental fracture 

results. They use damage D as a current state of fracturing. D is defined as the volume fraction 

of material that has lost load carrying capacity. For intact rock, D is zero. D equal to 1 means 

complete inability to transmit tensile stress (full fragmentation). D is used to degrade the material 

such as-

where, 

Uij = K(1 - D)'U6ij + 2G(1 - D) ('ij - ~'ii6ij) 
K = Bulk modulus 

G = Shear modulus 

Uij = Stress tensor 

'ij = Strain tensor 

'1:1: = '11 + '22 + '33 = volumetric strain 

6ij = Kronecker delta. 

(5.13) 

In their formulation, damage D is dependent on strain rate. The model used in this study assumes 

quasi-static pressurization of the hole and the radial cracks. Moreover, the above relationship is 

developed using experimental results from crater blasting using explosive with high shock energy. 

Therefore, the above constitutive relationship may not be suitable for this study. The CAVS 

(Barbour et al., 1985) and NAG-FRAG (McHugh et al., 1985) models ofrock fracturing account for 

the formation of microcracks in terms of void strain and crack density. These constitutive relations 

have been used to model crater blasting with very large charges detonating instantaneously, such 

as the TOODY-IV event (Chen et al., 1984), cratering in oil shale (Kipp a.nd Grady, 1980; Barbour 

et al., 1985; Young et al., 1985), and the Pre-Schooner Delta event (McHugh et al., 1985). As one 

of the objectives of this study is to understand the phenomena taking pla.ce in bench blasting, a 

simple material model has been used as a first step. It is decided that the need for sophisticated 



163 

material models will arise to improve predictions once the basics of the phenomena taking place are 

understood and compared with the experimental results. In this study, a iinear, elastic, isotropic, 

temperature independent constitutive law is used. Young's modulus and Poisson's ratio used for 

these analysis are E = 70000 MPa and " = 0.25. NASTRAN calculates two dimensional problems 

in plane stress. The bench blasting problem does not fall into the category of pure plane stress 

or plain strain. As the blast holes are shallow, the vertical stress on a plane is small and can be 

equated to zero without significant error. For plane strain, the conversion given by Jaeger and Cook 

(1979, p. 115) can be used to get the equivalent values of E and " for analysis. 

Boundaries at the back and at the right side of this area are fixed, as shown in Figure 5.31, 

to simulate an infinite medium condition. It is assumed that restricting displacement at such large 

distance away from the pressurized hole aud the crack does not affect the stress distribution around 

the hole or in the burden region. NASTRAN calculates the stresses produced at the nodes where 

displacement has been restricted. These results are shown in Table 5.5. We can conclude from the 

results that the distances modeled at the back and at the side are adequate as the stresses produced 

at those nodes are very small compared to the applied pressure. 

5.3.2 Modeling of Crack Tip 

In elastic fracture mechanics, special quadratic isoparametric elements are used to model 

the singularity of the stress field at a crack tip. These elements incorporate the inverse square root 

of distance singularity used in the calculation of the stress intensity factors. The inverse square 

root singularity is obtained by sliding the mid-side node of the side of the element containing the 

crack tip to the quarter point nearer to the crack tip (Barsoum, 1976, 1977; Ingraffea, 1983). Lynn 

and Ingraffea (1978) point out that in practical application, the accuracy of the calculated stress 

intensity factor depends on the ratio of the length of the crack tip to the crack length. If the ratio 

is very small, the non-singular elements next to the singular elements are very close to the crack 

tip and do not model the singular behavior of the crack tip. Therefore, the singularity behavior is 

modeled only very close to the crack tip and the remaining model does not recognize the singularity. 

Lynn and Ingraffea (1978) suggest to use transition elements next to the singularity elements. These 

transition elements sense the position of the crack tip, and maintain the same order of singularity 

at the crack tip. 
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Table 5.5 : Stresses generated at fixed nodes on the boundary 

Stresses (% of applied pressure) 
... ,. , 

Node # Coordinates Fully Partially U npressurized 

Pressurized Pressurized Crack 

Crack Crack 

1 (0.0,0.0) 0.3730 0.2107 0.0183 

2 (3.0,0.0) 0.7126 0.4119 0.0366 

3 (7.0,0.0) 0.7411 0.4337 0.0386 

4 (12.0,0.0) 0.5329 0.3318 0.0297 

5 (20.0,0.0) 0.2848 0.1019 0.0087 

12 (30.0,0.0) 1.2025 0.6012 0.0538 

5 (40.0,0.0) 0.8107 0.3863 0.0348 

14 (40.0,8.0) 0.1528 0.0641 0.0066 

21 (40.0,15.0) 0.5766 0.2933 0.0274 

28 ( 40.0,20.0) 0.9424 0.4908 0.0455 

44 (40.0,25.0) 1.3879 0.7294 0.0677 

55 (40.0,29.0) 1.5702 0.8305 0.0773 

71 (40.0,33.0) 1.5784 0.8401 0.0784 

87 (40.0,36.0) 1.7477 0.9387 0.0881 

118 (40.0,40.0) 0.9655 0.5154 0.0481 
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Figure 5.32 shows one side of an isoparametric transition element. The crack tip is outside 

the element. Three nodes on this side of the element have been defined by the non-dimensional 

variable 8 = 0,8 = P and 8 = 2. They have been mapped to e = -I, e = 0 and e = 1 respectively 

on the e scale. The mapping can be performed using the quadratic shape function -

(5.14) 

Substituting the corresponding values of s and e in the above equation, gives three simultaneous 

equations. Solutions of these equations give -

C1 =p 

C2 = 1 

C3 = I-p. 

Therefore, equation (5.14) becomes -

8 = P + ~ + (1 - p)e 

or, 
-1 ± -/1 - 4(1 - p)(p - s) 

e = 2(1 _ p) 

and 
de 1 
ds = -/1 - 4(1 - p)(p - sf 

(5.15) 

(5.16) 

(5.17) 

Since the displacement function is formulated in a similar manner, the denominator of the equation 

equating de/dB provides the required r- 1/ 2 stress singularity. Therefore, the singularity occurs 

when 

1 
(5.18) 

B = P - 4(1 _ p)' 

In the present problem, the crack tip is located outside the element, at B = -q. Therefore, 

we obtain from equation (5.18) after setting B = q 

(5.19) 

From the geometry of the present problem, only the positive sign of the equation (5.19) 

need to be considered. 
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Singularity point/Crack tip r s=p 8=2 

-qh 

h h 

e • 
-1 o -1 

Figure 5.32 : One side of the i80parametric transition element. The crack tip is outside the element 
(After Lynn and Ingraifea, 1978). 
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MSC/NASTRAN (versions 63c and 65c) does not support any crack tip singular element. 

The users' manual specifically cautions against placing the mid-points at quarter points of the side 

to avoid a singular stiffness matrix. It was decided to circumvent the problem in an approximate 

manner. Instead of using singular elements at the crack tip, TRIA6 (six noded triangular) elements 

are used. These isoparametric elements use quadratic interpolation for displacement as well as 

geometric mapping. The elements are one-tenth of the size the adjacent elements. The length 

of the elements is 1.0 cm, which is quite small compared to. the other dimensions of the problem. 

Although these elements do not produce a stress singularity at the crack tip, they create a high stress 

there, due to the quadratic displacement interpolation. The elements adjacent to these elements 

are eight noded quadrilateral elements. The mid-point grids of these elements are placed at such 

a position, calculated using equation (5.19), that they sense the stress singularity at the crack tip. 

All the stress intensity factor calculations have been carried out using the parameters calculated in 

these quadrilateral elements. 

5.3.3 Determination of Stress Intensity Factor from Displacements Calculated In 

T ra nsition Elements 

All the transition elements used in modeling the crack tips are QUADS element from the 

NASTRAN element library. This element formulation uses quadratic interpolation for displacement 

and element shape. Figure 5.33 shows the generalized element with both local (e, '1) and global 

(x, y) coordinate systems. 

The local coordinate axes e and '1 pass through the mid points of opposite sides. They 

need not be orthogonal or paraJlel to global axes. Displacement functions in global coordinates can 

be written as -

(5.20) 

(5.21) 
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Figure 5.33 : A generalized quadrilateral element. 
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Interpolation function Ni are defined as -

1 
N, = -'4(1 + ee,)(1 + 'I'1i)(1 - eei - 'I'1i) for nodes 1,2,3 and 4, (5.22) 

1 
Ni = '2(1 + 'I'1i)(1 .- e) for nodes 5 and 7, (5.23) 

1 . 
Ni = '2(1 +eei)(l- '12) for nodes 6 and 8. (5.24) 

Therefore, 

(5.25) 

1 
N2 = -'4(1 + e)(I- '1)(1 - e + 'I) (5.26) 

1 
N3 = -'4(1 + e)(1 + '1)(1 - e - 'I) (5.27) 

1 
N .. = -'4(1 - e)(1 + '1)(1 + e - 'I) (5.28) 

1 
Ns = '2(1 - '1)(1 - e) (5.29) 

1 
N6 = '2(1 + e)(1 - '12) (5.30) 

1 
N7 = '2(1 + '1)(1 - e) (5.31) 

(5.32) 

On a line of the element shown in Figure 5.33, for example 1-5-2, '17 = -1 and e varies 

along the line. 

eat 1 =-1 

e at5 =-0 

eat2=1. 



Therefore, on the line 1-5-2 

Nl = -.!e(1 - e> = -.!e + .!e 2 2 2 

N2 = !e (1 + e) = !e + .!e2 

222 

and Na, N", NrH N7, Ns are equal to zero. 
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(5.33) 

(5.34) 

(5.35) 

These interpolation functions are also used to define coordinates of any point in the element 

in terms of the known coordinates of the nodal points. Therefore, along 1-5-2, we have for any 

point -

If we place node 5 at quarter point, then ZI = 0, Z2 = L, and Z5 = L/4. Therefore, 

or, 

or, 

or, 

neglecting negative value of e. 

Z = 4e(1 + e)L + (1 - e) ~ 

z=!Le+!eL+!L 
4 2 4 

e=-1+2{f 

(5.36) 

(5.37) 

In a transition element, the middle node is not at the quarter point, as shown in Figure 

5.31. In this case, ZI = 0, Z2 = L, and Z5 = p. Therefore, 

1 
Z = 2e(I+{)L+ (l-e)p (5.38) 

or, z=!eL+!eL+p-ep 
2 2 



or, (L - 2p)e2 + Le+ (2p- 2z) = 0 

or, 
_ -L ± {D - 4(L - 2p)(2p - 2z) 

e - 2(L - 2p) 

_ -L ± ../£2 - SpL + 16p2 + SLz - 16pz 
- 2(L - 2p) 

Again, if p = L/4, then equation (5.39) becomes 

or, 

taking positive value of e. 

_ -L± JL2 - 2L2 + 16* +SLz-16tz 
e - 2(L - t) 

-L ± .../SLz - 4Lz 
= L 

-L±2L.jf 
= L 

e = -1 +2/f;. 
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(5.39) 

Under pure mode I, near tip displacements relative to the crack tip are (Ingraffea, 1983) -

where, 

Kr#;[ () 3(}] u = - - (211: - 1) cos - - cos - + ... 
4G 211" 2 2 

Kr #;[(2 1)' () . 3(}] v = - - II: + sm - - sm - + ... 
4G 2'11" 2 2 

u = displacement parallel to crack axis 

v = displacement normal to crack axis 

II = Poisson's ratio 

G = shear modulus 

II: = (3 - 411) for plain strain 

= ~ for plain stress. 

(5,40) 

(5,41) 
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Under pure mode II, near tip displacements are (Ingraffea, 1983) -

KIlIf;[(2 3')' fJ . 3fJ] u = - - II: + sm - + sm - + ... 
4G 2", 2 2 

(5.42) 

KIlIf;[ 0 30] v=-- - (211:-3)C08-+C08- + ... 
4G 2", 2 2 

(5.43) 

Figure 5.34 shows the general configuration of a crack with mid-side nodes B and D placed 

at p distance away from crack tip A. A number of methods exist to calculate the stress intensity 

factor, for example, the stress correlation technique and the J integral method (Chan et al., 1970). 

In this study the displacement correlation technique (Chan et al., 1970; Shih et al., 1976; Ingraffea 

and Heuze, 1980; Ingraffea, 1983) is used to determine the stress intensity factors for mixed mode 

propagation. The calculated displacements at the nodes of the elements bounding the crack surfaces 

are correlated with the displacements from the analytical equations to determine the stress intensity 

factors. 

From equation (5.39) -

e = -L ± y(8Lz - 16pz) + (L2 - 8pL + 16p2) 
2(L - 2p) 

_ -L ± J8z (L - 2p) + (L - 4p)2 

- 2(L - 2p) 

Now, using the Binomial Theorem-

[ 2]! i 1 -~ 2 8z (L - 2p) + (L - 4p) = [8z (L - 2p)] + "2[8z (L - 2p)] 2 (L - 4p] 

1(1_1) ~" 
+22 [8z(L-2p)r2(L-4p) + ... 

2 

~ 
~ [8z (L - 2p)] 2 

after dropping the higher order terms, as ultimately we use only the terms with V;. 

(5.44) 
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, , 
x, u 

Figure 5.34 : The general configuration of a crack with mid-side nodes B and D placed at p distance 
away from crack tip. 



Then, 

e = -L + .J8z (L - 2p) 
2(L - 2p) 

taking positive value of e. 
Then, 

:I = [-L ± V8z(L - 2p) + (L _ 4P)2] 2 

e 2(L - 2p) 

L2 + (L - 4p)2 + 8z (L - 2p) - 2LV8z(L - 2p) + (L - 4p)2 

= 4(L - 2p)2 

L2 + (L - 4p)2 + 8z (L - 2p) - 4L../2i(L - 2p)i 
~--~~~~~~--~~--~~--~~ 

4(L - 2p)2 

For check, if p = L/4, then 

= -1 + 2 If. 
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(5.45) 

(5.46) 

As the transition element is also an isoparametric element, displacements also can be written in 

terms of interpolation function or shape function Ni'S. Along line 1-5-2, the displacements can be 

written as-

(5.47) 

(5.48) 
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Therefore, the crack opening displacement C.O.D. in the 1/ coordinate for the crack shown in Figure 

5.34 is-

2 C.O.D. 1/ = -~~(1- ~)(VA - VA) + ~~(1 +~)(ve - vEl + (1- e)(VB - VD) (5.49) 

1 ) 12) 2 =2e(Ve-VE +2e (Ve-VE +(VB-VD)-~ (VB-VD) 

= (VB - VD) + 4(ve - VE)~ + [4(Ve - VEl - {VB - VD)]e 

or, 2 C.O.D. 1/ = (VB - VD) + ~(ve - vEl [- 2(L:' 2P)] 

+ 4(ve - vEl V2Z J. + [4(ve - vEl - (VB - VD)] 
{L - 2p):I 

[
L2 + (L - 4p)2 + 8z{L - 2p) - 4LV2Z(L - 2P)~] 

4(L-4p)2 

1 L 
= (VB - VD) - 2(ve - VE)2(L _ 2p) 

+ [
1 ( ) ( )] [L2 + (L - 4p)2 + 8z{L - 2P)] - Ve - VE - VB - VD 
2 4(L-4p)2 

- [l(ve - vEl - (VB - VD)] [ LV2Z .1] + l(ve - vEl V2Z J. 
2 (L - 2p):I 2 (L - 2p):I 

1 L 
= (VB - VD) - 2{ve - VE)2(L _ 2p) 

+[1( ) ( )][L2+(L-4P)2+ 8Z(L-2P)] - Ve - VE - VB - VD 
2 4(L _ 4p)2 

+ _1 [(ve - vEl [ 1 J. - L ] + (VB - VD) V2L .1]~' (5.50) V2 (L-2p):I (L-2p)! (L-2p):I 
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The crack opening displacement is obtained by substituting () = 'II" in equation (5.41) -

KJ fi: 
C.O.Dy= 2G(,,+1)V2;' (5.51) 

Then, equating terms containing VZ, we have -

(5.52) 

Similarly, the crack shearing displacement C.S.D. in z coord~nates is -

(5.53) 

1 [-L + J8z (L - 2P)] 
= (tlB - tiD) + 2(tlC - tiE) 2(L _ 2p) 

[
1( ) ( )] [L2+(L-4P)2+8Z(L-2P)-4-12L.,fi(L-2P)!] + - tic - tiE - tlB - tiD 2 
2 4(L - 2p) 

or, 
(tiC - tiE) 

2C.S.D.z = (tlB-tlD)- 4(L-2p) 

[
1( ) ( )] [L2 + (L - 4p)2 + 8x(L - 2P)] + - tic - tiE - tlB - tiD 
2 4(L _ 2p)2 

1 y'2i [1 ] y'2iL + -(tiC - tiE) - -(tiC - tiE) - (tlB - tiD) 
2 (L-2p)! 2 (L-2p)i 

(tiC - tiE) 
=(tlB-tlD)- 4(L-2p) 

[
1 ( ) ( )] [L2 + (L - 4p)2 + 8x(L - 2P)] + - tic - tiE - tlB - tiD 
2 4(L-2p)2 

+[_1 (tiC-tiE) [ 1 _ 1 .lI]+(tlB-tlD) -I2L ].,fi. (554) 
-12 (L - 2p)t (L - 2p)~ (L - 2p)1 . 
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The crack shearing displacement is obtained from equation (5.42) after substituting 0 = 'If -

KII IF 
C.S.D~ = 2G (tc+ I)V2; (5.55) 

Then, equating terms containing ../i, we ha.ve 

KII =..j2; -Cue - UE) - + (UB - UD) .01 G [1 [1 L] V2L ] 
(tc + 1) V2 (L - 2p)i (L - 2p)i (L - 2p)~ 

G [ [1 L] 2L ] =-/-i (Ue-UE) - .01 +(UB-UD) .01 
(tc+l) (L-2p)i (L-2p)~ (L-2p)~ 

(5.56) 

5.3.4 Adequacy of Number of Transition Elements 

Lynn and Ingraffea (1978) first proposed the transition elements which have been used 

along with quarter-point crack tip elements. These transition elements are necessary to model 

adequately the singular behavior of a crack tip. This is especially true when the crack tip element 

is very small compared to to crack length. If the elements, which are placed at a small distance 

from the crack tip, do not sense the presence of a crack tip, the square root singularity of the stress 

distribution near the crack tip is not modeled properly. A question then arises as to whether we 

require more than one transition element to model the singular behavior, or in other words, what is 

the optimum number of transition elements for a given element size. Michavila and Gavete (1984) 

have concluded that using a second transition element does not increase accuracy significantly. A 

formal basis is given here to determine the required number of transition elements. 

Orienting the local axis e along the x co-ordinate or crack side for an eight noded 

quadrilateral element, we have -

where, 

_ -L ± IL2 - 8pL + 16p2 + 8L~ -16px 
e - 2(L - 2p) 

L = length of the element side 

p = distance of mid-side node 

x = global coordinate 

e = local coordinate. 

(5.57) 
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This equation is the same as equation (5.39). 

In this equation, p should be between L/4 and L/2. When p is equal to L/4, it becomes 

the regular quarter-point element. If p is equal to L/2, it does not recognize any singularity. If p 

is larger than L/2, it senses the singularity at a crack tip other than the one intended. Examining 

equations (5.52) and (5.56) shows that p larger than L/2 gives imaginary values of /(/ and /(1/ 

which means that the intended singularity is on another node. Therefore, we can device a test for 

the adequacy of the number of transition elements needed to model a particular crack tip. If the 

value of p calculated using equation (5.19) exceeds half the length of the element side on the crack 

surface, we should not use that element as a transition element. 

5.3.5 Results from One Radial Crack Model 

Both the principal stresses 0'1 and 0'3, and their orientations have been calculated at the 

centroid of each element of the model. Calculations are carried out for three loading conditions. In 

the first analysis, the crack is fuHy pressurized up to its tip by the same pressure as that in the hole. 

In other words, we assume that the crack propagation velocity is equal to the velocity of the gas 

front entering the crack. In the second case, the crack is pressurized up to half of its length. In the 

last analysis, the crack is left completely unpressurized. Limited laboratory and field experiments 

(Dally et al., 1975; McHugh, 1983) show that the second model is closer to reality. The other two 

models constitute the extreme cases. Distribution of principal stresses in the burden region shows 

some characteristic features, discussed below. 

0'1 and 0'3 from the model with one radial crack are compared with 0',. and 0'8 from equations 

(5.4) and (5.5) respectively. Results are shown in Figures 5.35 through 5.37. Comparison of Figure 

5.22 with these figures shows that a radial crack increases the principal stresses many fold in its 

neighborhood. The increase is related to the extent of gas pressurization in the crack. Irrespective 

of the degree of gas pressurization, 0'1 and 0'3 at any point in the neighborhood of the crack do 

not have the same magnitude. Both 0'1 and 0'3 are tensile in front of the crack. 0'1 and 0'3 are 

compressive at, the side of the radial crack. The principal stresses do not decay monotonicaliy in 

every direction with distance from the hole center. The rates of decay of 0'1 and 0'3 are different in 



CD o 

+ 

0.0 

• = U~or Prlnel])al Stre.s 
+ = Minor Prlncfpal Stress 

\~ :is + ...... ++i 
0 

..... + 
0 

1.0 ~.o S.O 4.0 S.O 8.0 7.0 8.0 g.o 
Distance from hole center (meter) 

i I I i I I I I Iii 
0.0 10.0 10.0 ao.o 40.0 80.0 80.0 70.0 80.0 GO.O 100.0 

Normalized Distance rIa 

179 

Figure 5.35 : Comparison of the calculated 0'1 and 0'3 in the shaded region, shown in the inset di
agram, from one fully pressurized radial crack model with the stresses in an infinite 
medium. Pressurized radial crack not only increases the stress level in its neigh
borhood but also drastically distorts the stress distribution from only a pressurized 
hole. 
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Figure 5.36 : Comparison of the calculated 0"1 and 0"3 in the shaded region, shown in the inset 
diagram, from one partially pressurized radial crack model with the stresses from 
only a pressurized hole in an infinite medium. Radial crack distorts the latter stress 
field drastically and also increases the streBB level in its immediate neighborhood. 
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Figure 5.37 : Comparison of the calculated (7'1 and (7'3 in the shaded region, shown in the inset 
diagram, from one pressurized radial crack model with the stresses from only a 
pressurized hole in an infinite medium. Radial crack distorts the latter stress field 
drastically and also increases the stress level in its immediate neighborhood. 
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different orientations. At large distances from the radial crack, 0'1 and 0'3 become very small and 

little different from those given by the no crack model. 

Distribution of principal stresses is not uniform in the burden region. Variations of 0'1 and 

0'3 as three dimensional surface and contour plots are shown in Figures 5.38 through 5.41 when 

the crack is fully pressurized. Figures 5.42 through 5.45 show the similar plots when the crack is 

pressurized up to half of its length. For an unpressurized crack, these plots are shown in Figure 

5.46 through 5.49. 

Contour plots of 0'1 and 0'3 show that a pressure bulb, similar to that from a footing on soil 

(Jaeger and Cook, 1979, pp. 286-289; Bowles, 1982) or from a line load in a half-space (Crouch 

and Starfield, 1983, pp. 28-33), forms at the side of this crack. Both the principal stresses are 

compressive very close to the radial crack. The region where both 0'1 and 0'3 are compressive is 

shown in Figures 5.50 through 5.52 for each of the three loading cases. This compressive zone 

extends from the hole to the point just behind the crack tip when the crack is fully pressurized. 

The shape of this zone is approximately parabolic. It is symmetric about a line parallel to the free 

face at the mid-height of the crack, except very close to hole. The depth of this compressive zone is 

almost equal to half the crack length. When the crack is partially pressurized, this compressive zone 

extends up to a small distance ahead of the last point of crack pressurization. The depth of this zone 

is about half of the pressurized part of the crack. Close to the hole, the shape of this compressive 

zone remains the same as that from the fully pressurized crack. But it is no more symmetrical. 

When the crack is not pressurized, a compressive zone with very small thickness forms. This zone 

effectively extends from the hole to the middle of the radial crack with few isolated points beyond 

this. These values agree quite well with the results obtained by Warren (1982) in the presence of 

in-situ stresses in an infinite medium. 

0'1 decreases continuously away from the radial crack. Beyond the compressive zone, 0'3 

becomes tensile. Its magnitude increases at first and then decreases continuously. At large distances 

from the crack, 0'1 and 0'3 become negligible compared to the applied pressure. The effect of the 

free face is noticeable only in the immediate neighborhood. 0'1 contour lines are pushed away from 

the free face. The free face increases the magnitude of 0'3, and the 0'3 contour lines become almost 

perpendicular to the free face. 
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(0.0 m, 40.0 m) 

(7.0 m, 40.0 m) 

a) 

(7.0 m, 33.0 m) 

(0.0 m, 40.0 m) 

(7.0 m, 40.0 m) 

b) 

Figure 5.38 : Three dimensional aurface plot of 0"1 in the burden from a pressurized hole with a 
fuily pressurized radial crack - a) view point outside the hole, b) view point inside the 
hole. 0"1 is compressive at the side of the crack and decreases with distance. Tensile 
0"1 forms ahead of the crack tip. 
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Free Flee 

Hole 

Figure 5.39 : Contour lines of 0'1 from a pressurized hole with a fully pressurized radial crack. 
Compressive stress concentration occurs at the side of the crack. Tensile 0'1 forms 
ahead of the crack tip. 
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(7.0 m, 33.0 m) 

(7.0 m, 40.0 m) 

a} 

(7.0 m, 33.0 m) 
.c><·x:><· y-' (0.0 m, 40.0 m) 

(7.0 m, 40.0 m) 

b} 

Figure 5.40 : Three dimensional surface plot of 0"3 in the burden from a pressurized hole with a 
fully pressurized radial crack - a) view point outside the hole, b) view point inside 
the hole. 0"3 is compressive at the side of the crack. It becomes tensile within a short 
distance. 0"3 is tensile in rest of the burden. 
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Figure 5.41 : Contour lines of 0'3 from a preBBurized hole with a fully preBBurized radial crack. 
Tensile 0'3 contour lines become almost parallel to the crack within a short distance. 
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(0.0 m, 40.0 m) 

(7.0 m, 40.0 m) I 

a) 

(7.0 m, 40.0 m) 

b) 

Figure 5.42 : Three dimensional surface plot of 0"1 in the burden from a pressurized hole with a 
radial crack pressurized up to mid length - a) view point outside the hole, b) view 
point inside the hole. Tensile 0"1 forIIl3 ahead of the crack tip. Compressive stress 
concentration forms at the crack side. 



188 

4 Free Face G 40C~ ____ ~~ __ ~ __ T-______ ~ __ r-__ ~ ______ ~ ______ ~ __ ~ __ ~ 

39 

36 

34 34 

Hole 
4 6 

Figure 5.43 : Contour lines of 0'1 from a pressurized hole with a partially pressurized radial crack. 
Compressive stress concentration forms at the side of the crack. Contour lines of 0'1 

near the free face are almost parallel to it. Tensile 0'1 forms ahead of the crack tip. 
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Figure 5.44 : Three dimensional surface plot of 0'3 from a pressurized hole with a partially preBBurized 
radial crack - a) view point outside the hole, b) view point inside the hole. 0'3 is tensile 
in the burden except very close to the crack. 
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Figure 5.45 : Contour lines of 0'3 from a pressurized hole with a partially pressurized radial crack. 
Width of the zone of compressive 0'3 at the side of the crack is slightly larger than 
the length of the pressurized part of the crack. 
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(O.O m, 40.0 m) 

Figure 5.46 : Three dimensional surface plot of 0'1 from a pressurized hole with an un pressurized 
radial crack - a) view point outside the hole, b) view point inside the hole. Tensile 
0'1 forms ahead of the crack tip. Compressive stress concentration forms at the side 
of the crack. 
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Figure 5.47 : Contour lines of 0'1 from a pressurized hole with an unpressurized radial crack. A 
zone of tensile 0'1 forms ahead of the crack tip. 
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Hole (0.0 m, 33.0 m) 

(7.0 m, 33.0 m) 
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b) 

Figure 5.48 : Three dimensional surface plot of 0'3 from a pressurized hole with an unpressurized 
radial crack - a) view point outside the hole, b) view point inside the hole. 0'3 is 
tensile everywhere except very close to the intersection of the hole and the radial 
crack. 
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Figure 5.49 : Contour lines of U3 from a pressurized hole with an unpressurized radial crack. The 
zone of compressive U3 is very small. 
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Figure 5.50 : Zone where both 0'1 and 0'3, from the model with one fully preBBurized crack, are 
compreBSive. At the hole end, this zone makes an angle of about 45° with the crack. 
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Figure 5.51 : Zone where both 0'1 and 0'3, from the model with one partially pressurized radial 
crack, are compressive. At the hole end, this zone makes an angle of about 45° with 
the crack. This zone does not extend much beyond the pressurized part of the crack. 
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Figure 5.52 : Zone where both 0'1 and 0'3, from the model with one unpressurized radial crack, are 
compressive. Size of this zone is quite small. At the hole end, this zone makes an 
angle of about 30° with the crack. 
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Distributions of (1'1 and (1'3 ahead of the crack tip show a zone where both the principal 

stresses are tensile. The extent of this zone is independent of the degree of gas pressurization in 

the crack. The magnitude of this tensile (1'1 is larger than the applied pressure when the crack is 

fully pressurized. (1'1 decreases with decreasing length of crack pressurization. The rate of decay of 

the tensile (1'1 with distance is minimal along the axis of the crack. It is maximal in the direction 

normal to this line. In this tensile region, (1'3 is very large. It decreases rapidly with distance from 

the crack tip. The difference between (1'1 and (1'3 increases away from the crack tip and is maximum 

at the boundary of this tensile region. 

5.3.6 Effect of One Radial Crack on Neighboring Cracks in a Quasi-Static Stress Field 

It is not known why only 4 to 8 radial cracks grow out of the cra-::ked zone. Ouchterlony 

(1983) put forward a hypothesis for the discrimination among the cracks on the basis of their 

lengths. Rock imperfections at micro scale cause lengths of the cracks to be different. Longer 

cracks grow at the expense of the shorter ones. Long cracks have some clamping action over the 

shorter neighboring cracks. This clamping effect on the tips of neighboring cracks inhibits their 

propagation. With distance from the crack, this effect decreases. At some distance away from 

the crack, another crack is able to grow longer from the cracked zone. This cyclic effect continues 

around the hole. 

Warren (1982) has investigated the stress field produced by a pressurized hole with a radial 

crack in an infinite medium and its effect on neighboring cracks. He has derived an analytical 

expression for the tangential stress (1'(J(J when there is only one radial crack. The crack may be 

either fully pressurized or completely unpressurized. His analysis (Figure 4.15) shows that (1'(J(J 

is compressive within about 40° from the radial crack when the crack is not pressurized. The 

angle of the compressive zone increases to about 47° when the cracks are completely pressurized. 

In this case, the pressure on the crack surface is 5000 psi (34.5 MPa). In all cases, the hole is 

pressurized at 5000 psi (34.5 MPa). The in-situ stresses are (1'z = 1500 psi (10.3 MPa) compressive 

and (1'" = 500 psi (3.4 MPa) compressive. Increasing the original length of the radial crack increases 

the influence angle somewhat. The compressive (1'(J(J produces the clamping action on any crack 

within the angle of influence and thereby stops their propagation. 
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The hypothesis of clamping action is further studied here using the results from the finite 

element analysis of the one radial crack model. The stress distribution in the burden region is 

examined to determine the angle made by the compressive zone with the crack in a semi-infinite 

medium. Figures 5.50 and 5.52 show that the compressive zone makes an angle of about 45° 

with the radial crack when the crack is either fully or partially pressurized. When the crack is not 

pressurized (Figure 5.52), this angle decreases to about 30°. These values agree well with the results 

obtained by Warren (1982) in the presence of in-situ stresses in an infinite medium. The width of 

the biaxial compressive zone increases in width with the increase in length of pressurized part of 

the crack. Therefore, as the extent of gas pressure inside the hole increases, more number of shorter 

cracks, growing radially at the sides, come under this compressive stress field. The compressive 

stress field prevents the propagation of a short crack in mode I (opening mode). Propagation in 

pure mode II (sliding mode) may be possible. The angle of propagation becomes almost tangential 

to the radial direction. This is explained in more detail in Section 6.2.3. Hence the short crack 

stops after meeting another crack in the radial direction. 

5.3.7 Conclusions 

Results from the analysis with one radial crack show that the radial crack distorts the stress 

field in the burden region produced by a. pressurized hole. The importance of the radial crack in 

determining the overall stress distribution depends on the length of the crack and on the extent of 

its pressurization. The symmetrical stress distribution around the hole is lost when a radial crack 

is added to the pressurized hole model. Contour lines of 0'1 and 0'3 are no longer concentric with 

the hole. Magnitudes of 0'1 and 0'3 are vastly different, especially in the neighborhood of the radial 

cracks. Rates of decay of 0'1 and 0'3 with distance from the hole center are not the same, and vary 

with the location. 

In a zone very cl06e to the radial crack, both 0'1 and 0'3 are compressive. The extent and 

the shape of this compressive zone depends on the extent of gas pressurization inside the crack. 

The angle which the boundary of this compressive zone makes with the crack depends on whether 

the crack is pressurized or not. If the crack is at least partially pressurized, the boundary of this 

zone makes an angle of about 45° with the crack. The angle drops to about 30° if the crack is. 
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not pressurized. These angles conform well with the results from Warren (1982). The width of the 

compressive zone increases with the increase of pressurized length of the radial crack. The change 

of the angle and the width of compressive zone with gas pressurization are very interesting. This 

observation may give a clue for the development of some small cracks around the hole which are 

larger than the cracked zone but not as large as the long radial cracks. For example, Figure 3 of 

Fourney (1983a) shows a number of smaIl radial cracks emerging out of the cracked zone. Only 

eleven cracks grow long, an average distance of 19 hole diameters. The rest of the cracks die quickly. 

When the quasi-static gas pressure phase initiates, the cracks are unpressurized. Due to the small 

angle and area of influence on both sides of the crack, many cracks grow in the beginning. With 

time, gaseous products enter and pressurize the cracks. The angle and the area of influence of each 

crack increases once the crack surfaces are pressurized. As a result, the cracks which are slightly 

ahead of others exert total compressive stress control ahead of the tips of slowly moving cracks. 

This compressive stress inhibits growth of shorter cracks. These shorter cracks die quickly. It is not 

clear why some radial cracks are initially longer than others. Material inhomogeneity, pre-existing 

microcracks (Ouchterlony, 1983), damage during drilling (Fuenkajorn and Daemen, 1986) may 

influence the cracked zone, causing some radial cracks to be a little longer initially. Due to inherent 

randomness of the process, the longer cracks may not be at equal angular spacing. Slowing down 

of some of the shorter cracks when the cracks are pressurized can enhance the unevenness of angle 

distribution between the cracks. 

The maximum compressive 0"1 and 0"3 occur at the hole boundary and at the hole surface. 

0"1 decreases continuously away from the crack. The compressive 0"3 decreases with distance from 

the crack and becomes tensile. At any location, the magnitude of both 0"1 and 0"3 depend on the 

degree of pressurization of the radial cracks. 

Both 0"1 and 0"3 are tensile in a zone ahead of the crack tip. The extent of this zone is almost 

the same irrespective of the gas pressure in the crack. This zone has a pressure bulb shape. The 

magnitudes of the tensile 0"1 and 0"3 increases with the extent of pressurized zone. When the crack 

is fully pressurized, 0"3 close to the crack tip is about three times the applied pressure. 0"1 is also 

larger than the applied pressure. With partial pressurization, 0"3 has a magnitude of more than 70% 

of the applied pressure. 0"1 is about half the applied pressure. When the crack is unpressurized, 0'3 
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is about 5 % and 0'1 is about 3 % of the applied pressure. 0'1 and 0'3 decre88e rapidly with distance 

from the crack tip. 
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Stress distribution around a radial crack from a pressurized hole (Section 5.3) shows that 

multiple cracks can grow simultaneously. Information compiled in Table 4.2 confirms this. In this 

chapter, a model with eight radial cracks propagating from a pressurized hole is developed for 

bench blasting using explosives, such as ANFO. The cracks propagate in mixed mode. The stress 

intensity factors of each crack are used to model the next crack length increPlent. Discrete modeling 

of the radial crack propagation allows the study of the stress concentration due to crack to crack 

interaction and subsequent breakage. 

A conceptual model of the radial crack generation is formulated first. Next the finite 

element formulation of the multiple radial crack model is described. The angle of propagation of 

each crack is determined from the calculated stress intensity factors. A new finite element model is 

developed incorporating the extended radial cracks. As the stress distribution indicates formation 

of new tensile fractures, they are also incorporated into the model. A number of possible loading 

conditions are analyzed for each case. The displacement of the free face and the stress distribution 

around the hole predicted by this model are compared with the beam bending model and the 

equivalent cavity hypothesis respectively. 

6.1 Development of a Conceptual Model of 
Crack Propagation from Blasting 

A conceptual model of the fracture propagation from mine blasting is developed on the 

premise that multiple fractures form around the hole. They propagate outward from the hole by 

the energy supplied by the gas pressure. When these 'radial' cracks reach the free face complete 

breakage of the burden occurs. An inherent assumption is that an intact beam, isolated by radial 

cracks from the remaining rock mass, as modeled by Ash (1973), Smith (1976), Haghighi and Konya 

(1985, 1986), and Haghighi et al. (1985), is never formed. The free face displaces forward by the 

pressure applied in the hole and in the cracks, but this displacement is quite small compared to 
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the burden dimension. The major part of the fragmentation is over before the break-out occurs. 

Secondary fragmentation due to in-flight collision of fragments and impact on the ground can cause 

further size reduction. Residual energy of the explosive gases after break out is partially transformed 

into kinetic energy of the fragments. 

The basic sequence of fracturing around the hole is shown in Figure 6.1. Depending on 

the characteristics of hole pressurization, three types of fracturing can take place around the hole 

(W81'pinski et aI., 1979; Schmidt et aI., 1980; Swift and Kusubov, 1981, 1982; Cuderman, 1981, 

1982, 1984, 1985; McHugh and Keough, 1982; Cuderman and Northrop, 1984; Swift, 1984; Hanson 

et aI., 1984, 1985; Keough et aI., 1984; Schatz and Hanson, 1986; Schatz et aI., 1987a, 1987b) -

i) Explosive fracturing, 

ii) Multiple fracturing, 

iii) Hydraulic fracturing. 

This nomenclature is introduced by Cuderman (1981, 1982, 1984, 1985), and' Cuderman and 

Northrop (1984) in connection with the in-situ permeability enhancement of gas shale. Although 

others generally agree with this, tailored pulse loading/shooting is also used for multiple fracturing 

(Schmidt et aI., 1980; Swift and Kusubov, 1981, 1982; McHugh and Keough, 1982; Swift, 1984; 

Keough et al., 1984; Stoller, 1985). 

I Explosive Detonation I 

I Hole Pressurization I 

I Flaw Rupture I 

I Radial Crack Formation I 

I Fracture Extension I 

Figure 6.1 : Basic sequence of fracturing around an explosively loaded hole. 



204 

6.1.1 Semi-Empirical Model of Cuderman (1981,1982,1984,1985) and Cuderman and 
Northrop (1984) 

Cuderman (1981, 1982, 1984, 1985), and Cuderman and Northrop (1984) have developed 

a 'semi-empirical model' for multiple crack formation around a hole. Pressure-time curves of the 

gases in the hole for different field exp,eriments with different propellants (Cuderman, 1981, 1982, 

1984, 1985; Cuderman and Northrop, 1984; Warpinski et al., 1979) show an initial rise of pressure 

for some time after initiation of the charge. The pressure drops for a short while and then rises 

again (Figure 6.2). The pressure drop after the initial rise is taken as an indication of the onset of 

fractures around the hole (Cuderman, 1981, 1984, 1985; Cuderman and Northrop, 1984; Warpinski 

et al., 1979). The increase in volume due to fracture initiation decreases the borehole pressure. 

Cuderman (1981, 1982, 1984, 1985), Cuderman and Northrop (1~84), and Fairhurst and 

Cornet (1981) hypothesize that the initial pressure rise-time tm is the most important factor for 

fracturing characteristics around the hole. Figure 6.3, from Cuderman and Northrop (1984), shows 

the effect of pressure rise time on different types of fracturing. In the 'hydraulic fracture regime', the 

pressure rise time is very large. Generally, only two fractures form. Rise time of the pressure pulse 

decreases in the 'multiple fracture' regime. In the 'explosive fracture' regime, the pressure rises 

extremely fast.. In both explosive fracture and multiple fracture regimes more than two fractures 

form. The explosive fracture regime corresponds to the fracturing produced by explosives with very 

high shock energy. Due to failure or yielding of rock around the hole, the explosive gases generally 

cannot penetrate the fractures. Therefore, the fractures do not grow long. In the 'multiple fracture 

regime', the pressure rise time falls in between the 'explosive fracture regime' and the 'hydraulic 

fracture regime'. The radial cracks are internally pressurized by the explosive gases. They propagate 

for a long distance under the action of the gas pressure. In the 'multiple fracture regime' also, the 

stress wave can produce initial fracturing around the hole (Cuderman, 1984, 1985; Cuderman and 

Northrop, 1984; Schatz et aI., 1987a, 1987b; Kutter, 1967; Kutter and Fairhurst, 1971). 

In hydraulic fracturing, a section of the hole wall is pressurized with a very large rise-time 

pressure pulse (1 to 10ms) as shown in Figure 6.3 (Cuderman, 1981, 1982, 1984, 1985; Cuderman 

and Northrop, 1984), or alternatively, at a very slow loading rate, normally less than 1 MPa/s (Swift 
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Figure 6.2 : A typical pressure pulse showing the pressure rise time (After Cuderman, 1985). 
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Figure 6.3 : Different fracture regimes as a function of pressure rise time for different hole diameters 
(After Cuderman and Northrop, 1984). 
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and Kusubov, 1981, 1982; Swift, 1984). Generally two fractures are produced at the opposite sides 

of the hole. They propagate in a direction normal to the minimum principal stress (Jaeger and 

Cook, 1979, pp. 226-227,389-390). If the pressurization is maintained slightly above the minimum 

in-situ stress for a time on the order of hundreds of seconds, the induced fractures can propagate 

a large distance (Swift and Kusubov, 1981, 1982). Because this propagation direction is generally 

parallel to the existing discontinuities, any increase of permeable connectivity of the hole with the 

surrounding rock is severely restricted. 

Detonation of the explosive charge in a borehole produces a high intensity compressive P 

wave propagating away from the hole boundary. The tangential stress iT" around the hole from a 

P wave is (Bligh, 1972, 1974) -

(6.1) 

Compressive radial strain from explosive detonation is produced as soon as the pressure pulse is 

applied to the hole wall. The tensile tangential strain is produced only when the stress wave travels 

into the surrounding rock and compresses it, so that the circumference of the hole increases. As a 

result, the radial strain increases at a faster rate. Therefore, the compressive radial strain prevails 

initially and the tangential stress becomes compressive. The radial stress remains compressive all 

the time around the hole (Bligh, 1974; Rinehart, 1975, Figure 4.7). 

If the P wave has sufficient magnitude, the compressive stress field around the hole (both iTr 

and iT" compressive) crushes the rock (Kutter, 1967; Kutter and Fairhurst, 1971). Cuderman (1981, 

1982, 1984, 1985), Cuderman and Northrop (1984), and Swenson and Taylor (1982) hypothesize 

that if the rise time of the pressure pulse at the hole wall is shorter than the time required for the 

sound wave to travel around the circumference of the hole, then the strain energy around the hole 

builds up faster than it can be dissipated. This results in yielding and compaction (plastic flow) of 

the hole wall. 

The tangential stress soon becomes tensile and produces radial fractures around the hole. 

As discussed in Section 4.2.2.2, a shear (S) wave also develops, possibly due to radial crack formation 

(Fourney, 1983a; Kisslinger, 1963). Both P and S waves soon outdistance the crack tips due to their 
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higher propagation velocities. The fractures quickly die out without any supply of energy from the 

stress waves. In bench blasting, the compressive wave reflects at the free face and becomes tensile. 

The reflected tensile P waves (PP and PS waves) may reinitiate some of these cracks and some of 

the suitably oriented, pre-existing natural discontinuities (Holloway et aI., 1980j Winzer and Ritter, 

1980j Winzer et al., 1983j Fourney, 1983a, 1983bj Fourney et al., 1984b, 1985). Similarly, an S wave 

produces SP and SS waves after reflection from the free face. These reflected waves can reinitiate 

some cracks and discontinuities. Magnitudes of the reflected waves are extremely small in field 

blasting, as the wave attenuation depends on actual travel distance and not on scaled distance (KB 

ratio).The reinitiated cracks also die soon as the reflected waves pass over the crack tips in a very 

short time. 

A P wave displaces the medium in the immediate vicinity of the hole predominantly in 

the radially outward direction. The amplitude of the P wave decreases away from the hole due 

to geometric divergence and inelastic attenuation (Ghosh and Daemen, 1983j Jaeger and Cook, 

1979, p. 363). At large distances from the hole, the dynamic stress is elastic. This means that the 

far field material tends to return to its original position after experiencing outward initial motion. 

Full return to the initial position is not possible for the far field material due to the permanently 

deformed material near the hole. The far-field and near-field materials push against each other and 

produce a residual stressfield (Smith et al., 1978; Terhune and Glenn, 1978; Schmidt et aI., 1981a, 

1981bj Keough et aI., 1984) around the hole (Figure 6.4). This zone of highly compacted rock with 

a residual compressive stress is called a stress cage (Schmidt et aI., 1981bj Keough et aI., 1984) 

and the phenomenon is called bladder effect (Smith et aI., 1978; Schmidt et aI., 1981b). Smith 

et al. (1978) have observed that this compressive stress field persists in the field weeks after the 

detonation. The radial component of this stressfield is maximum near the hole. It decays to the 

in-situ stress away from the hole. The tangential component is more compressive than the radial 

component. It attenuates below the in-situ stress and subsequently becomes equal to the in-situ 

value. Open radial fractures can form outside this stress cage (Schmidt et al., 1981b). In Puff 'n 

Tuff experiment (Smith et aI., 1978; Schmidt et aI., 1981b), a 116 kg spherical charge of TNT has 

been detonated in water-saturated ash-fall tuff. A stress cage, having width of about two hole radii, 
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has been observed in this experiment. Johansson and Persson (1970) and Persson et aI. (1970) 

have observed radial crack formation not at the hole waIl bur one or two hole radii away from the 

wall. Formation of stress cage by the high shock energy explosive (PETN) may probably be the 

reason for this observation. 

Time required for the development of this residual stress field around the hole is shorter 

than that required by the explosive gases to flow into the cracks (Schmidt et al., 1981b). Therefore, 

this compressive tangential stress field tends to restrict the flow of the gases from the hole to the 

surrounding medium. Also, the crushed particles may clog the cracks and further reduce the flow 

of gas into the cracks. Results of the analysis carried out in Section 5.3 of this study and by 

Ouchterlony (1983) (Figure 4.13) show that quasi-static gas pressure in a hole produces a stress 

concentration at the tips of the radial cracks even if no gas can enter them. The stress intensity 

factor at the crack tips decreases rapidly with an increase in crack length. As a result, the cracks 

will die soon. Therefore, in the explosive fracturing regime, the radial cracks are not able to grow 

long. 

Cuderman (1981, 1982, 1984, 1986) has developed a physical model of bore hole wall 

crushing by the input pressure pulse. He models the input pressure pulse, shown in Figure 6.5, 

as-

pet) = Posin(271'ft) 

where, Po = maximum amplitude 

f = frequency of oscillation 

t = time. 

Surface standing waves form on the borehole wall so that -

where, 

~ 
71'D=n-

2 

~ = wave length of the surface wave 

D = diameter of the hole 

n = integer. 

(6.2) 

(6.3) 
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Figure 6.5 : Schematic of standing wave condition around a hole (After Cuderman, 1984). 
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The surface wave is in resonance with the driving frequency at the frequencies, given by -

where, CR = velocity of the surface wave (Rayleigh) 

T = period of oscillation. 

Therefore, 

1I'D = nCR = nCRT 
2/ 2' 
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(6.4) 

(6.5) 

Assuming that the borehole is pressurized only for a quarter of a cycle in a time tm = T /4, then 

equation (6.5) becomes -

1I'D 
2CR = ntm • (6.6) 

Here, tm is the time required to develop the threshold pressure or the pressure at the onset of 

fracturing Pm. Alternatively, it can be defined as the rise time of the pressure pulse. For ash-fall 

tuff, the P wave velocity Cp is equal to half the Rayleigh wave velocity CR. Therefore, 

1I'D 1I'D 
ntm = 2CR = Cp . (6.7) 

Results offield experiments (Cuderman, 1981, 1982, 1984; Schmidt et al., 1981a) agree with equation 

(6.7) if n is equal to 1. This implies that crushing of the rock around the bore hole wall occurs when 

the driving frequency of the pressure pulse is the same as the first resonance frequency (Cuderman, 

1981, 1984). Therefore, to avoid the crushed zone, the rise time of the input pressure pulse should 

not be less than one half of the time required by the Rayleigh wave to circle around the borehole, 

or 

1I'D 
2CR < tm. (6.8) 

Cuderman (1981,1982,1984,1985) has defined equation (6.8) as the boundary between the explosive 

fracturing and the multiple fracturing regimes. Assuming the same functional fit to the experimental 
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data, the boundary between the multiple fracturing and the hydraulic fracturing regimes is defined 

(Cuderman, 1981, 1982, 1984, 1985; Cuderman and Northrop, 1984), as -

87rD 
t m > C;· 

Combining equations (6.8) and (6.9), the 'multiple fracture regime' is defined as -

(6.9) 

(6.10) 

Cuderman (1981) has observed multiple fracture behavior in practice for a rise time slightly shorter 

than that given by equation (6.9). Therefore, equation (6.9) can be considered as a conservative 

criterion. Limited experimental results show that for rise time less than 1 ms, the threshold 

breakdown pressure rises drastically. 

The Cuderman model of multiple cracking recognizes the rise time of the pressure pulse 

or, more precisely, the frequency as the only governing variable for determining the fracture mode. 

Prediction of the peak pressure is not required for multiple fracturing. Peak pressure of the pulse 

is the pressure at which sufficient fractures are opened so that the pressure of the gases is relieved 

(Cuderman, 1981). In some experiments (Figure 3 of Cuderman, 1981), the peak pressure of the 

pulse is same as the threshold of fracturing. 

Equation (6.10) can be written in terms of pressure rate P (Cuderman, 1981) -

Cuderman (1981) has given 

and 

where, 

Pml = 30'maz - O'min + T 

Pm2 = 100MPa for ash-fall tuff 

O'maz,O'min = in-situ major and minor principal stresses 

Pm2 = the pressure at which the rock starts yielding 

T = tensile strength of the rock. 

(6.11) 
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6.1.2 Experimental results of Swift and Kusubov (1981) and Swift (1984) 

Swift and Kusubov (1981) and Swift (1984) have developed a different criterion based on 

the rate of pressurization of the hole waU, as shown in Figure 6.6. Different fracturing regimes, 

based on the pressure rate, are given below-

Hydraulic fracture : P ;$ 1 MPa/s 

Pmax ~ eTc 

Tailored-Pulse Loading: P ~ 102 "" 106 MPa/s 

Pmo&' > eTc 

Explosive shooting : P ~ 107 MPa/s 

Pmoz ~ eTc 

where, Pmoz = maximum pressure of the applied load 

eTc = uniaxial compressive strength of the rock 

P = rate of pressurization. 

(6.12) 

Hanson et al. (1984, 1985) have used a semi-analytic, coupled pore pressure-stress model 

to analyze the fracture initiation at the hole wall and subsequent propagation. Their analyses 

show that a borehole fluid preBBure of about 240 psi (1.7 MPa) is required to initiate flaws of 1 mm 

size, aSBuming the fracture toughness of the rock to be 1000 psiv'iii' (1 MPav'ffi). They have used 

a preBBure vessel combined with a flywheel-rotating shaft apparatus to generate different loading 

pulses. A prescribed loading condition is generated by compressing a fluid in the hole by a piston 

with a profiled cam mounted on the rotating shaft. The samples used are dry, quasi dry and fully 

saturated, and have confinement preBBure of 0.1, 15 and 25 MPa. In dry samples, the loading fluid 

(in this case, water) is prevented from entering the rock matrix either by a copper liner or by a 

thin epoxy coating. Quasi dry samples are originally dry samples but water is allowed to enter 

the rock in these cases. Results from the tailored-pulse loading experiments in Nugget Sandstone 

indicate that the generation of multiple fractures depends on the initial environment around the 

hole, loading rate and confinement. 

Results of Swift and Kusubov (1981, 1982) and Swift (1984) show that the threshold 

breakdown pressure Pm increases with an increase of the sample confinement and the loading 

rate, as shown in Figure 6.7. The loading rate required to initiate multiple fractures decreases 

with an increase in water content of the rock samples. At least 30,000 MPa/s is required to initiate 
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Figure 6.6 : Different fracture regimes dependent on the rate of pressurization of the hole wall (After 
Swift and KU8Ubov, 1981). 
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Figure 6.7 : Fracture threshold characteristics for quasi-dry and wet samples of Nugget sandstone 
(After Swift and Kusubov, 1981). 
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multiple fractures for quasi dry samples. Only two fractures form, regardless of the loading rate 

(maximum used is 104,OOOMPa/s) and the confining pressure (maximum used is 15 MPa) , for dry 

samples. The number of fractures appears to increase with an increase in loading rate. At about 

100,000 MPa/s, 10 to 12 fractures are initiated. 

Swift and Kusubov (1981, 1982) and Swift (1984) conclude that the multiple fracturing 

process is governed by the coupled processes among the rock matrix deformation, the diffusive 

motion of the pore fluid through the matrix and the flow of fluid into the fractures. In both quasi 

dry and wet samples, the pore pressure in a region around the hole increases due to the diffusion 

of fluid through the bore hole wall. The controlling mechanism for flaw initiation is this increase 

of pore pressure. Thill model inherently assumes that enough flaws (cracks having lengths much 

smaller than the hole diameter) or potential initiation sites are available all around the hole. These 

flaws may be pores, natural microcracks or drilling induced cracks (Swift, 1984; Schatz et al., 

1987a). Several flaws are initiated at micro scale. They can only travel a short distance before they 

feel the presence of each other. 

The boundary between the multiple fracturing and the hydraulic fracturing, as devised 

by Cuderman (1981, 1982, 1984, 1985) and Cuderman and Northrop (1984), is not based on 

any theoretical premise. Scarcity of experimental data does not allow clear demarkation of the 

boundary. Figure 6.3, redrawn after plotting the experimental results, is shown in Figure 6.8. 

Experimental results of Swift and Kusubov (1982) are marked LLNL data. This figure shows that 

multiple fracturing is possible without any contribution from stress waves. It also points out that 

the boundaries, as given by equation (6.10) have been derived without recognizing the effect of fluid 

intrusion into the rock medium from the hole. As a result, the boundaries are more complicated 

than those given by equation (6.10) (Swift, 1984). 

Experimental results of Cuderman (1981, 1982, 1984, 1985) Cuderman and Northrop 

(1984), Swift and Kusubov (1981, 1982) and Hanson et al., (1984, 1985) suggest that multiple 

radial fractures can initiate at a pressurization rate ranging over several orders of magnitude. It 

extends at one extreme from single transit time around the hole to, at the other extreme, a time 

considerably longer than that. This is not possible if only the stress wave initiates these fractures. 

Therefore, at the lower end of this pressurization rate, multiple radial cracks are initiated by the 

gas pressure. 
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Figure 6.8 : Fracturing data for Ash Fall '1\uT loaded with propellant (from Cuderman, 1984; 
Warpinski et aI., 1979; Schmidt et al., 1981) and Nugget sandstone loaded with water 
(Swift and Kusubov, 1982, shown as LLNL Multiple Fracture data) are compared to 
the semi-empirical model of Cuderman (1985) (After Swift, 1984). 
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6.1.3 Conceptual Model of Fracturing Around the Hole 

Swift (1984) and Schatz and Hanson (1986) have provided a conceptual model for the 

initiation of multiple cracks at the borehole boundary by the stress wave, as shown in Figure 

6.9. At a higher loading rate, the tensile part of the tangential component of the stress wave 

interacts with the flaws and increases the stress intensity factor at the leading edges of the flaws. 

A particular flaw initiates if the stress intensity factor produced by the tensile stress exceeds the 

fracture toughness of the rock. As the circumferential tensile tail of the wave reaches the tips of 

shorter cracks faster (Figure 6.9 b», shorter cracks can be initiated before longer ones. Energy 

contained in the stress wave decreases as shorter flaws are activated. As a result, the magnitude 

of the stress wave decreases rapidly. On the other hand, longer cracks require less tensile stress 

to become activated. Therefore, a range of flaws can be activated depending on the stress wave 

characteristics. 

For quasi-static loading, a particular flaw starts growing if the stress intensity factor at 

the crack tip equals or exceeds the fracture toughness I(lc of the rock. The stress intensity factor 

at the crack tip depends upon the hole length and the loading conditions. The latter include the 

in-situ stress normal to the crack axis, the tangential stress due to the applied pressure on the hole 

wall, and any fluid pressure in the crack. For a Griffith flaw the required condition, (Schatz and 

Hanson, 1986; Schatz et al., 1987a) assuming uniform crack pressurization and flaw length much 

smaller than hole radius, is given by -

where, 

KI = 1.12(P + (Too),;;a ~ Klc 

KI = stress intensity factor under mode I 

(TOO = tangential confining stress 

P = fluid pressure in the flaw 

a = flaw length. 

(6.13) 

Equation (6.13) shows that a longer crack requires lower fluid pressure for initiation than a shorter 

crack. This means that longer cracks initiate before shorter ones. If there is no fluid diffusion 

from the hole to the surrounding medium, only initiation of the dominant longer flaws is possible. 

Results of the analysis carried out in Section 5.6.5 show that the compressive stress field produced 
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Figure 6.9 : Multiple fracture initiation at high rates of loading (shock wave) (After Swift, 1984). 
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by a long crack suppresses the relatively shorter ones. In this case, usually a single fracture or two 

diametrically opposite fractures form (Swift, 1984) at both intermediate and slow loading rates. 

Swift (1984) has developed a conceptual model,shown in Figure 6.10, for pressure rate 

dependent fracture initiation based on the equation (6.13) in the multiple fracture regime when 

bore hole fluid is allowed to diffuse into the surrounding rock. This model ignores the stress 

wave. AU the fractures are initiated by the fluid pressure applied quasi-statically. Assuming a 

Gaussian distribution of existing, flaw sizes around the hole (Figure 6.10 a», the threshold pressure 

Pm required to initiate a particular flaw size (e.g., a1 < a2 < as) for various loading rates (e.g., 

P1 < P2 < P3 ) is shown in Figure 6.10 b). Figure 6.10, shows that the threshold pressure for a 

particular crack decreases with a decrease in loading rate as the fluid pressure assisting in initiation 

of t.he flaws is allowed more time to build up to the required level. Therefore, for a high loading 

rate in this regime, shorter cracks can grow before the longer ones due to the diffusive nature of the 

process similar to that observed with stress wave (Figure 6.9). For a slow loading rate (e.g . .P3), 

the required pore pressure for initiation of longer cracks (e.g., a2 and a3) is reached before that 

of shorter flaws. As a result, longer cracks will initiate first. For an extremely slow loading rate, 

only the extremely large dominant flaws can initiate hydrofracture. The number of observed cracks, 

i.e., th06e cracks which have grown from the microlevel, is one or two at this loading rate change. 

This is observed in hydrofracturing, and also in fracturing of rock with expa.nsive cement (Dowding 

and Labuz, 1982). As the fracture initiation depends on the build up rate of pore pressure, a 

highly diffusive fluid increases the pore pressure faster. Therefore, diffusivity of the fluid affects the 

fracture initiation process in this model. 

6.1.4 Conceptual Model Developed for Fracture Initiation and Propagation from an 
Explosively Loaded Hole in Bench Blasting 

Figures 6.9 and 6.10 together describe the initiation of radial cracks around the hole in 

the multiple fracture regime. Both the stress wave and the quasi-static gas pressure can initiate 

multiple cracks around the hole depending on the loading rate. Near the boundary between the 

explosive fracturing and the multiple fracturing regimes, the stress wave supplies the energy for the 

microflaws to initiate. Rock contains many microcracks dispersed throughout the volume. Only a 

few of the cracks have the right combination of length and orientation to start propagating. Rest of 
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Figure 6.10 : Multiple fracture initiation at intermediate loading rates (gas diffusion) (After Swift, 
1984). 
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the cracks do not influence the fracture process (Atkins and Mai, 1985). This assumption is taken in 

the conceptual model of crack initiation and propagation in bench blasting developed in this study. 

It is also the inherent assumption of other studies ofradial crack formation and propagation (e.g., 

Swift and Kusubov, 1981, 1982; Ouchterlony, 1983; Hanson et al., 1984, 1985; Swift, 1984; Schatz 

and Hanson, 1986; Schatz et aI., 1987a, 1987bj Shaffer et al., 1987b). The stress wave initiates 

the shorter flaws before the longer ones. If all the suitably oriented shorter flaws, or at least a 

major fraction of them, start growing the stress wave looses most of its energy very rapidly. Due to 

higher propagation velocity, the stress wave also outdistances the crack front and stops supplying 

any energy to the cracks. Although these fractures may not have any gas pressure on their surface, 

they still can grow by the gas pressure in the hole (Ouchterlony, 1983). These unpressurized cracks 

die soon unless the gases enter the cracks and pressurize their surfaces. The stress wave may still 

carry sufficient energy to initiate some of the longer cracks when traveling over them. Therefore, 

some of the suitably oriented longer cracks may grow longer. Propagation terminates quickly as 

the stress wave overtakes the crack tips. 

The importance of the fluid pressure in producing the radial cracks increases with a decrease 

in the loading rate of the pressure pulse at the hole boundary. The fluid starts diffusing into the rock 

around the hole. Initially the fluid diffusion favors the initiation of shorter cracks. Therefore, at 

high loading rates in the multiple fracture regime, very soon many cracks of similar length compete 

with one another to grow. The situation is somewhat similar to the case of crack initiation by a 

stress wave. For example, cracks having initial length al are now around a2, as shown in Figure 

6.11. The extent to which the shorter flaws grow, i.e., the specific value of a2, depends on the 

energy of the stress wave and the rate of fluid diffusion. This ultimately determines the radius of 

the fractured zone around the hole. The gas pressure in the hole and in the radial cracks, if any, 

become the discriminating mechanism among the few long cracks and the many intermediate size 

cracks. In Figure 6.11 a), the length of the microflaws around the hole is assumed to be a normally 

distributed random variable. This means very short and very long cracks are rare. It is not known 

exactly which probability distribution is a suitable model for the microflaw lengths. Exponential 

distribution is a popular model for the length variation of natural discontinuities (Baecher and 

Lanney, 1978). It assumes numerous very short cracks and very few extremely long cracks. Drilling 

induced cracks, although randomly oriented, may not have a Gaussian or an exponential distribution 
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of their lengths. Figure 6.11 b) shows the probable length distribution of microflaws after time t 

assuming exponential flaw size distribution if the stress wave or a high pressurization rate gas 

pressure is the flaw initiating mechanism. Numerous flaws around the hole are activated initially. 

For example,flaws having initial length around 01 are now around 02. Therefore, the energy of 

the stress wave decreases very rapidly with time. The initial energy content of the stress wave 

determines the specific value of 02, more specifically, the size distribution of the cracks after time 

t. Again, the gas pressure in the hole and in the flaws become the discriminating mechanism. 

Following the results obtained by Warren (1982), Hanson et aI. (1984, 1985), and in Section 5.6.5 

of this study, a compressive zone forms at each side of each pressurized crack. This compressive 

circumferential stress from a longer crack tries to throttle the neighboring shorter cracks. Pressure 

of explosive gases in the crack increases the stress magnitude many fold. Hence, initiation of a 

particular shorter crack depends on whether the pressure of gases inside the crack is large enough 

to prevent crack closure by the compressive stress induced by the longer cracks. Hanson et al., 

(1984, 1985) show that shorter cracks can grow long if they are pressurized over a greater length 

than that in the longer cracks. Therefore, the discriminating mechanism favors the originally longer 

cracks, for example, 03 in Figure 6.11. Only the longer cracks propagate for a considerable distance 

unless differential crack pressurization by the gases allows some shorter cracks to grow also. 

At the intermediate and the slow loading rates, but still higher ones than in the hydraulic 

fracture regime, the fluid diffusion favors the activation of the longer flaws. Therefore, only those 

flaws which are initially very long (e.g., flaws having length 03 in Figure 6.11) can grow for a 

considerable distance, unless pressurization of a substantia.l part of the crack surface causes some 

of the shorter cracks to grow long also. 

n becomes clear from the above discussion that the gas pressure, applied quasi-statically, 

supplies the energy for the radial cracks to grow long. It does not allow uniform growth of all 

the available cracks. The longer cracks grow at the expense of the shorter ones. If the cracks are 

initiated by the stress wave or by fluid penetration at a high loading rate, the region around the 

hole will be intensely fractured. At lower rates of loading, the fracture density around the hole 

decreases. Therefore, the fracturing characteristics around the hole are an indicator of the fracture 

initiation process. 
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Figure 6.12(a) from Fourney (1983a) shows the characteristic form of stress wave induced 

flaw initiation, and subsequent discrimination and propagation of some of the fractures by the 

gas pressure. Similar characteristics can also be seen in Figure 3 of Schmidt et al. (1980) for the 

experiment GF2 in Ash Fall tufi'with propellant having intermediate burning rate (lAx 106 MPa/s). 

Figure 6.12(b) from Swift and Kusubov (1981) shows the multiple crack initiation and propagation 

at much lower loading rates. 

6.1.5 Effect of Decoupling of the Explosive Charge on Hole Pressurization 

Decoupling the explosive charge in a drill hole, i.e., providing free volume, changes the 

characteristics of the pressure pulse in a complex way. The magnitude of the applied pressure 

decreases due to the expansioh of the gaseous products before they act on the hole wall. In actual 

blasting, the detonation wave is not one-dimensional. Rarefraction waves from the side of the 

charge curve the detonation front. As a result, the explosive molecules accelerate radially as well 

as axially. This radial motion acts as an energy sink of the system. The shock velocity in the 

axial direction (velocity of detonation) has to decrease to compensate for this. Therefore, increased 

decoupling decreases the velocity of detonation (Leiper and du Plessis, 1987). This decreased 

detonation velocity may no longer be sufficiently fast to sustain complete chemical reaction. The 

further the explosive deviates from ideal detonation, the less shock energy and the more gas energy 

are produced (Leiper and du Plessis, 1987). Therefore, the crushing around the hole caused by the 

stress wave decreases in non-ideal detonation. 

Cuderman (1984) has analyzed the effect of free volume or decoupling on the pressure 

rise time of propellants. Following Cuderman (1984), a similar analysis is carried out here for 

commercial explosives. The pressure velocity of detonation relationships (equations 4.1 - 4.3) can 

be written in the common form -

(6.14) 

and, 

D = apl/2 (6.15) 



227 

Figure 6.12a) : Characteristics of stress wave induced flaw initiation from lightly charged hole in 
Plexiglass (After Fourney, 1983a). 

Figure 6.12b) : Characteristics of fluid induced flaw initiation. This hole was pressurized by water 
(After Swift and Kusubov, 1981). 



where, 0, A = Proportionality constants 

D = velocity of detonation 

P = detonation pressure. 

228 

We assume that equations (6.14) and (6.15) are valid during the pressure rise time tm to the peak 

pressure Pm. If we also assume that the volume of the hole remains constant during that period, 

or equivalently, if there is no fracture generation during this time, the gas production rate (dm/dt) 

is proportional to the velocity of detonation. Thus, 

where, 

dm -D = bp1/ 2 

dt 

b = a new proportionality constant. 

Assuming ideal gas behavior, 

where, 

RT 
PV=m M 

T = detonation temperature, assumed constant 

M = molecular weight of the gas (kg/mole) 

v = free volume 

m = mass of explosive gas in volume V (kg) 

P = gas pressure 

R = gas constant. 

(6.16) 

(6.17) 

Assuming constant free volume and detonation temperature, equation (6.17) can be differentiated 

with respect to time-

~V= (dd7) (~) (6.18) 

= bP1
/

2
( ~) 

or, ( MV) dP = bp1/ 2 

RT dt 
(6.19) 
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Integrating (6.19), 

or, 

or, .JP:: V = constant x tm (6.20) 

Therefore, 

(6.21) 

where, tml, Pml, VI = rise time, peak pressure and free volume in a known hole 

t m2, Pm 2, V2 = rise time, peak pressure and free volume in another hole of diameter, 

using same charge. 

For propellant, the exponent of (~) is 0.19. Therefore, Cuderman (1984) has neglected (~:!) 

in equation (6.21). This is not possible for our case. From equation (6.14) -

(6.22) 

where, D1 , D2 = velocity of detonation of the explosive for a known hole and another hole of 

different size respectively. 

Combining equations (6.21) and (6.22) -

tml = VI DI = VI f(VI) 
tm2 V2 D2 V2 V2 

(6.23) 

where, f(Vi/V:l) is a function of (Vi/V2 ). Equation (6.23) shows that providing free volume in the 

hole increases the rise time of the pressure pulse more than proportionately. 

Leiper and du Plessis (1987) have shown that decoupling drastically decreases the fraction 

of the energy released as shock wave. Using packaged emulsion explosive in limestone, a 30 % 

decoupling in a 20 mm hole decreases the fraction of energy released as shock wave from 28 % to 

15 %. Decoupling decreases the detonation velocity. A 30 % decoupling is equivalent to firing the 

explosive in air. 
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Young et al. (1984) have conducted field experiments to develop multiple fractures using 

decoupled explosives. They place 135 to 270kg of conventional water gel explosive in a 160mm 

diameter hole. The explosive column occupies a height of 6 to 11 m of the hole. In the single zone 

fracturing test, one 5 m long perforated fiberglass tube is placed over the charge. Stemming material 

is placed over the tube. In the double zone fracturing test, two 5m long perforated fiber glass tubes 

are used to induce fracturing at two different levels with a 12 m gap in between. The single zone 

stimulation test produces multiple radial fractures. In the double zone stimulation tests, only two 

opposite fractures developed in both zones. Young et al. (1984) conclude that the loading rates and 

peak pressures for optimum tailored-pulse loading are much higher than given by equation (6.10) of 

Cuderman (1981, 1982, 1984, 1986), and Cuderman and Northrop (1984). They also conclude that 

the preferred tailored-pulse loading is much closer to the loading rate produced by conventional 

explosives than those by commercially available propellant techniques. 

6.1.6 Effect of Fluid Flow Properties of Rock on Multiple Crack Initiation 

Gases from explosives or propellants may flow into the surrounding rock more rapidly than 

liquids due to their lower viscosity. Many factors may restrict the gas diffusion around the hole. 

For example, fines created during drilling may form slush with water and coat the hole wall making 

it less permeable. Fine particles may even form during radial crack initiation. Some of these 

particles may deposit at the mouth of the radial cracks, inhibiting the flow of gases. Some of the 

fine particles, carried inside the fractures by the gases, may similarly restrict gas leakage through 

the crack faces. Even with these limitations, gases leak off very rapidly and have a substantial 

effect on fracture pressurization, especially fracture extension (Schatz et aI., 1987a). This complex 

phenomenon is very difficult to model. The effective permeability of the formation is certainly less 

than the value measured in the laboratory. Schatz et aI. (1987a) have used permeabilities measured 

in the laboratory as a conservative estimate. 

6.1.7 Multiple Crack Initiation in Mine Bench Blasting 

The commercial explosives used in mine bench blasting are mostly ammonium nitrate based 

- ANFO, water-gel or emulsion types. Premixed or site-mixed ANFO is the most popular explosive 

mainly for economic reasons. Experimental blasts, where a stress cage has been observed, have used 
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TNT and C4 explosives (Smith et aI., 1978; Schmidt et al., 1981b). These explosives have a high 

proportion of shock energy and a significantly larger detonation velocity than commercial explosives 

(Table 4.1), with much less production of gas. 

ANFO is a very heterogeneous explosive. It has a comparatively low velocity of detonation 

and has a relatively long rise time. It is very sensitive to the diameter. It does not reach the 

ideal velocity of detonation even at 9in (229mm) (Figure 4.1). With a decrease of the explosive 

diameter, i.e., less than 100% charging of the hole, the detonation velocity decreases non-linearly 

due to sensitizing reaction, the liquid burning, the solid burning etc. (Leiper and du Ple88is, 1987). 

Consequently, the rise time of the pre88ure pulse increases considerably. In field blasting, the 

charging of the hole never reaches 100 % (Langefors and KihJstrom, 1978). Therefore, minimum 

crushing is expected around the hole from the detonation of ANFO. Large flaws around the hole 

grow into radial cracks and propagate much larger. 

Emulsion and water-gel explosives generalJy have a higher detonation velocity than ANFO. 

These expl06ives can have varying shock to gas energy ratios. Their detonation velocity can vary 

over a wide range depending on the formulation. These explosives also show rapid decrease of the 

detonation velocity with decoupJing. As 100 % charging is not practicable in regular bench blasting, 

these explosive may also show non-ideal behavior resulting in reduced crushing around the hole and 

multiple fracture initiation. Presence of the free face p088ibly helps in generating multiple fractures 

by reducing somewhat the stre88 cage around the hole. 

6.1.8 Importance of the Knowledge of Exact Rupture Mechanism 

Experimental and conceptual models show that both stre88 wave and fluid (generally gas) 

diffusion into the rock can independently initiate the flaws around the hole. Only a few of these 

cracks can grow long and produce the ultimate breakage of the burden rock. Each mechanism 

is important at its respective loading rate within the multifracture regime. Irrespective of the 

initiation mechanism, only those cracks which are long initially, can propagate for a considerable 

distance. Schatz et a!. (1987a) conclude that it is not nece88ary to ascertain the mechanics of flaw 

rupture for analyzing the crack propagation from a pressurized hole. Only important requisite is 

the availability of a sufficient number of flaws for rupture around the hole. 
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Radial Cracks from a Pressurized Hole 
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Experimental results and conceptual models (Section 6.1 and Table 4.2) show that multiple 

radial cracks can emerge out of the cracked region around the hole and grow longer under the action 

of the quasi-static gas pressure. A new finite' element model has been developed with eight radial 

cracks from a preBBurized hole in a half space (Figure 6.13). The radial cracks propagates in 

mixed-mode (both modes I and II) by the gas pressure in the hole, and, in some cases, along 

the cracks. In aU simulations, the diameter of the hole is 200 mm with a burden of 7.0 m, giving 

a KB ratio of 35. For all configurations of the crack network finite element analyses have been 

carried out with at least two loading conditions - partially pressurized cracks and completely 

unpressurized cracks. Although it may be pOBBible that the radial cracks at the beginning, depending 

on the explosive type, the initiation proceBB and the amount of cracking at the hole wall, may be 

unpressurized, some gases have to flow inside the cracks for them to grow long. Results from 

Section 5.6 show that the number of propagating cracks decreases as the gaseous products from the 

preBBurized hole enter the cracks. In this study, the same eight radial cracks have been considered 

for the unpressurized case also to serve as the base case for each loading condition. 

There are many possible orientations of the crack network with respect to the free face. 

The orientation that is easiest to model by exploiting the symmetry through the hole is used in this 

study. A symmetry plane goes through two of the radial cracks. Only five radial cracks need to be 

modeled in this configuration. The right side of the problem is analyzed in this study. 

The model building preprocessor of the GIFTS finite element program is used to develop 

the basic finite element mesh. The basic model is divided into a few distinct regions depending 

on the requirements of element size. GIFTS' preproceBBor is used to model each region separately. 

Therefore, the common boundary between two regions contains two nodes at the same location. 

GIFTS' preprocessor does not have the capability to incorporate RSPLINE elements in the model 

at these common boundaries. Therefore, an extra set of nodes from each boundary is removed 

manually and RSPLINE elements are incorporated into the NASTRAN data file. GIFTS also 

cannot produce eight-noded quadrilateral elements with associated crack tip singularity. These 

elements are modeled by hand and incorporated into the NASTRAN data file. After an original 

crack is allowed to propagate by a certain length in a specified direction, the mesh is redefined 
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Figure 6.13 : Schematic diagram of the model with eight radial cracks from a pressurized hole. Hole 
diameter is 200 mm and initial crack length is 400 mm. Only the right side of the 
model has been studied. 
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manually without generating a new mesh from scratch. It takes many hours to generate the 

necessary elements so that the crack can be extended. But this time is generally much smaller 

than the time required to generate a new mesh. Again, a new set of the crack tip singular elements 

is generated. The crack tip elements used in the previous model are deleted from the data file and 

are replaced by QUAD4 elements, if required. 

Figure 6.14 shows the basic finite element mesh for the pressurized hole with eight 0.5 m 

long radial cracks. The mesh models an area of 40m x 40m at a horizontal section normal to the 

axis of the blast hole. This section is taken away from the stemming column and the floor to avoid 

end effects. The pressurized hole is placed at coordinates (0.0 m, 33.0 m) giving a burden of 7.0 m. 

The mesh includes 33.0 m of rock at the back and 40 m at the side. In this model, z = 0.0 m is the 

line of symmetry. Horizontal displacement of all the nodes on the symmetry line is prevented to 

zero to maintain the required symmetry of the model. To simulate the infinite medium condition 

away from the hole at the back and at the sides, displacement of all nodes in the x-direction at the 

boundary z = 40.0 m and displacement of all nodes in the y-direction at the boundary 11 = 0.0 m 

are restricted to zero. It is estimated that the actual displacements at the model boundaries are 

negligible, and restricting displacements so far away from the loaded region simulates an infinite 

medium condition at the side and at the back, as required by the physical problem. NASTRAN 

calculates the stress generated at these nodes for each problem analyzed. These stresses are given in 

Table 6.1. The results show that the stresses at these nodes due to the restriction of the movement 

are negligible compared to the applied pressure. Therefore, the restriction of displacement at the 

boundaries in this model simulates an infinite medium condition adequately and does not distort 

the stress distribution near the hole and the radial cracks significantly. 

Figure 6.15 shows the details of the finite element mesh close to the pressurized hole and 

the radial cracks. Isoparametric quadrilateral element, QUAD4, is used to model most of the mesh. 

The QUAD4 element produces good results for skew angles up to 45° (Schaeffer, 1979; NASTRAN 

Users' Manual, 1984). Even so QUAD4 elements are not used where extensive distortion of the 

element or deviation from a rectangular shape is expected. Three-noded triangular elements TRIA3 

are used in those areas. TRIA3 elements occupy a very small part of the whole model. Eight-noded 

quadrilateral element QUADS and six-noded triangular element TRIA6 are used to model the crack 

tips, and associated singularity. QUAD8 elements are also used as transition elements for proper 
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Figure 6.14 : Finite element model of the right side of the problem. Only five radial cracks are 
modeled exploiting the symmetry. 
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Table 6.1 : Stresses generated at fixed nodes on the boundary 

Node# Coordinates Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

1 (40.0,0.0) 0.104 0.027 0.104 0.027 0.280 0.054 0.222 0.237 

9 (30.0,0.0) 0.152 0.040 0.152 0.040 0.414 0.079 0.323 0.339 

25 (20.0,0.0) 0.021 0.006 0.021 0.006 0.060 0.012 0.034 0.022 

40 (14.0, 0.0) 0.077 0.020 0.077 0.020 0.211 0.040 0.193 0.224 

51 ( 7.0, 0.0) 0.100 0.027 0.100 0.026 0.274 0.052 0.240 0.271 

67 ( 5.0, 0.0) 0.049 0.012 0.049 0.013 0.134 0.026 0.118 0.132 

87 ( 3.0, 0.0) 0.048 0.013 0.048 0.013 0.133 0.025 0.116 0.130 

120 (1.5,0.0) 0.047 0.012 0.047 0.012 0.129 0.025 0.112 0.126 

158 ( 0.0, 0.0) 0.025 0.007 0.025 0.007 0.071 0.014 0.064 0.071 

11 (40.0, 10.0) 0.074 0.020 0.074 0.020 0.200 0.038 0.147 0.148 

2 (40.0, 20.0) 0.155 0.041 0.155 0.041 0.416 0.079 0.326 0.347 

14 (40.0,23.0) 0.121 0.032 0.121 0.032 0.323 0.062 0.255 0.276 

3 (40.0, 26.0) 0.130 0.034 0.130 0.034 0.347 0.066 0.275 0.298 

4 (40.0, 28.0) 0.125 0.033 0.125 0.033 0.332 0.063 0.263 0.287 

5 (40.0, 30.0) 0.123 0.033 0.123 0.033 0.327 0.063 0.260 0.284 

19 (40.0,31.5) 0.117 0.031 0.117 0.031 0.310 0.059 0.246 0.269 

35 (40.0, 33.0) 0.125 0.033 0.126 0.033 0.333 0.064 0.265 0.289 

23 (40.0,34.5) 0.133 0.035 0.133 0.035 0.352 0.067 0.280 0.306 

6 (40.0,36.0) 0.164 0.043 0.165 0.043 0.435 0.083 0.347 0.380 

7 (40.0, 38.0) 0.179 0.047 0.179 0.047 0.475 0.091 0.379 0.416 

8 (40.0, 40.0) 0.106 0.028 0.106 0.028 0.281 0.054 0.224 0.245 

Table 6.1 Continued··· 
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Table 6.1 : Continued 

Node# Coordinates Case 9 Case 10 Case 11 Case 12 Case 13 Case 14 Case 15 

1 {40.0, 0.0) 0.167 0.334 0.054 0.335 0.187 0.274 0.167 

9 {30.0, 0.0) 0.246 0.500 0.080 0.494 0.264 0.394 0.225 

25 {20.0, 0.0) 0.036 0.080 0.012 0.070 0.011 0.031 0.015 

40 {14.0, 0.0) 0.126 0.243 0.041 0.254 0.182 0.251 0.101 

51 ( 7.0, 0.0) 0.163 0.320 0.053 0.329 0.219 0.307 0.142 

67 ( 5.0, 0.0) 0.080 0.157 0.026 0.161 0.106 0.151 0.058 

87 ( 3.0, 0.0) 0.079 0.155 0.026 0.159 0.104 0.148 0.064 

120 (1.5,O.0) 0.077 0.151 0.025 0.155 0.101 0.143 0.064 

158 ( 0.0, 0.0) 0.043 0.083 0.014 0.085 0.057 0.081 0.038 

11 (40.0, 10.0) 0.119 0.245 0.039 0.238 0.114 0.175 0.114 

2 (40.0, 20.0) 0.247 0.501 0.080 0.498 0.275 0.401 0.257 

14 (40.0, 23.0) 0.192 0.387 0.062 0.387 0.219 0.317 0.214 

3 (40.0, 26.0) 0.206 0.416 0.066 0.416 0.238 0.342 0.236 

4 (40.0, 28.0) 0.197 0.397 0.064 0.398 0.229 0.328 0.233 

5 (40.0, 30.0) 0.195 0.392 0.063 0.393 0.226 0.325 0.231 

19 (40.0,31.5) 0.184 0.371 0.059 0.373 0.215 0.308 0.220 

35 (40.0, 33.0) 0.198 0.398 0.064 0.400 0.232 0.331 0.236 

23 {40.0, 34.5) 0.209 0.421 0.067 0.423 0.245 0.350 0.251 

6 (40.0, 36.0) 0.259 0.521 0.083 0.524 0.305 0.435 0.313 

7 (40.0, 38.0) 0.282 0.567 0.091 0.571 0.334 0.475 0.338 

8 (40.0, 40.0) 0.167 0.337 0.054 0.250 0.196 0.209 0.149 
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Figure 6.15 : Close-up view of the finite element mesh near the hole. 



239 

modeling of the crack tip stress singularity. Element size close to the hole and the radial cracks is 

very small to capture the large strain gradient. Away from this zone, elements need not be as small. 

Therefore, the RSPLINE elastic interpolation element is used to change the mesh size from fine to 

coarse in a short distance. This approach reduces the number of elements substantially without 

sacrificing the accuracy of the results. 

6.2.1 Initial Length and Orientation of the Radial Cracks 

It is not known a.t what precise moment the quasi-static phase of the gas preBBure starts 

building up stress concentration at the tips of longer flaws around the hole. This not only depends 

on the input pressure pulse but also on the size distribution of the suitably oriented flaws. Model 

scale experiments in plexiglass and in polymers have shown that the radial cracks emerge out of the 

cracked zone at a distance of 1 to 2 hole radii from the hole boundary. Rock inherently contains 

comparatively more number of microflaws than plexiglaBB or polymers. Therefore, the width of 

the cracked zone is expected to be larger in rock. On the other hand, the explosives used in 

bench blasting (e.g., ANFO) contain much less shock energy than the explosives in model scale 

tests. Therefore, the radius of the cracked zone should decrease. Lack of experimental observations 

precludes prediction of the exact length of the radial cracks when the quasi-static gas preBBure 

phase starts. In this study, the radial cracks are modeled with an initial length of four hole radii. 

It is hypothesized that any interaction between the shorter and the longer cracks is over when the 

radial cracks have grown to this length. It is also hypothesized that at this length any effect on the 

microflaw propagation due to different inherent flaw distribution in rock and the diameter effect on 

the pressure pulse are over. The radial cracks are propagated by the gas pressure in the hole and 

in the cracks. The only interaction effect is among the propagating cracks. This simplification is 

necessary to model realistically the radial crack emergence process. The problem at present is not 

conceptually clear, with little experimental observation, and may be numerically unmanageable. 

The conceptual model given in Section 6.1.4 assumes that the material inhomogeneity at 

the micro level makes some cracks to be longer than the other. Location of these long cracks around 

the hole should be more or less random unleBB a very specific trend, even at the miClO level, exists. 

This seems unlikely as a general condition. Therefore, orientations of the initial crack network at 

each hole with respect to the free face should also be random. The finite element model of the 
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problem requires precise location of each radial crack. Out of many possible orientations of the 

crack network, the orientation that is easiest to model by exploiting the symmetry through the hole 

is used. 

In the finite element model, shown in Figure 6.15, the radial cracks are placed at 45° from 

each other. In reality, the angles between adjacent cracks are not equal (Fourney, 198311., Figure 3; 

Johansson and Persson, 1970, Figure 6.44). The angle varies around the hole. But the maximum 

difference about the mean value is generally less than 20 %. This uneven angular spacing is related 

to the random location of the long micro inhomogeneities in the rock mass. Therefore, it becomes 

very difficult to predict the actual angles between the radial cracks. In the finite element mesh, the 

angle between the cracks is taken constant. This eliminates one variable or uncertainty from the 

analysis. 

6.2.2 Material Properties 

A simple constitutive relation, a linear elastic temperature independent model, is used. 

Many sophisticated material models have been used to account for crack initiation and growth 

(e.g., Dienes, 1978; Dienes and Margolin, 1980; Grady and Kipp, 1979 and Kipp and Grady, 1980, 

incorporate experimental fracture results shown in equation (5.13); NAG-FRAG of McHugh et 

al., 1985; CAYS of Barbour et aI., 1985). None of these formulations is useful in regular bench 

blasting with high gas energy explosives as they do not model the crack pressurization (Fourney 

et al., 1984c). These formulations do not also consider the vastly different compressive and tensile 

strengths of rock (Ingraffea, 1979). Stress redistribution due to primary crack propagation forms 

new zones of tensile stress concentration which are potential sites for secondary tensile fractures. 

This phenomenon has been observed in this study and is explained later in this chapter. Ingraffea 

(1979) has observed that part of the secondary crack trajectories can become the ultimate failure 

plane. We, therefore, start with the simple material model to understand the phenomena taking 

place with the pressurization of the radial crack surfaces in bench blasting. Further refinement of 

the material properties may be warranted and can be made once the results are compared with 

actual experimental observations. 

Young's modulus and Poisson's ratio for the intact rock used in this analysis are E = 

70,000 MPa and " = 0.25. In one case, part of the rock next to the hole is allowed to fail from 
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the streases generated in previous run with shorter crack lengths. In this case, it is estimated that 

the stiffness of the faHed rock decreases to one-tenth of the original stiffness. Young's modulus and 

Poisson's ratio for failed or fractured rock used in this analysis are E = 7000 MPa and II = 0.33. 

6.2.3 Propagation of the Cracks 

A crack is defined, in the simplest model, as a line across and/or along which the 

displacement field has a discontinuity (Ouchterlony, 1983). The crack surface may be pressurized 

or stress free. In a two dimensional body, the surface of a crack can undergo two types of relative 

movements. These displacements, shown in Figure 6.16, represent the local deformation in an 

infinitesimal element containing the crack tip (Rolfe and Barsom, 1977). 

Propagation of an existing crack in the linear elastic fracture mechanics (LEFM) conditions 

is dependent on stress intensity factors of the crack tip and the fracture toughness of the material 

(Erdogan and Sih, 1963; Ingraffea, 1981, 1983, 1987). The stress intensity factors at the crack tip 

are functions of the geometry and the loading conditions (Ingraffea, 1981, 1983, 1987; Ouchterlony, 

1983). Both KI and KII for each crack tip have been calculated numerically using the crack surface 

displacements from the finite element analysis. The fracture toughness or critical stress intensity 

factor KIC of the rock is a material property and is required to be determined experimentally (Rolfe 

and Barsom, 1977; Ingraffea, 1987; Ouchterlony, 1983). For typical rock, K IC varies between 1 to 

2 MPaJiii. 

In pure mode I or pure mode II loading, a present crack tip propagates if (Ingraffea, 1981, 

1983, 1987) -

where, 

KI ~ KIC 

KII ~ KIIC 

KI, KII = stress intensity factor at the present crack tip under mode I and 

mode II loading respectively 

KIC, KIIC = fracture toughness in mode I and mode II loadings respectively. 

(6.25) 

(6.26) 
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Figure 6.16 : The two basic models of crack surface displacements (After Rolfe and Barsom, 1987). 
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In a mixed mode (under both modes I and II) fracture propagation, the fracture surface takes the 

form-

I(Kr,KIIKIC,Kllc) = O. (6.27) 

Two major theories of mixed mode fracture propagation in linear elastic material (Erdogan 

and Sib, 1963; Sih, 1977; Ingraffea, 1981, 1983, 1987) are the -

i) (T'mor: theory and 

ii) S'min theory. 

6.2.3.1 (T'mor: theory. The state of stress near a crack tip, shown in Figure 6.17, can 

be expressed as (Ingraffea, 1987) -

(6.28) 

Higher order terms are omitted in the above equations. 

The (T'mor: theory states that t,he extension of a crack takes place (Erdogan and Sih, 1963; 

Ingraffea, 1981, 1983, 1987) -

a) at the tip of the crack and in a radial direction, 

b) in a plane normal to the greatest tension, i.e, at an angle 00 so that (Tr' is zero, 

c) when (T'mor: reaches a critical value which is a material constant, Klc. 

Using equation (6.28), 

(T, J21rr = Constant = KIC = cos (0; ) [KI cos2 (~ ) - ~ Ku sin 00] (6.29) 

or, cos - --cos - - ---smOo = 1. (
00 ) [ KI 2 (00 ) 3 Ku. ] 
2 ](IC 2 2Klc 

(6.30) 
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Figure 6.17 : Crack tip polar coordinate system and sign convention (After Ingraffea, 1987). 
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Substituting UrS = 0 in equation (6.28) gives -

COB (~) [KI sin 60 + KII (3 cos 60 - 1)] = o. (6.31) 

Equations (6.30) and (6.31) are the parametric representation of the fracture initiation locus in the 

KI-KII plane, as shown in Figure 6.18. From equation (6.31) -

60 = ±?I' (trivial solution) 

and 

Klsin 60 + KII (3 cos 60 - 1) = 0 

In pure mode I, KII = O. Therefore, from equation (6.33) 

(6.32) 

(6.33) 

(6.34) 

which means that the crack propagates in its own plane. Similarly, in pure mode II, KI = O. 

Therefore, from equation (6.33) 

Ku (3 cos 60 - 1) = o. (6.35) 

As K II is not equal to zero, 

60 = ±cos- 1 (~) (6.36) 

which gives 

60 = -70.5°. (6.37) 

Therefore, unless the crack is moving under pure mode I, the crack deviates from the original 

fracture plane. The other solution, 00 = +70.5° is not feasible. 

Stress intensity factors for a given crack tip position and loading configuration are used 

to calculate the new angle of propagation 00 from equation (6.33). This new value of 00 is used 

to plot the point on the KI and /(11 plane. If the point falls within the locus, the crack will not 

propagate. If the point falls outside the locus, the crack is unstable. The crack propagates until the 
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Figure 6.18 : Fracture initiation locus using O"max and S'min theories (Ingraffea, 1987). 
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stress intensity factors decrease to such a level that the point moves within the locus or the crack 

meets a free face (Ingraffea, 1981, 1983, 1987). 

From equation (6.33) 

= KI1(1 - 3 cos ( 0 ), (6.38) 

or, 
KII _ ;:. cos (~h/l - cos2 (~) 
Kr - 2 - 3cos2 (~) 

(6.39) 

Kr and KII are calculated from the results of the finite element analysis using equations (5.52) 

and (5.56). Equation (6.39) produces four solutions for 00 • Only one is practically possible for the 

given loading conditions. Two solutions indicate that the crack propagates backward, which is not 

possible. The stress distribution ahead of the crack tip for the third solution inhibits its propagation 

by compressing the two surfaces. The possible angle of propagation is calculated for each crack for 

each loading condition. In this study, the U(Jm01: theory is used to calculate the propagation angle 

for each crack due to its simplicity. 

6.2.3.2 S(Jmin Theory. In the S(Jmin theory, the strain energy density near the crack 

tip determines its propagation (Sih, 1977). The strain energy density variation at a distance r from 

the crack tip is (Ingraffea, 1981, 1983, 1987) -

where, 

du = ! (allKr2 + 2a12KrKII + a22 KII2) = !. 
dv r 7r r 

all = 1~af(1 + cos O)(K - cos 0)] 

a12 = ~i~J[2cosO - (K - 1)] 

a22 = -da[(K + 1) (1 - cosO) + (1 + cosO) (3cosO -1)] 

K = (3 - v) / (1 + v) for plane stress 

= (3 - 4v) for plane strain 

G = Shear modulus. 

(6.40) 

(6.41) 
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The 8'min theory (Ingraffea, 1983, 1987) states that -

a) a crack propagates in the direction along which du/dv is minimum, i.e., there is a 0 equal 

to 00 80 that 

and KJ (0) is positive. 

58 =0 
50 

and 

b) a crack propagates when 8 (00 ) reaches a critical value 8e which is a material constant. 

c) 8, is evaluated along a contour r = ro, where ro is also a material constant. 

Therefore, 

( dU) 8e 'al' . al' d' dV e = ~ = mater! critic stram energy enslty 

For Kll = 0 from equation (6.40) and (6.41), 

and 

or, 

which gives, 

and 

Then, for K/ = K/C -

8 = (1 + cos 00 )(1\: + cOSOO)K/2 
1611'G 

_ [I\: + (I\: - 1) cos 00 - cos2 00 ] K/2 
- 1611'G 

!; = [- (I\: - l)sin 00 + 2 cos 00 sin 00] l~;~ = 0 

sin 00 [2 cos 00 - (d)] = 0 

00 = COS,-l (1 - 211). 

dU (1 + cos 00)(11: - cosOo)Kle 8e 

dV = 1611'roG = ro 

(6.42) 

(6.43) 

(6.44) 

(6,45) 

(6.46) 
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_(It-l)Klc 

c- 871'G 

Therefore, in the Kr - KII plane, the fracture initiation locus is -

or, 8G [(Kr)2 (KrKII) (KII)2] (It _ 1) au Krc + 2a12 Krc + a22 Krc = 1. 
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(6.47) 

(6.48) 

In the S6min theory, the direction of propagation of a crack is dependent on the Poisson's ratio 

except when 00 = 00 (pure mode I propagation). In this study S6min theory is not used due to 

its complexity and material property dependence, although it has been reported that it produces 

slightly better results than 0'6moz theory (Ingraffea, 1987). 

6.2.4 Crack Propagation Under Compressive Stressfield 

When a line crack is loaded in compression, the crack surfaces tend to close on themselves. 

Once a crack closes, the normal stress does not produce any more stress concentration at the crack 

tip. If the crack is at an angle with the compressive stressfield or shear stress exists across the 

crack surfaces, the crack can still propagate due to sliding of one surface over the other (mode II 

propagation in Figure 6.16). This signifies absence of any normal displacement discontinuity across 

the crack, but a tangential displacement discontinuity exists. Friction between the crack surfaces 

comes into play when sliding of one surface over another takes place (McClintock and Walsh, 1962; 

Hoek and Bieniawski, 1965; Cotterell, 1972; Swedlow, 1976; Jaeger and Cook, 1979; Nemat-Nasser 

and Horii, 1982; Ingraffea, 1983; Woo and Chow, 1984; Margolin, 1984). If the relative movement 

between the crack surfaces is able to overcome the fridional resisting force and to generate sufficient 

tensile stress at the crack tip so as to overcome the inherent tensile strength of the rock and any 

compressive stress at the crack tip, the crack extension occurs at the crack tip (Cotterell, 1972; 

Swedlow, 1976; Jaeger and Cook, 1979; Nemat-Nasser and Horii, 1982). 

If the compressive stress is large, the crack surfaces may be locked in place in spite of large 

shear stress (Margolin, 1984). Due to unevenness of the crack surfaces the stress distribution along 

the crack is not uniform. Tensile fractures form at points where the crack surface is relatively free to 
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move (Hoek and Bieniawski, 1965). In all biaxial tests carried out by Hoek and Bieniawski (1965), 

these short tensile cracks form at regular intervals over a fairly wide range of applied stresses. The 

tensile crack nearest to the original crack tip starts propagating and other cracks cease to grow. 

Cotterell (1972) has observed in uniaxial compression tests also that the fracture initiates at or 

very near to the tip of an elliptical hole (original crack) when'the hole is oriented at less than 47° 

to the applied load. When the angle is larger, the fracture initiates at several tip radii away from 

the tip of the elliptical crack. A similar result is obtained by Ingraffea (1983) in experiments with 

Indian limestone and in numerical simulations of an elliptical notch in an uniaxial stress field. 

In uniaxial compression tests (Hoek and Bieniawski, 1965; Cotterell, 1972; Woo and Chow, 

1984), fracture propagation starts suddenly at one end of the original inclined crack. A mirror 

image crack forms at the other end of the initial crack after a delay of few seconds. 

Swedlow (1976) has neglected the negative value of Kr at the crack tip from a compressive 

stress field as it indicates merging of material adjacent to the crack surfaces. The mode II stress 

intensity factor at the crack tip is given by -

where, 

KII = u...;;a(sin f3 cos f3 -I' sin2 (3) 

u = remotely applied load 

a = half of original crack length 

f3 = angle of inclination of crack face from the remote loading direction 

I' = coefficient of friction. 

(6.49) 

Woo and Chow (1984) modify this equation to account for the friction force completely resisting 

the sliding motion in some cases. Equation (6.49) is valid only if-

(6.50) 

or, cot2 f3 > 1'. (6.51) 

If cot2 f3 < 1', the sliding motion is completely impeded and KII is equal to zero. 

Nemat-Nasser and Horii (1982) also neglect Kr. Substituting Kr equal to zero in equation (6.49), 

the tangential stress near the crack tip is -
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U9 = - ~~;~ sm (~) COS
2 (~) • (6.52) 

The propagation direction of the crack, from U'max theory, is () = -70.5°. 

Crack propagation in the compressive stress field is stable, that is, more stress is required 

to propagate these cracks after mitiation (Hoek and Bieniawski, 1965; Cotterell, 1972; Jaeger and 

Cook, 1979; IngrafTea, 1983). Stable crack propagation is observed for both uniaxial and biaxial 

tests. Experiments (Jaeger and Cook, 1979; Nemat-Nasser and Horli, 1982) have shown that the 

cracks, after mitiation, tend to run parallel to the direction of the major principal stress. 

In the present problem, the load is not applied at mfinity from the crack. The gaseous 

products m the radial cracks produce the loading for the model. The extent of the pressurized part 

of the model increases with the propagation of the radial cracks although the pressure in the cracks 

decreases contmuously. Therefore, the loading condition changes with time. It is expected that the 

propagating tensile cracks, subjected to this changing loading conditions, change the propagation 

directions of the cracks almost constantly, giving curvilinear fracture paths. 

In this study, if the calculated value of K I is negative, the crack propagation direction is 

taken as ±70.5° dependmg on the sign of KII. A new orientation of the propagation direction need 

to be calculated after each length mcrement. 

CQUAD8 elements are used to model the tensile cracks. Each surface of a tensile crack 

comprises one edge each of two CQUAD8 elements. The NASTRAN program calculates the stresses 

at the corner nodes of CQUAD8 elements. The principal stresses at the nodes of the crack faces 

along with the stresses at the centroid of each element are used to determine whether the crack can 

propagate in mode II. 

As, 

Figure 6.19 shows a general crack configuration along with the principal stresses. 

The crack surface can slide if -

N· = N cos(i + 0) + Ssin(i + 0) 

(6.53) 
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Figure 6.19 : General crack configuration along with the principal stresses. 
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s· = S C08(i + 0) - N sin(i + 0), (6.54) 

Equation (6.53) can be modified to 

N> S 
- tan( q, + i + 0) 

where, N, S = applied stresses 

N· = normal stress 

S· = shear stress 

q, = angle of internal friction 

i = inclination of N from y-axis 

o = orientation of the crack surface with respect to the coordinate axes. 

6.2.5 Length Increment for Each Crack 

The length increment by which each crack is enlarged in sequential finite element models 

is decided arbitrarily. The new direction of propagation of each crack is calculated from equation 

(6.39). Each crack is incremented in its respective new orientation by a fixed length. Schatz et al. 

(1987a) have carried out sensitivity analysis of the length increment on propagation direction of the 

radial cracks using a displacement discontinuity model. Accepting the fact that the displacement 

discontinuity method is inaccurate in the vicinity of the crack tip, they have concluded that a length 

increment equal to the hole diameter should be the upper limit. Ingraffea and Heuze (1980) have 

adopted an iterative technique to determine the crack increment length. The scheme numerically 

equates the rate of energy absorbed by a given material R with the rate of energy released G 

by the structural configuration per unit crack extension. This approach is used to determine the 

incremental crack length .6a for two cracks started from a notch under uniaxial compressive stress. 

R is independent of .6a. G depends on .6a. Therefore, G is calculated for different trial incremental 

lengths. Although this is a more rational approach, it is also computation intensive, as is the scheme 

described by Schatz et al. (1987a). In this study, a length increment of 2.5 times the hole diameter 

is used. This reduces the calculation and allows to observe longer crack propagation from the 

pressurized hole in a relatively shorter time, at the expense of the fine details of deviation of crack 

path. This approach conforms with the approach taken by Ingraffea (1979) to reduce the number 

of computer runs. 
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6.2.6 Loading Conditions 

The extent and the characteristics of the preBSure distribution along the radial crack surfaces 

from the gaseous products are not known (Fourney et aI., 1984c). Model tests with PETN in 

Homalite using water-ink mixture (Fourney et aI., 1984c) show the front of the mixture propagates 

at 80 % of the crack propagation velocity. The shape of this fluid front is very irregular and is not 

very repeatable from test to test. The authors recognize thet the results are preliminary and that 

the flow of explosive gases inside the radial cracks would be different. There are no experimental 

observations in the field to confirm these results. 

Ouchterlony (1974) and Hanson et al. (1984, 1985) have shown that the cracks cannot be 

preBSurized completely if multiple crack extension is to take place. Therefore, in this study, the 

cracks are not preBSurized up to their tips. 

In the quasi-static phase of the input pulse, the rate of preBSurization is low. Therefore, 

the gas preBSure inside the cracks should be almost equal to the preBSure inside the hole. In this 

study, the preBSure inside cracks is usually aBSumed equal to the preBSure inside the hole. As an 

alternative, a linear preBSure profile in the cracks is assumed, with the pressure near the hole equal 

to the borehole pressure. At the instant of calculation, the gases in the cracks and in the hole are in 

equilibrium, as shown in Figure 6.13. With the increase in crack length, the pressure in the system 

is reduced, aBSuming isothermal expansion of the gases, following the equation -

where, 

PV = RT = Constant 

R = universal gas constant 

T = temperature 

P = preBSure 

V = volume. 

(6.55) 

Swenson and Taylor (1982) conclude that aBSuming the pressure inside the radial cracks to 

be a fraction or equal to the borehole pressure overpredicts the crack length as the actual preBSure 

distribution, in their opinion, has higher pressure near the hole and continuously decreasing preBSure 

along the crack surfaces. They recommend a coupled structural-gas flow model. Schatz et al. 

(1987a) and Hanson et al. (1984, 1985) adopt a coupled fracture extension and fluid flow model 

to analyze the propagation of radial cracks under the action of gases from propellant. They both 
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semi-analytical numerical and displacement discontinuity methods. Shaffer et al. (1987a, 1987b) 

have developed a coupled fracture extension and fluid flow model using the finite element method. In 

all these models, fluid flow in the fractures is calculated from the conservation of mass, momentum, 

and energy. Production of gases in the hole is calculated using a propellant burn model. Some 

of these models allow fluid I06S into the rock medium. The finite element model of Shaffer et al 

(1987a, 1987b) is computationaly intensive and requires a supercomputer even for relatively simple 

problems. 

Pressure in the radial cracks may drop (Schatz et aI., 19870.) due to -

a) leakage of explosive gases into the rock mass, and 

b) cooling of the explosive gases. 

Due to the low ratio of gas volume to surface area, cooling of gases occurs more rapidly in the 

radial cracks than in the hole. Schatz et aI. (1987a), Nilson et al. (1985), and Hanson et aI. 

(1983, 1984) have calculated the fluid flow along the fractures. Seepage of gases in the rock mass is 

calculated from the permeability of the rock mass. They assume straight crack surfacee. Numerical 

simulations of Louis et al. (1986), Louis and Guinea (1987), Meakin (1988), and Paterson (1988) 

show that the crack surface may show fractal characteristics, i.e., small cracks forming from the 

large crack surfaces. Therefore, preferential flow paths may exist. 

It is beyond the scope of this study to investigate aspects of fluid flow inside the radial 

cracks and account for them. It is felt that a simplified approach is necessary due to lack of 

experimental data in bench blasting. None of the above mentioned models are used because of the 

two reasons. First, these computer codes are not available commercially. It generally takes a long 

time to develop a code of such complexity and validate the results from known examples. Second, it 

has been observed in this study (explained in detail in Section 6.2.5 and 6.3) that concentrations of 

tensile stresses occur in between the radial cracks. These areas are potential sites for tensile crack 

formation. New sites develop at each length increment of the radial cracks. These cracks need to 

be modeled at each step. The requirement of additional crack modeling increases the complexity of 

the problem several fold. The model developed by Schatz et aI. (1987a) and Hanson et al. (1983, 

1984, 1985) does not take this account. It is not known whether the finite element model of Shaffer 

et a1. (1987a, 1987b) has this capability. 

In this study, a number of loading configurations for each crack size have been analyzed. 

Length of pressurized part of each crack is decided following the experimental results of Fourney et 
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al. (1984c). This process is repeated at every crack size. Utilization of the experimental observations 

uncouples the fluid flow into the fractures and their propagation. This simplifies the computation 

considerably. Loading configurations for each crack size analyzed are given below -

Case 1 : Radial crack length of 0.4 m with all cracks pressurized up to 0.2 m from the hole, at a 

pressure 1000 MPa. 

Case 2 : Radial crack length of 0.4 m with unpressurized cracks. Pressure in the hole is 1000 MPa. 

Case 3 : Radial crack length of 0.4 m with all cracks pressurized up to 0.2 m from the hole with 

0.1 m crushed zone around the hole. Young's modulus of crushed zone is one-tenth of that 

of intact rock with Poisson's ratio equal to 0.33. Pressure is 1000 MPa. 

Case 4 : Radial crack length of 0.4 m with all cracks pressurized and with a 0.1 m crushed zone 

around the hole. Young's modulus of crushed zone is one-tenth of that of intact rock with 

Poisson's ratio equal to 0.33. Pressure in the hole is 1000 MPa. 

Case 5 : Radial crack length of 0.9 m with first set of eight tensile cracks. All radial cracks are 

pressurized up to 0.4 m from the hole. Pressure is 750 MPa. 

Case 6: Radial crack length of 0.9 m with first set of eight tensile cracks. All cracks are unpressurized. 

Pressure in the hole is 750 MPa. 

Case 7 : Radial crack length of 0.9 m with first set of eight tensile cracks. Radial cracks 1 and 2 are 

pressurized up to 0.5 m, crack 3 up to 0.4 m, and cracks 4 and 5 up to 0.3 m. Pressure is 

750 MPa. 

Case 8 : Radial crack length of 0.9 m with first set of eight tensile cracks. Radial cracks 1 and 2 are 

pressurized up to 0.6 m, crack 3 up to 0.5 m, and cracks 4 and 5 up to 0.3 m. Pressure is 

750 MPa. 

Case 9 : Radial crack length of 0.9 m with first set of eight tensile cracks. All radial cracks are 

pressurized up to 0.5 m with linearly varying gas pressure. Gas pressure in the cracks at 

the hole wall is 750 MPa. 

Case 10 : Radial crack length of 0.9 m with second set of eight tensile cracks. All radial cracks 

are pressurized up to 0.5 m. Tensile cracks 1 through 7 are also pressurized up to about 

midlength. Tensile crack 8 is unpressurized. Pressure in the hole and in the cracks is 

750 MPa. 

Case 11 : Radial crack length of 0.9 m with second set of eight tensile cracks. All radial and tensile 

cracks are unpressurized. Pressure in the hole is 750 MPa. 
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Case 12 : Radial crack length of 0.9 m with second set of eight tensile cracks. All radial cracks are 

pressurized up to 0.6 m. All te~J.sile cracks are unpressurized. Pressure in the hole and in 

the cracks is 750 MPa. 

Case 13 : Radial crack length of 0.9 m with second set of eight tensile cracks. All radial cracks 

are preBBurized up to 0.5 m with linearly varying gas preBBure. Tensile cracks 1 through 7 

are also linearly pressurized up to about midlength. Tensile crack 8 is unpreBBurized. Gas 

pressure in the cracks at the hole wall is 750 MPa. 

Case 14 : Radial crack length of 0.9 m with second set of eight tensile cracks. Cracks 1 and 2 

are 0.6 m, crack 3 is 0.3 m, and cracks 4 and 5 are 0.4 m. Tensile cracks I, 2, and 3 are 

pressurized up to 55 % of their lengths. PreBBure in the hole and in the cracks is 750 MPa. 

Case 15 : Radial crack length of 0.9 m with second set of eight tensile cracks. Cracks 1 and 2 are 

pressurized up to 0.4 m, crack 3 and 4 up to 0.6 m, and crack 5 up to 0.5 m. Tensile cracks 

4, 5, and 6 are preBBurized up to 66 % of their lengths. Tensile crack 7 is pressurized up to 

55 % of its length. PreBBure in the hole and in the cracks is 750 MPa. 

6.2.7 Different Failure Modes of Rock in the Burden Region 

Distribution of principal streBBes in the burden region from the results of the finite element 

analysis of the pressurized hole with eight radial cracks show (in Section 6.3)three types of streBB 

combinations -

i) both principal streBBes are tensile, 

ii) both principal streBBes are compressive, 

iii) major principal stress 0'1 is compressive and minor principal stress 0'3 is tensile. 

Both 0'1 and 0'3 are tensile very near to some of the tensile cracks (in loading cases 5 through 

15). It is expected that new tensile fractures can form if the stresses exceed the tensile strength. 

The direction of the fracture should be normal to the direction of the stress. Both 0'1 and 0'3 are 

compreBBive in the region very close to the hole. This region occupies a very small area compared 

to the total burden region. In the rest of the burden, 0'1 is compreBBive and 0'3 is tensile. Large 

tensile 0'3 occurs close to the radial crack tips. Numerous tensile fractures form at these regions. 

The objective of the following discussion is to predict the formation of new fractures in the finite 

element analysis in Section 6.3 and their distribution in the failed region. 
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Coulomb's shear strength criterion (Brady and Brown, 1985, pp. 106-108) is used to predict 

the failure of rock in the burden region. Coulomb's shear strength criterion predicts that a shear 

fracture forms if the shear stress on a plane equals or exceeds the shear strength, given in terms 

of-

where, c = cohesion 

4> = angle of internal friction 

T = shear stress 

S = shear strength 

(1'n = normal stress. 

s = c+ (1'n tan 4> (6.56) 

Coulomb's or any other failure criterion predicts the formation and the orientation of the 

fracture plane but it does not say anything about the fracture length. Failure criteria can be used 

to predict failure at a number of points in the rock mass subjected to a certain stress field. They do 

not provide any information on discrete fracture formation in the entire rock mass. The number of 

fractures larger than a certain size, their orientation and location remain unknown. At many points 

in the burden region, (1'1 is compressive and (1'3 is tensile. A Mohr circle plot at some of these points 

shows the possibility of both shear and tensile failures. In reality, only one failure mode, generally 

the tensile failure, takes place. 

The failure criteria only predict the formation of the ultimate fracture plane. Experimental 

observations on laboratory samples (Jaeger and Cook, 1979; Scholz, 1968; Yanagidani et aI., 1985; 

Hirata et aI., 1987) show that several microfractures form before any failure at macroscale takes 

place. The microfractures are either observed in sections cut through the specimens or indirectly 

through locating the sources of acoustic emissions. 

Jaeger and Cook (1979, pp. 93-94) have described the fracturing process in argillaceous 

quartzite rock in triaxial compression tests in a stiff-testing machine. First visible structural damage 

appears as microcracks when the axial stress is about 60% of the compressive strength. Microcracks 

are about 300pm long and 3 pm width. The microcracks form randomly and they concentrate in 

the central part of the specimens with their long axis perpendicular to the maximum tensile stress. 

With an increase in stress, the number of microcracks increases rapidly and the fractures coalesce 
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along a plane through the central part of the specimen. A macroscopic fracture plane develops when 

the applied stress reaches the peale This fracture plane forms at the central part of the specimen 

and grows towards the edges of the specimens. In the post-peak region, the fracture plane extends 

up to both edges of the specimen and relative movement takes place along with a rapid drop of 

resistance to load. 

Scholz (1968) has measured the location of acoustic emission signals emitted from a 

specimen 100 mm long and having a diameter of 25 mm under uniaxial compression. Up to 95 % of 

the compressive strength, cumulative frequency of microfracturing is almost a normal distribution. 

This implies that each emission is a random event. 

Yanagidani et al. (1985) have measured 3933 hypocenters of acoustic emission (AE) due to 

microfracturing in uniaxial compression in Oshima granite. In the loading stage, the hypocenters 

of AE events are distributed randomly except near the vicinity of both ends. As soon as the stress 

is held constant at 83 % of the average short term strength, AE events start clustering and begin 

to occur on the curved surface of the specimen. Migration and clustering of AE hypocenters are 

limited to three clusters at the end of primary creep. During secondary creep, activity in one 

cluster increases continuously while at other clusters activity decreases gradually. At the tertiary 

creep stage, AE events occur mainly in the surviving cluster. 

Hirata et al. (1987) have ·carried out a constant stress experiment under biaxial stress in 

Oshima granite to determine the spatial distribution of the micro fractures. 2064 hypocenters of AE 

events are located to an accuracy of ±2 mm. The specimen is loaded at a confining stress of 40 MPa 

with 547 MPa of differential stress (about 85 % of the rock strength). The correlation integral C(r) 

for the hypocenter distribution has been calculated in three dimensions. C(r) is defined as -

2 
CCr) = N (N _ 1) Nr (R < r) (6.57) 

where, Nr(R < r) = number of pairs with a distance R smaller than r 

N = 353, 273 and 1438 for primary, secondary and tertiary creeps. 

A plot of the correlation integral versus distance shows that the variations are linear. This 

means that the spatial distributions of AE hypocenters have fractal structures. Estimated fractal 

dimensions are 2.75, 2.66, and 2.55 for primary, secondary, and tertiary creep stages respectively. 

A fractal dimension less than 3 indicates c1usterization of microcracks with a self-similar structure. 
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Since the dimension of a planar section of a fractal set of dimension D is (D - 1), the fractal 

dimension of a planar section of microfracturing is between 1.75 to 1.25. This roughly corresponds 

to the fractal dimension of earthquake epicenters occurring within a plate. Hirata et aI. (1987) 

have concluded that "fracturing of rocks is a scale-invariant process from the macroscopic level 

of earthquakes, at least small-scale earthquakes which do not fmcture the entire crust, to the 

microscopic level of microfracturing." Hence, the characteristics of the fracturing process observed 

in the laboratory experiments can be expected in field. Numerous microfractures migrate to form 

a few clusters and ultimately the fracture planes. 

Orientation of these microfractures in a direction perpendicular to the maximum tensile 

stress suggests tensile failure as a probable cause (Jaeger and Cook, 1979; Farmer, 1983) even when 

the rock is under compressive load. These fractures do not show any evidence of displacement 

in the fracture plane. The ultimate fracture plane (macrofracture) forms by the coalescense of 

these very small tensile cracks. When one fracture plane develops, stress in the neighborhood 

of this crack is released (decrease in AE activity in neighboring clusters in the experiments of 

Yanagidani et aI., 1985). Therefore, a large area of the rock mass having the potential for tensile 

failure is not completely shattered. Instead a few large tensile fractures form with many relatively 

small cracks (sites which cease to grow due to formation of a large crack nearby) dispersed all 

around. Nolen-Hoeksema and Gordon (1987) have observed this phenomena in opening mode 

fracture propagation in marble. A number of small microcracks form ahead of the crack tip much 

before the ultimate failure load. More microcracks form with increasing the applied load. At the 

ultimate failure load, the fracture plane forms by the coalescence of some of the microfracture sites. 

Rest of the microfracture sites remain dispersed around the ultimate fracture plane. 

It is not possible to predict the exact locations of the fracture plane and the remaining 

microcrack clusters. It may be reasonable to assume that the number of microcracks forming at 

any element of the finite element mesh is directly proportional to the magnitude of the tensile stress 

in that element. Therefore, it is hypothesized that the microcrack clusters coalesce to form fracture 

plane at the location where the magnitude of the tensile stress is maximum or very close to it. 

Other microfracture clusters, formed simultaneously, remain dispersed around the fracture planes. 
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6.3 Distribution of Principal Stresses Close to the Hole 

The principal stresses and their orienta.tions are calculated at the centroid of each element 

for each analysis of the model with eight radial cracks. The stress distribution shows definite 

characteristics close to the hole, in the region between the radial cracks and beyond the radial 

cracks. This stress pattern clearly sets apart this model from the analytical solution of a pressurized 

hole in an infinite medium and the numerical results from a model without radial cracks (Chapter 

Five, Porter, 1971; Bhandari, 1975). Both major and minor principal stresses cloiie to the hole show 

the effect of the circumferential displacement discontinuity produced by the radial cracks. Crack 

pressurization by the explosive gases distort the stress field further. Only at large distance from 

this region, the calculated principal stresses are little different from those predicted by the no crack 

model. The principal stresses close to the hole and the cracks are not equal in magnitude. They do . 
not decrease continuously with the distance from the hole boundary. Principal stresses are generally 

compressive near the hole. Near the radial crack tips, minor principal stress is tensile and has very 

large magnitude. New fractures can form in these regions. The results from the model with eight 

radial cracks are discussed below for each crack configuration and each loading condition. 

6.3.1 Eight Radial Cracks (Length 0.4 m) - Both Pressurized and Unpressurized -
Loading Cases 1 and 2 

In this configuration, one radial crack is normal to the free face. Other cracks are 45° apart. 

Each crack is straight and extends 0.4 m from the hole boundary. All the cracks are pressurized up 

to 0.2 m from the hole wall at a uniform pressure of 1000 MPa in loading case 1. When the cracks 

are un pressurized (loading case 2), the gases remain within the hole. 

The principal stresses at different points in the burden region up to one burden distance 

at the side are plotted in Figures 6.20 and 6.21 for loading cases 1 and 2 respectively. The stresses 

are normalized by the pressure applied at the hole wall. The normalized stresses from the no crack 

model, given by equations (5.4) and (5.5), are plotted as solid lines in Figures 6.20 and 6.21. These 

figures show the characteristics of the principal stress distribution around the hole given by the 

model with eight radial cracks connected to the pressurized hole. The characteristics of the stress 

distribution is shown in Figure 6.22. The radial cracks shift the stress concentration away from the 

hole boundary. Tensile stress concentrates in areas close to the radial crack tips. These areas can 



0 · G'2 

Ia 
W 
0 

IIlW 
(I) 
Ill." 
III • 
(U-
s;.. 
....,0 rn..: -asia Q.o •• 
go = . ·.0 ... "Ia · 't1 0 
(I)' 
NO 
••• --as' 
S~ ... -O· 
zC! 

C\I 

• Ia · C\I 

c!-· ~ 

• 

• 

+ 
+ 
+ 

+ 

0.0 

Hole Diameter = 1000 mm 

Hole Di.meter = 200 m 

• = lI~or Principal Stress 
+ = III nor Prlncfpal StreBB 

Free Face 

.:1 
o 3.0 7 

(m) 

1.0 2.0 3.0 4.0 6.0 8.0 7.0 8.0 9.0 10.0 
Distance from hole center (meter) 

Iii Iii iii i i 
0.0 10.0 20.0 SO.O 40.0 00.0 80.0 70.0 80.0 00.0 100.0 

Normalized Distance ria 

262 

Figure 6.20 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.4 m) in loading case 1 - radial cracks pressurized up to midlength. 
Stresses are calculated in the shaded region shown in inset. Solid lines are stresses 
in an infinite medium for hole diameters 200 mm and 1000 mm using equations (5.4) 
and (5.5). 
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Figure 6.21 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 004 m) in loading case 2 - radial cracks are unpressurized. Stresses 
are calculated in the shaded region shown in inset. Solid lines are stresses in an infinite 
medium for hole diameters 200 nun and 1000 nun using equations (504) and (5.5). 
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become the potential sites for new tensile cracks, referred by Ingraffea (1979) as secondary fractures 

formation. 

Both principal stresses are compressive very close to the hole. The size and the shape of this 

compressive zone is dependent on the extent of the gas pressurization inside the radial cracks. When 

the cracks are unpressurized, a zone of about one hole radius thick experiences biaxial compression 

(both 0'1 and 0'3 are compressive). In the area equidistant from two radial cracks, this compressive 

zone extends up to two hole radii. When the radial cracks are pressurized up to a length twice the 

hole radii, a biaxial compression zone forms up to three hole radii from the hole boundary. Within 

this compressive zone, the magnitudes of both 0'1 and 0'3 decrease away from the hole. Magnitudes 

of 0'1 and 0'3 are not axisymmetric with the hole axis. This non-axisymmetric stress distribution 

around the hole for loading cases 1 and 2 is shown in Figures 6.23 and 6.26. The points at which 0'1 

and 0'3 are calculated lie on the dotted lines. The plotted points represent the magnitudes of 0'1 and 

0'3. The intersection of the line joining the plotted point and the hole center with the corresponding 

dotted line is the location of the point where the stresses have been calculated. The magnitudes of 

0'1 and 0'3 at any point are proportional to the distance of the plotted point from the corresponding 

location on the dotted line. Compressive stress vectors are plotted away from the hole. Tensile 

stress vector is plotted towards the hole. Both figures show that the stress distribution outside the 

radially cracked zone slowly becomes more or less symmetric around the hole. Within the radially 

cracked zone, principal stresses are greatly different at points equidistant from the hole center. 

These figures also show that the stresses around the crack tips are not same and consequently, the 

crack tips have different stress intensity factors. Therefore, each propagating crack deviates from 

its own plane by a different amount. When the radial cracks are unpressurized, the stresses in 

the burden decrease considerably. The pattern of stress distribution close to the radial crack tip 

remains almost the same. When the cracks are unpressurized, the peak of 0'1 occurs in the middle 

of the region in between two radial cracks and decreases gradually towards the radial cracks. 0'3 

shows a similar trend. When the cracks are pressurized, 0'1 is maximum near one crack in the region 

close to the hole. It decreases towards the middle of the region. At many points, 0'1 exceeds the 

applied pressure. The magnitude of 0'3 is close to the applied pressure. Near the hole boundary, 0'3 

is maximum near one of the radial cracks and minimum at the middle. Away from the hole, 0'3 is 

maximum in the middle and minimum near one of the cracks. 
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Figure 6.23 : Distribution of normalized major principal stress in loading case 1 at points equidis
tant from the holes. Dotted lines show the distance from the hole. Compressive 
stress is plotted away from the hole center. Tensile stress is plotted towards the hole. 
Unsymmetrical stress around the hole created by the radial cracks smooths out to a 
symmetrical distribution within one crack length beyond the cracked zone. 
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Figure 6.24 : Distribution of normalized minor principal stress in loading case 1 at points equidis
tant from the holes. Dotted lines show the distance from the hole. Compressive 
stress is plotted away from the hole center. Tensile stress is plotted towards the hole. 
Unsymmetrical stress around the hole created by the radial cracks smooths out to a 
symmetrical distribution within one craek length beyond the cracked zone. 
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Figure 6.25: Distribution of normalized major principal stress in loading case 2 at points equidistant 
from the holes. Dotted lines show the distance from the hole. Tensile stress is plotted 
towards the hole. Compressive stress is plotted away from the hole. Unsymmetrical 
stress around the hole smooths out to a symmetrical distribution less than one crack 
length beyond the cracked zone. 
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Figure 6.26: Distribution of normalized minor principal stress in loading case 2 at points equidistant 
from the holes. Dotted lines show the distance from the hole. Tensile stress is plotted 
towards the hole. Compressive stress is plotted away from the hole. Unsymmetrical 
stress around the hole smooths out to a symmetrical distribution less than one crack 
length beyond the cracked zone. 
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Beyond the compressive zone, 0'3 becomes tensile but 0'1 remains compressive. The 

magnitude of 0'3 increases initially with distance from the hole boundary. Maximum 0'3 occurs 

near the radial crack tips. Thereafter, it decreases gradually. 0'1 decreases gradually away from the 

hole boundary. The streas distribution around the radial cracks are described in Section 6.3.1.1. 

Formation of new discrete tensile fractures is described in Section 6.3.1.2. 

Comparison of the results with the pressurized and the unpressurized radial cracks shows 

the effect of crack face pressurization on the stress distribution in the burden region. Pressurized 

cracks increase the stresses in the burden and increase the tensile stress concentration near the 

crack tips. Consequently, fracturing increases around the hole. 

6.3.1.1 Stress Distribution Around the Radial Cracks. Distribution of principal 

stresses near the crack surfaces is almost identical for each radial crack except near the crack 

tips. The stress distribution around the tip controls the propagation direction of each crack. 

Both 0'1 and 0'3 are compressive close to the hole. 0'1 is about 262 % and 64 % of the applied 

pressure for partially preBBurized and unpreBBurized cracks respectively. Corresponding values of 

0'3 are 91 % and 1 % respectively. 0'1 gradually decreases towards the crack tip for both loading 

conditions. 0'3 is extremely small (less than 1 % of the applied pressure) along a crack without gas 

preBBure. If explosive gases into the cracks, 0'3 is tensile in between the crack tip and the preBBurized 

zone. 

Radial cracks 1 and 5 (Figure 6.13), by design, propagate in mode I. Therefore, the streBB 

distributions around the crack tips are symmetric with the centerline of the cracks. Radial cracks 

2, 3, and 4 are allowed to propagate in mixed mode. When the cracks are unpressurized, 0'3 is 

marginally compreBBive in the side of region 1 (in between radial cracks 1 and 2) of crack 2 and 

marginally tensile in the side of region 2 (in between radial cracks 2 and 3). 0'1 is compreBBive 

at both sides of the crack and is slightly higher in region 1 side. When the cracks are partially 

preBBurized,0'3 is tensile at both sides of crack 2 but is slightly higher in region 2. Again, compressive 

0'1 is higher in region 1 side. This streBB distribution at both sides of radial crack 2 forces it to 

reorient its propagation direction towards region 2, i.e., away from the free face. Similarly, the 

stress distribution around radial crack 4 (almost an mirror image of the stress distribution around 

radial crack 2) reorients it towards the free face. Stress distribution around crack 3 show almost 

pure mode I propagation as the calculated deviation is leBB than a degree. Therefore, in the next 

analysis radial crack 3 is modeled as a straight line. 
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6.3.1.2 Stress Distribution in Between the Radial Cracks. In this zone, 0'1 is 

always compressive and 0'3 is tensile everywhere except close to the hole. The tensile stress 0'3 

is much larger than the tensile strength of any rock when the cracks are partially pressurized, 

especially in the area in between two radial crack tips. Therefore, it is certain that tensile failure 

takes place in this region. Figures 6.20 through 6.26 show the tensile regions from loading cases 

1 and 2. A number of tensile fractures or cracko form in this region. Delaney et aI. (1986) have 

observed joint formation due to intrusion of dikes on the Colorado Plateau. These closely spaced 

joints occur only near the dikes. Spacing of these joints increases with increasing distance from the 

joint contacts. Propagation of a magma filled dike is similar to the propagation of a radial crack 

completely pressurized. Although the radial cracks are never pressurized completely in blasting, 

results in Section 5.3 show similar general characteristics of the stress distribution. Delaney et aI. 

(1986) have concluded that the joints have formed as tensile fractures during propagation of the 

dykes. This conclusion confirms the observation of tensile cracks in the numerical simulations of 

this study. Although a large region shows the potential for tensile failure, not every point of the 

rock mass in this region fails in tension. When a tensile fracture forms it relieves the energy in 

the surrounding rock, as observed in the experiments of Yanagidani et aI. (1985). Rock in this 

strain-relieved zone remains intact, at least in the macroscopic sense. 

These tensile fractures can grow long if sufficient stress is generated by the radial cracks. 

Some of these fractures can extend up to a radial crack and receive some pressurized gases. This 

increases the stress field around the tensile cracks and produces further breakage. This process can 

ultimately break up the wedge shaped rock mass in between the radial cracks. 

The above hypothesis provides an explanation for the absence of wedge-shaped fragments 

in the blasted fragments. The 'gas pressure theory' as proposed by Langefors and Kihlstrom 

(1978), Porter (1971), Porter and Fairhurst (1971), Johansson and Persson (1970) and Persson 

et al. (1970), does not provide any explanation for this absence. As discussed in Section 4.2.4, the 

'beam bending or flexural rupture theory' of Ash (1973) and Smith (1976) does not explain the 

absence of pie-shaped fragments in the muck pile. 

Bhandari (1975, 1979) has concluded from the results of model size blasts in concrete and 

granite that the reflected stress wave helps in breaking the pie shaped blocks. The reflected tensile 

wave produces micro fractures throughout the burden region. The presence of these microcracks 

forces the propagating radial cracks to bifurcate. These radial cracks also bifurcate after attaining 
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the critical velocity of the medium (Rayleigh wave propagation velocity). These bifurcated radial 

cracks break the pie-shaped blocks in blasting. There are several weakness with these experiments 

and subsequent conclusions. The experiments have been conducted in very small blocks using very 

small holes (mostly 6.4 mm diameter). Burden for the hole is 3 to 8 times the hole diameter which 

is too small compared to field blasting practices (Chapter Three). Each hole is charged with PETN 

with specific charge from 16 to 13 kg/m3 , more than one order of magnitudc~ higher than used in 

field. Therefore, the experiments have a large bias towards the stress wave induced fracturing. As 

the stress wave decays proportional to the actual distance of travel, not the scaled distance, the role 

of the stress wave in regular blasting should be drastically smaller compared to that observed in 

these experiments. The observed propagation velocity of the radial cracks is far below the Rayleigh 

wave velocity (Barker et al" 1979; Holloway et aI., 1980). Therefore, crack bifurcation due to 

high crack velocity is an unlikely phenomenon in regular blasting. It is also doubtful whether 

the bifurcation of macrocracks (radial cracks) is possible by the microcracks formed by the tensile 

reflected wave. As all of these microcracks are almost parallel to the free face, the 'preferred' 

fracture bifurcation, direction, if any, should be almost parallel to the free face. With repeated 

bifurcation the radial cracks may not have sufficient energy to reach the free face. Moreover, the 

density of these microcracks should be maximum close to the free face with the minimum near 

the hole. Therefore, more bifurcation is expected near the free face with very little near the hole. 

Experimental results of Bhandari (1975, 1979) contradict these conclusions. Therefore, radial crack 

bifurcation as the explanation for the absence of pie-shaped fragments in the blasted muckpile does 

not have much merit. 

It is not possible to predict accurately the number and the locations of the tensile fractures 

in between two radial cracks. Conceptually, these tensile fractures may be the clusters of acoustic 

emission events, as observed in the experiments of Yanagidani et aI. (1985), which grow relatively 

large to form a macro crack. Two conflicting criteria have to be satisfied in modeling these tensile 

fractures in the finite element model. On the one hand, the total number of the tensile fractures 

modeled should not be unrealistically low which, once again, is defined very qualitatively. On 

the other hand, addition of one tensile crack into the model increases the number of nodal points 

and elements. Consequently, every new fracture increases the model developing time as well as 

the computation time. It also complicates the finite element mesh and the analysis of the results 
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obtained. There should also be some small size cracks which have not grown that large. Extending 

the conclusions of Hirata et al. (1987) the distribution of these tensile fractures should be fractal. 

It is also difficult to predict the exact length and orientation of the tensile cracks in the 

high tensile zones. In this study, two possible configurations are developed. In the first model, 

the tensile fractures do not grow up sufficiently to intersect a radial crack. They are placed some 

distance away from the radial cracks and are oriented normal to the general tensile stress orientation 

at that location. Figure 6.27 f,lhows the details of all the tensile cracks. In this study, the tip of each 

tensile crack closer to the free face is designated as A. The other tip is called B. This nomenclature 

is shown in Figure 6.27 and is followed in all subsequent discussion. All the tensile cracks intersect 

a radial crack in the second configuration except one in between radial cracks 4 and 5. They are 

shown in Figure 6.28. Loading cases 5 through 9 have been used with the first configuration of the 

cracks. The second configuration is analyzed with loading cases 10 through 15. 

Formation of Tensile Cracks in Region Between Radial Cracks 1 and 2 

In this region two areas show concentration of high tensile 0'3 (Figure 6.22). One forms close 

to the tip of radial crack 1, another occurs close to the tip of radial crack 2. At a distance of about 

1.5 hole radii ahead of the tip of radial crack 1, tensile 0'3 peaks at 188 MPa (19 % of the applied 

pressure) when the cracks are unpressurized. Partially pressurizing the radial cracks increases the 

tensile 0'3 to 707 MPa (71 % of the applied pressure). Adjoining elements also experience large 

tensile stress. Both 0'1 and 0'3 are compreBSive along the crack surface. Results from the stress 

intensity factor calculation show that radial crack 1 propagates straight ahead in mode I. This 

self-similar propagation only changes the size of radial crack 1. Its shape remains the same (Sih 

and Chen, 1977). In terms of a moving coordinate system placed at the crack tip, the stress 

pattern behind it will remain invariant with time. By the time a tensile crack starts forming due 

to coalescense of the individual microcracks, the radial crack may reach this area. The compressive 

stress region behind the radial crack tip may inhibit the formation of any connection between the 

radial crack 1 and the newly formed tensile crack. With the present state of knowledge on discrete 

crack formation, propagation and interaction with another crack, it is not possible to predict the 

exact sequence of events in this area. Thid p06i!ibility is modeled in the second configuration of the 

tensile cracks. Clearly, there is a possibility that the formation of the tensile crack is complete or 
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Figure 6.27 : First set of tensile cracks used with loading cases 5 through 9 when the crack length 
is 0.9 m. Dotted lines represent the tensile cracks. Each tensile crack is referred to in 
the text by the number next to it. These tensile cracks do not intersect any radial 
crack. Close up view of the radial cracks and the tensile cracks in a) is shown in b). 



275 

Free Face 
0 
.0 .. 
11:1 
cO 
n 

0 

~ 

1'~ 
-~ 

a) 

C! .... .... 
it .. , , , 

• :r • , , 
r.t , , , 
C! ." 

.... -r.t 
0.0 1.1 3.0 4.1 8.0 7.1 1.0 

(m) 

to 
CIf 
it 

~ n 
eo) 

11:1 
CII 
vi ., 

b) 
l' 
...... f! 

OJ ., 

~ 
~ -., 

0.0 0.& 1.0 1.1 e.o 
(m) 

Figure 6.28 : Second set of tensile cracks used with loading cases 10 through 15 when the radial 
crack length is 0.9 m. Dotted lines represent the added tensile cracks. Each tensile 
crack is referred to the text by the number next to it. These tensile cracks do not 
intersect any radial crack. Close up view of the radial cracks and the tensile cracks 
in a) is shown in b). 



276 

almost complete before the radial crack reaches this area. As a result, the tensile crack can intersect 

the radial crack. A detailed investigation of the formation of tensile cracks due to coalescence of 

individual microcracks is warranted, especially ofthe mechani::m behind this phenomenon, the rate 

of microcrack coalescense and its dependence on streBB magnitude. 

The exact location, orientation, length, and width of the teD8i1e crack cannot be determined. 

It is assumed that the tensile crack forms at a distance of two element lengths (about 0.1 m) away 

from the radial crack path with a length of about 0.1 m. The closest end of the tensile crack 

(hereafter referred to as tension crack 1) is at O.6m from the hole center. The mean direction of 

0'3 around this point is parallel to the free face (orientation varies from a few degrees clockwise to 

counterclockwise from x-axis). Therefore, tensile crack 1 is oriented 90° from the x-axis, or normal 

to the free face. It is assumed that the width of the tensile crack, i.e., the distance between the two 

crack faces, varies along the crack with maximum separation (2 mm) at the middle. The surfaces 

are smooth and straight from the middle to each crack tip. Tensile cracks 2 through 8 have similar 

geometry. There are some indications (e.g., Louis et aI. 1986; Meakin, 1988; Scholz, 1986; Louis 

and Guinea, 1987) that fracture surfaces are not smooth and show fractal behavior. For want of 

better information on fracture formation, the surfaces are assumed smooth in this analysis. 

A second zone of high concentration of tensile 0'3 develops near radial crack 2. Maximum 

0'3 is 91 % of the applied pressure when the cracks are partially preBDurized. This drops to 25 % if 

there is no gas preBBure in the radial cracks. Although this crack is not propagating in a self-similar 

way, the deviation from its original path is only about 11°. Therefore, it may be possible that 

the compreBSive stress behind the crack tip would also prevail after the crack has propagated a 

short distance. This may inhibit the tensile crack formation in this zone so that the tensile crack 

(hereafter referred to as tensile crack 2) may not have any direct connection with the radial crack to 

receive BOrne explosive gases. Again, it is assumed that the crack will form at two elements (about 

0.1 m) from the path of propagation of radial crack 2 at a distance of 0.6 m from the hole center. Its 

length is also about 0.1 m. Orientation of 0'3 in the neighhoring elements varies around 5° clockwise 

from the x-axis. Therefore, tensile crack 2 is oriented at 85° from x-axis. 

Formation of Tensile Cracks in Region Between Radial Cracks 2 and 3 

In this region also, two areas show concentration of high tensile 0'3 (Figure 6.22). One 

area is close to radial crack 2 and another area forms close to radial crack 3. Near radial crack 
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2, maximum tensile stress occurs at the side of the crack tip. This peak 'Ir'aries from 25 % of the 

applied preBBure for unpressurized cracks to 93 % of the applied preBBure for partially preBBurized 

cracks. Adjoining elements also show high tensile Us. In this case also, there is a pOBBibility that 

radial crack 2 grows faster than the microcracks can coalesce to form a tensile crack. It is decided 

to model a tensile crack, hereafter referred as tensile crack 3, at a distance of approximately 0.5 m 

from the hole center. In the adjoining elements, the minor principal stress Us is oriented about 0.80 

to -0.40 from the direction parallel to the free face. Therefore, tensile crack 3 is oriented 900 from 

this direction. It is given a length of about 0.1 m. 

In the second zone of tensile stress concentration, O's varies from 107% (for the partially 

preBBurized radial cracks) to 28 % (for the unpreBBurized case) of the applied pressure. Following 

the previous argument, tensile crack 4 is modeled at approximately 0.6 m from the hole center. It is 

about 0.1 m in length and is about 0.1 m from radial crack 3. In the adjoining elements, the minor 

principal stress O's is oriented -0.80 to -4.40 from the x-axis. Therefore, tensile crack 4 is oriented 

at 820 (anticlockwise) from the x-axis. 

Formation of Tensile Cracks in Region Between Radial Cracks 3 and 4 

High tensile stress forms also in two zones (Figure 6.22). One zone ahead of the tip of 

radial crack 3. As the elements forming the crack faces show compreBBive principal stresses for 

both loading configurations, tensile crack 5 is modeled at a distance of about 0.1 m from the x-axis. 

Therefore, tensile crack 5 is modeled at 930 from the x-axis and runs through a zone of very large 

tensile streBB. 

The second zone occurs close to radial crack 4. Using a similar argument, tensile crack 6 is 

constructed about 0.1 m from radial crack 4 at 890 from the x-axis. It has a length of about 0.1 m. 

Formation of Tensile Cracks in Region Between Radial Cracks 4 and 5 

In this region also, two zones of high tensile O's forms (Figure 6.22). Tensile crack 7 is 

modeled about 0.1 m away from radial crack 4. It is about 0.1 m long and is oriented 950 from the 

x-axis. Another high tensile stress region forms near radial crack 5. Tensile crack 8 is constructed 

about 0.1 m from radial crack 5 oriented 950 from the x-axis. The length of this tensile crack is 

about 0.1 m. 
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Formation of Tensile Cracks - Second Configuration 

In the second tensile crack configuration, it is assumed that the tensile cracks start forming 

very cl06e to the radial cracks. This means there may be enough time for the tensile cracks to grow 

and to intersect. the propagating radial cracks. Eight tensile craclw, one in each zone, are modeled 

in this configuration, as shown in Figure 6.28. Distribution of tensile stresses near the tip of radial 

crack 1 shows that tensile crack 1 can form there making an angle of 10° clockwise from the x-axis 

(parallel to the free face). It has a length of 0.13 m. This crack intersects radial crack 1 at 0.55 m 

from the hole center. Similarly, the tensile stress distribution near the tip ofradial crack 2 suggests 

another tensile crack can form here intersecting the radial crack. Tensile crack 2 is modeled at 87° 

clockwise from the x-axis. It intersects the radial crack at 0.48 m from the hole center and has a 

length of 0.15 m. 

Two tensile cracks are modeled in between radial cracks 2 and 3. Tensile crack 3 is modeled 

at the opposite side of radial crack 2 making an angle of 88° with the x-axis. It has a length of 

0.15 m. Both tensile cracks 2 and 3 intersect radial crack 2 at the same point. Tensile crack 4 is 

formed near radial crack 3. It makes 87° with the x-axis and has a length of 0.15 m, and intersects 

the radial crack at 0.6 m from the hole center. 

Tensile cracks 5 and 6 are modeled in between radial cracks 3 and 4. Tensile crack 5 is 

oriented at 87° from the x-axis and has a length of 0.15 m. It intersects radial crack 3 at a distance 

of 0.6 m from the hole center. Tensile crack 6 forms near radial crack 4 making 88° with the x-axis. 

It has a length of 0.15 m. It intersects the radial crack at a distance of 0.58 m fromm the hole center. 

Tensile crack 7 is modeled near radial crack 4. It is oriented at 50 from x-axis and meets 

the radial crack at 0.58 m from the hole center. It has a length of 0.15 m. 

The tensile stress distribution near radial crack 5 shows that it is quite unlikely for a tensile 

crack to form and to grow up to the radial crack. The orientation of the tensile stress in the nearby 

elements, except one away from the stress concentration zone, shows that any tensile cracks forming 

there can not reach the radial crack as they are almost perpendicular to it. The tensile stress in 

this element, is extremely small (1.9 % of the applied pressure) compared to the stresses in other 

elements. Therefore, tensile crack 8 is modeled almost parallel to radial crack 5 (850 with x-axis). 

It has a length of 0.15m. 

The maximum width of tensile cracks 1 through 7 is always at the point of intersection with 

the radial crack. In this study, it is arbitrarily selected to be 4 mm. The surfaces of tensile crack 
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8 is separated maximum (4 mm) at the middle of the crack. Surfaces of each crack are assumed 

smooth. 

6.3.1.3 Stress Distribution Beyond the Radial Cracks. In the region beyond the 

radial crack tips, the distribution of the major and minor principal stresses show some definite 

pattern. Both 0'1 and 0'3 decrease with distance from the hole center but the rate of decrease is 

much less than the inverse squared distance observed in analytical expressions. The magnitUdes 

of 0'1 and 0'3 are not equal at any point in this zone. 0'1 is always larger for both the loading 

conditions. Pressurizing the radial cracks up to half their lengths increases the magnitudes of 0'1 

and 0'3 by about 3.8 times. The variation of 0'1 and 0'3 in this zone for the unpressurized case is 

almost similar to that from the partially pressurized case. 

At points at equal distances from the hole center, the principal stresses do not have the 

same magnitudes. In region 1 (in between the imaginary extensions of the radial cracks 1 and 2) 

(Figure 6.13), 0'1 peaks in the middle of the region. With distance the peak of 0'1 slowly moves 

towards the imaginary extensions of the radial crack 2. Close to the tip of the radial cracks, 0'3 

peaks near crack 1. The peak of 0'3 moves towards the middle of the region with distance. In region 

2 (in between the imaginary extensions of the radial cracks 2 and 3) (Figure 6.13), 0'1 peaks in the 

middle. 0'3 peaks near the crack 3. With distance, the peak slowly moves towards the crack 2. In 

region 1, the ratio of O'lmin/O'lmax starts at 30 % near the crack tips. It gradually increases with 

distance. In region 2 it starts at 73 % and gradually increases with distance. At a distance of 9.5 

times the hole radius, this ratio is at 69 % in region 1 and 97 % in region 2. The ratio 0'3min/0'3max 

starts at 54 % in region 1 and 87 % in region 2. At a distance of 9.5 times the hole radius, this ratio 

increases to 94 % and 95 % respectively. Therefore, the nonsymmetrical stress distribution around 

the hole is almost smoothened out at twice the crack length. 

The stress distribution in region 3 (in between the imaginary extension of the radial cracks 

3 and 4) (Figure 6.13) is almost a mirror image of that in region 2. Similarly, the stress distribution 

in region 4 (in between the imaginary extension of the radial cracks 3 and 4) is almost a mirror 

image of that in region 1. 

6.3.1.4 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

mode I and mode II stress intensity factors at the tip of each radial crack are determined using the 

calculated displacements on the crack surfaces. Only the nodes of the transition elements which 
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sense the stress singularity at the crack tip are used to determine Kr and KII, using equations (5.52) 

and (5.56) respectively. Calculated stress intensity factors are normalized by the applied pressure 

at the hole boundary and reported in Table 6.2 for both loading cases. The angle of propagation of 

each radial crack is calculated from equation (6.39) using tT'mae theory. Only the possible solution 

is given in Table 6.2. 

The stress intensity factors are not the same at each crack tip. Radial crack 1 has the 

highest stress concentration. Stress concentration at radial crack 5 is a bit smaller. Both these 

cracks propagate in mode I due to the imposed symmetry conditions of the model. Kr of radial 

crack 2 is slightly higher than Kr of radial crack 4. KII of radial crack 2 is also slightly higher 

than the absolute value of KII of crack 4. Both these cracks deviate from their respective planes. 

Radial crack 2 moves towards radial crack 3. Due to negative KII, surfaces of radial crack 4 slide 

in the opposite direction compared to the surfaces of crack 2. Therefore, radial crack 4 deviates in 

the opposite direction, i.e., it also moves towards radial crack 3. Radial crack 3 shows a tendency 

to move towards the free face although the angle is practically negligible. If the angle of deviation 

increases at subsequent time steps, radial crack 3 and its complement crack at the left side of the 

model can become the limiting radial cracks of the breakage formed in the burden. 

Results in Table 6.2 show that pressurizing the radial cracks partially (up to 0.2 m from 

hole boundary) increases the stress intensity factor Kr by about 3.6 to 3.7 times. KII for cracks 2 .. -;.. 

and 4 increases by about 3.8 times due to crack pressurization. The increase is 14 times for crack 

3. 

6.3.2 Eight Radial Cracks (Length 0.4 m) - with Crushed zone around the Hole -
Both Partially Pressurized and Unpressurized - Loading Cases 3 and 4 

The configuration of the radial cracks in this case is exactly same with the previous case 

discussed in Section 6.3.1. In these loading cases, there is a crushed zone around the hole with 

thickness equal to the hole radius. No experimental result is available on the stiffness of the 

crushed zone in actual blasting. In this study, the Young's modulus is reduced to one-tenth of the 

original with Poisson's ratio of 0.33. 

It is expected that the softer material will shift the loads towards the stronger material. 

Figures 6.29 and 6.30 show the distribution of the principal stresses at different points in the burden 

region. The stresses are normalized by the applied pressure. The normalized stresses from the no 
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Table 6.2 : Normalized stress intensity factors and angles of propagation of each radial crack 
for loading cases 1 and 2 

Loading Case 1 Loading Case 2 
... .. r .. , .. 

Crack & Ku. Angle & Kjr Angle p p p 

Numberf (m1/2) (m1/2) from (m1/2) (ml/2) from 

x-axis x-axis 

1 1.759 0.0 90° 0.477 0.0 0° 3.69 

2 0.626 0.046 36.7° 0.175 0.012 37.2° 3.58 3.83 

3 0.730 0.00014 90° 0.202 -0.000001 0° 3.61 14.00 

4 0.626 -0.046 323.3° 0.174 -0.012 323.3° 3.60 3.83 

5 1.758 0.0 0° 0.477 0.0 0° 3.69 

f Cracks are identified in Figure 6.13. 
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Figure 6.29 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.4 m) in loading case 3 - radial cracks are partially pressurized. 
Stresses are calculated in the shaded region, shown in inset. Solid lines are stresses 
in an infinite medium for hole diameters 200 mm and 1000 mm using equations (5.4) 
and (5.5). 
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Figure 6.30 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.4 m) in loading case 4 - unpressurized radial cracks. Stresses are 
calculated in the shaded region, shown in inset. Solid lines are stresses in an infinite 
medium for hole diameters 200 mm and 1000 mm using equations (5.4) and (5.5). 
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crack model, given by equations (5.4) and (5.5), are plotted as solid lines. 0'1 is always compressive. 

Due to stress redistribution, 0'3 is compressive a long distance away from the hole. The tensile 

stress concentration forms practicaUy in the same regions, as observed in Section 6.3.1. When the 

cracks are unpressurized, 0'3 becomes marginally tensile at a short distance from the hole. The 

tensile stress concentration again forms in the same area. 

6.3.2.1 Stress Distribution in Between Radial Cracks. The soft material around 

the hole shifts the loads towards the stiffer or the intact material. As a result, material adjacent to 

the crushed zone experiences substantially larger stresses than for loading cases 1 and 2. The effect 

of this stress redistribution decreases rapidly away from the crushed zone. Principal stresses close 

to the crack tips and beyond are almost the same with those for loading cases 1 and 2. 

In this zone, 0'1 is usually compressive. 0'3 is tensile in the crushed zone and becomes 

compressive outside this zone. Both 0'1 and 0'3 are very large within this zone. Tensile stresses 

at many points are greater than the applied pressure at the hole. Compressive stresses at many 

points also are much larger than the applied pressure. Magnitudes of this compreB3ive 0'3 decreases 

rapidly with distance from the hole boundary and soon it becomes tensile. Concentration of large 

tensile 0'3 occurs close to the crack tips. High tensile zones almost coincides with the tensile stress 

concentration zones in loading cases 1 and 2. 0'3 in these zones is almost same with the corresponding 

0'3 in loading cases 1 and 2. Therefore, it is expected that tensile cracks form at the same locations. 

6.3.2.2 Stress Distribution Beyond the Radial Crack. The magnitudes of 0'1 and 

0'3 are not equal at any point in this zone. 0'1 is always larger for both loading conditions except 

close to the imaginary extensions of radial cracks 1 and 5. Pressurizing the radial cracks up to 

half of their lengths increases 0'1 and 0'3 by about 3.8 times. The variation of 0'1 and 0'3 in this 

zone when cracks are unpressurized (loading case 4) is almost similar to that from the partially 

pressurized radial cracks. 

The principal stresses do not have the same magnitudes at all points at the same distance 

from the hole center. In region 1 (in between the imaginary extensions of the radial cracks 1 and 

2), 0'1min/0'1max starts at 54 % near the crack tips, compared to only 30 % for loading case 1. Stress 

redistribution by the softer material around the hole has increased this ratio. This ratio increases 

with distance from the hole and at a distance of 9.5 times the hole radius, this ratio increases to 

94 %. Similarly, 0'3max/0'3min starts at 30 % and increases to 70 % at the same distance. 0'1min/0'1mo.x 
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is 86 % in region 2, 90 % in region 3 and 55 % in region 4 near the crack tips. It increases to 94 % 

in all regions at a distance 9.5 times the hole radius. tT3min/tT3max is 65 % in regions 2 and 3 and 

32 % in region 4. It increases to 96 % in regions 2 and 3, and 70 % in region 4. Therefore, the 

unsymmetrical stress distribution around the hole is almost smoothened out at distance equal to 

double the radial crack length. 

6.3.2.3 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

mode I and mode II stress intensity factors at the tip of each radial crack are determined using the 

displacements calculated on the crack surfaces. Calculated stress intensity factors are normalized 

by the pressure applied at the hole boundary. The angle of propagation of each radial crack is 

calculated from equation (6.39) using tT8maz: theory. Only the possible solution along with the 

stress intensity factors are given in Table 6.3. 

Radial crack 1 has the maximum Kr in loading case 3. Kr of crack 5 is slightly smaller 

than this. Radial crack 2 has slightly higher Kr than crack 4. They are about 40 % of that of crack 

1. But it has slightly lower KII. Kr of crack 3 is about 50 % of that of crack 1. In loading case 4, 

cracks 1 and 5 have same Kr. Cracks 2 and 4 also have same Kr (about 36 % of that of crack 1) 

and KII. Kr of crack 3 is 44 % of that of crack 1. KII of crack 3 is very small. 

Both cracks 2 and 4 move out of plane in the clockwise direction. Crack 4 deviates to 

deviate in the counter clockwise direction from the original plane. Partially pressurizing the crack 

surfaces increases Kr of each crack by a factor of about 4. Ku increases from 2.67 (radial crack 2) 

to 120 (radial crack 3). 

6.3.3 Eight Radial Cracks (Length 0.9 m) with First Set of Tensile Cracks - Both 
Partially Pressurized up to 0.4 m and Unpressurized - Loading Cases 5 and 6 

The length of each radial crack in the model, described in Section 6.3.1, is incremented 

by a certain length in the direction calculated using equation (6.39), so that the tip of each crack 

is at a distance of 1 m, measured radially, from the hole center. The main reason for making the 

crack tips equidistance from the hole is the ease of redesigning the mesh manually. This assumes 

a slightly higher velocity for radial cracks 2 and 4. This variation of velocity is within the scatter 

observed in the limited actual blasts at model scales (Holloway et al., 1980). The length increment 

is of comparable size with the original length of the cracks. Although this length increment is 

not small, compared to the original crack length, this is found to be 8 practical length increment 
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Table 6.3 : Normalized stress intensity factors and angles of propagation of each radial crack 
for loading cases 3 and 4 

Loading Case 3 Loading Case 4 
.. ... ,. " , 

Crack KL !iu. Angle III !iu. Angle p p p p 

Numberf (ml/2) (ml/2) from (ml/2) (ml/2 ) from 

x-axis x-axis 

1 0.776 0.0 90° 0.197 0.0 90° 3.94 

2 0.290 0.016 38.7° 0.071 0.006 35.5° 4.08 2.7 

3 0.344 0.012 356° 0.087 0.0001 359.9° 3.95 120.0 

4 0.286 -0.021 323.3° 0.071 -0.006 324.5° 4.03 3.5 

5 0.766 0.0 -90° 0.197 0.0 -90° 3.89 

f Cracks are identified in Figure 6.13. 
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considering the time required to develop a new mesh for the model. Eight tensile cracks belonging 

to the first configuration are modeled in these loading cases. The configuration of the cracks are 

shown in Figure 6.27. 

Each radial crack is pressurized up to 0.4 m from the hole boundary at a uniform pressure 

of 750 MPa with the same pressure at the hole boundary. This pressure is calculated using the new 

crack volume and the ideal gas pressure law. For the case of unpressurized cracks (loading case 6), 

the gases remain within the hole. A pressure of 750 MPa is applied at the hole wall. 

The principal stresses in the burden region at different distances from the hole are plotted 

in Figures 6.31 and 6.32. The stresses are normalized by the pressure applied at the hole wall. 

The normalized stresses in an infinite medium (equations (5.4) and (5.5» are plotted as solid lines. 

Points show the stress redistribution introduced by the radial cracks and the tensile cracks. Close 

to the hole both 0'1 and 0'3 are compressive. In rest of the burden, 0'1 is compressive and 0'3 is 

tensile. Neither 0'1 nor 0'3 show continuous decay with radial distance. Large values of 0'3 occur 

near the radial crack tips. Figure 6.33 summarizes the stress distribution around the hole. Figures 

6.31 and 6.32 also show the effect of pressuring the cracks. The stresses near the hole increase when 

the gases pressurize the radial cracks. Pressurization of the cracks increases the magnitude of 0'3 

in the zone of tensile stress concentration. 0'3 in the tensile stress concentration zone in loading 

case 6 has a smaller magnitude than in loading cases 2 and 4. This means that the potential for 

secondary tensile fracture formation decreases with an increase in radial crack length. It, therefore, 

is absolutely necessary that gases pressurize the radial cracks to continue intensive fracturing in 

between radial cracks. 

The size of the total compressive zone (where both 0'1 and 0'3 are compressive) increases 

with an increase in radial crack length and an increase of the pressurized part of each crack. But the 

distributions of 0'1 and 0'3 in between the radial cracks are quite different from the previous model. 

The tensile cracks change the de'l:ay pattern of 0'1 and 0'3 with distance from the hole boundary 

observed in loading cases 1 and 2. 0'1 remains compressive everywhere except close to some of the 

tensile cracks. 0'3 remains compressive almost up to 0.5 m from the hole boundary when the cracks 

are unpressurized, and up to about 0.6 m when the radial cracks are partially pressurized, except 

at many points near the tensile crack surfaces. 
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Figure 6.31 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 5 - partially pressurized radial cracks with 
first set of tensile cracks. Stresses are calculated in the shaded region, shown in inset. 
Solid Jines are stresses in an infinite medium for hole diameters 200 mm and 2000 mm 
using equations (5.4) and (5.5). 
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Figure 6.32 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 6 - un pressurized radial cracks with first set 
of tensile cracks. Stresses are calculated in the shaded region, shown in inset. Solid 
lines are stresses in an infinite medium for hole diameters 200 mm and 2000 mm using 
equations (5.4) and (5.5). 
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Figure 6.33 : Schematic diagram of the characteristics of the stress distribution around the hole 
when the radial cracks are 0.9 m long and partially pressurized - loading case 5. 
Radial cracks are incremented in the calculated direction. New set of tensile cracks 
form. Similar characteristics of stress distribution are observed in other loading cases 
although the propagation directions for radial crack 2, 3, and 4 vary. 
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6.3.3.1 Stress Distribution Around the Radial Cracks. The stress distribution 

around radial cracks 1 and 5, and 2 and 4 are similar. Therefore, they are discussed together. 

Radial Cracks 1 and 5 

0'1 is always compressive near the radial cracks. When the radial cracks are unpressurized, 

the maximum value of 0'1 (63 % of the applied pressure) occurs at the hole boundary. 0'1 decreases 

to 36 % of the applied pressure just behind the crack tip. When the radial cracks are partially 

pressurized, maximum 0'1 occurs away from the hole but within the pressurized part of the cracks. 

It decreases monotonically towards both the hole and the crack tips. The rate of decay of 0'1 is 

smaller towards the hole. 0'1 is 38 % of the applied pressure just behind the crack tip. 

0'3 is very low near the face of radial crack 1 when the radial cracks are unpressurized. 

0'3 alternates between marginally compressive to marginally tensile near the hole. It is marginally 

compressive along the rest of the crack face just behind the crack tip. Partially pressurizing the 

crack faces produces compressive 0'3 along most of the crack face. 0'3 is tensile just behind the 

crack tip and in the area close to the tensile crack 1. Compressive 0'3 peaks (104 % of the applied 

pressure) in the same location where compressive 0'1 reaches a maximum. 

Distributions of 0'1 and 0'3 around radial crack 5 are very similar to those around crack 1. 

Both propagate in mode 1 due to the imposed boundary conditions. 

Radial Cracks 2 and 4 

Radial crack 2 is at 45° from radial crack 1 in the original model. After the first length 

increment, radial crack 2 moves away from crack 1 and radial crack 4 moves away from crack 5 

(Figure 6.33). Results from these loading cases show that radial crack 2 moves back towards crack 

1. Radial crack 4, originally 45° from crack 5 tries to move towards the free face in the last run. 

In this run, it moves somewhat in the direction of radial crack 5. 

Both 0'1 and 0'3 are compressive near the hole. When the radial cracks are unpressurized, 

0'1 is about 63 % and 0'3 is 1 % of the applied pressure near the hole wall. 0'1 decreases continuously 

towards the crack tip. It is almost the same at both sides of radial crack 2 within the original part 

of the radial crack (up to 0.4 m from the hole boundary). In the new extension (remaining 0.5 m), 

0'1 is always larger at the region 2 (Figure 6.33) side. It is also larger in the region 2 side ahead 

of the crack tip. 0'3 remains low all along radial crack 2. Within the original length, 0'3 alternates 
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between marginally tensile to marginally compressive. Just behind the crack tip, it is marginally 

tensile. Ahead of the crack tip, 0'3 is larger on the region 1 side. Because of this stress distribution, 

radial crack 2 deviates from its own plane and moves back towards radial crack 1. 

Partially pressurized radial cracks produce compressive 0'1 and 0'3 near the hole wall, almost 

equal to the applied pressure. 0'1 remains compressive all along the crack surface. It peaks (123 % 

of the applied pressure) within the pressurized part of the radial crack and decreases monotonically 

towards the hole and towards the crack tip. The rate of decay is larger towards the crack tip. 0'1 

at the region 2 side is marginally larger than 0'1 at the region 1 side within the pressurized zone. 

The difference increases in the unpressurized part of the radial crack. Behind the crack tip, 0'1 is 

13 % and 65 % of the applied pressure at regions 1 and 2 respectively. Ahead of the crack tip, 0'1 is 

larger in the region 2 side. 0'3 remains compressive for about 60 % of the radial crack from the hole. 

Compressive 0'3 is larger at the region 2 side. Just behind the crack tip, 0'3 is tensile at the region 1 

side and compressive at the region 2 side. Ahead of the crack tip, 0'3 is tensile and is larger at the 

region 1 side. Because of this stress distribution, 0'1 moves away from its own plane towards the 

radial crack 1. This alternate direction change in both loading cases is due to 'kinking' of the path 

of the crack 2 by finite incremental length rather than allowing it to curve continuously (Ingraffea, 

1987). 

Stress distribution around radial crack 4 is almost a mirror image of that around radial 

crack 2. 0'1 is always compressive. It decreases away from the hole for unpressurized cracks. When 

the crack is partially pressurized, 0'1 peaks at 0.35 m (3.5 times hole radius) from the radial crack 

and decay rapidly thereafter. 0'3 is marginally tensile for unpressurized crack. Just behind the 

crack tip, 0'3 is 0.4 % at region 3 and 2 % at region 4. 0'3 is compressive up to 5 hole radii when 

the crack is pressurized. Beyond this point 0'3 is tensile. Larger 0'3 always occurs at region 4 side 

of the crack. Just behind the crack tip, 0'3 is 42% at region 3 and 62% at region 4. As a result, 

radial crack 4 deviates from its plane and moves towards radial crack 5. 

Radial Crack 3 

Radial crack 3 is parallel to the free face. Although calculations in Section 6.3.1 show that 

this crack has a tendency to deviate towards the free face, the angle of deviation is less than 10. 

Therefore, it is again modeled parallel to the hole. In this run, it shows a strong tendency to move 
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towards the free face. Therefore, this crack models the limits of breakage at the sides from a single 

hole for these loading cases. 

0'1 is compressive everywhere. When the cracks are unpressurized, 0'1 is maximum at the 

hole wall. It decreases away from the hole (62 % of the applied pressure). O's is very small along 

both sides of the crack when there is no gas pressure. It is tensile close to the hole. Just behind the 

crack tip, 0'3 is 3.5 % of the applied pressure in region 2 side and 2.8 % in region 3 side. 0'1 is higher 

in region 3 side. As a result, radial crack deviates from its own plane and propagates into region 2 

(towards the free face). When radial crack 3 is partially pressurized, 0"1 peaks at a distance of 2.5 

hole radii from the hole wall. It decreases towards the hole and also towards the crack tip. Behind 

the crack tip, 0'1 in region 3 side is 29 % larger than 0'1 in region 2 side. O's is compressive up to 

6.5 hole radii from the hole wall. Tensile 0'3 is larger in region 3 side along rest of the crack except 

behind the crack tip. 0'3 in region 2 is 24 % larger than 0'3 in region 3 side. This stress distribution 

forces radial crack 3 to deviate from its own plane and to move into region 2. 

6.3.3.2 Stress Distribution In Between Two Radial Cracks. Both 0'1 and 0'3 are 

compressive close to the hole. Except at some points close to the tensile cracks 0'1 remains 

compressive everywhere in this region. 0'3 is tensile away from the compressive region and at 

some points near the tensile cracks. Tensile 0'3 peaks near the radial crack tips. When the radial 

cracks are pressurized the tensile 0'3 is much higher than the tensile strength of any rock. Therefore, 

it is certain that a new set of tensile cracks develop in this region. These tensile fractures can grow 

and join with the fracture system of the previously formed tensile cracks. This has been observed by 

Delaney et al. (1986) in joints near the dykes. Explosive gases, if they can penetrate this fracture 

system, they produce further breakage of the rock in between the radial cracks. 

6.3.3.3 Stress Distribution Beyond the Radial Cracks. In the region beyond the 

radial crack tips, 0'1 is always compressive and U3 is always tensile. The variations of 0'1 and 0'3 in 

this zone are almost similar for both loading cases. Both U1 and 0'3 decrease with distance from 

the hole center. The rate of decay is much smaller near the crack tips than the inverse squared 

distance rate observed in equations (5.4) and (5.5). The magnitudes of 0'1 and 0'3 are not equal in 

this zone. Generally, 0'3 is larger than 0'1' In the areas directly ahead ofradial crack 3 U3 is smaller. 

Pressurizing the radial cracks increases 0'1 and U3 by about 5.25 times. 
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At points at equal distance from the hole center, 0'1 and 0'3 are not the same. In region 

1 (in between the imaginary extensions of radial cracks 1 and 2), 0'1 peaks in the middle for a 

particular distance from the hole center. The ratio of O'lmin/O'lmax starts at about 50 % near the 

tips of radial cracks. At 19 hole radii (about twice the crack length), this ratio increases to 78 %. 

Near the crack tips, 0'3 peaks ahead of radial crack 1. With distance, the peak of 0'3 moves towards 

the middle. The ratio of 0'3min/0'3max starts at 64 % near tile crack tips. At 17 hole radii away, this 

ratio increases to 89 %. In region 2 (in between the imaginary extensions of radial cracks 2 and 

3), 0'1 peaks in the middle for a particular distance from the hole center. It moves towards radial 

crack 3. The ratio of O'lmin/O'lmax starts at 48 % near the crack tip. It increases to 65 % at 17 

hole radii away from the hole center. 0'3 peaks in front of radial crack 2 near the crack tips. With 

distance, the peak of 0'3 moves towards the middle. 0'3min/0'3max starts at 64 % near the crack tips. 

It increases to 96 % at a distance of 17 hole radii. Therefore, the nonsymmetrical stress distribution 

around the hole is almost smoothened out at twice the crack length. 

The stress distribution in region 3 (in between the imaginary extension of radial cracks 3 

and 4) is almost a mirror image of that in region 2. Similarly, the stress distribution in region 4 (in 

between the imaginary extension of the radial cracks 4 and 5) is almost a mirror image of that in 

region 1. 

6.3.3.4 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

mode I and mode II stress intensity factors at the tip of each radial crack are determined using 

the calculated displacements at nodes on the crack surfaces. Calculated stress intensity factors are 

normalized by the applied pressure at the hole boundary. The angle of propagation of each radial 

crack is calculated using equation (6.39). The results are given in Table 6.4. 

The gas pressure in the radial cracks up to 0.4 m from the hole boundary increases Kr of 

by about five times. Kr is minimum at the tip of radial crack 3. It is maximum for radial crack 5. 

Kr for radial crack 1 is slightly smaller than this maximum. Kr of cracks 2 and 4 are almost same. 

They are about 45 % of the maximum Kr for both loading cases. 

KII of radial cracks 2,3, and 4 are very small. Minimum KII occurs at radial crack 3. KII 

of cracks 2 and 4 are almost same. The sign of KII of cracks 2 and 3 is opposite to that of crack 

4. This shows the surfaces of crack 4 slide over each other in the opposite direction than those of 
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Table 6.4 : Normalized stress intensity factors and angles of propagation of each radial crack 
for loading cases 5 and 6 

Loading Case 5 Loading Case 6 
... ... , 

" 
, 

" 
Crack JiL lS.u.. Angle JiL lS.u.. Angle p p p p 

Numbert (ml/2) (ml/2) from (m1/2) (m1/2) from 

x-axis x-axis 

1 2.4258 0.0 900 0.4666 0.0 900 5.20 

2 1.0814 -0.2670 59.10 0.2086 -0.0504 58.60 5.18 5.30 

3 0.4787 -0.0215 5.10 0.0922 -0.0039 4.80 5.19 5.51 

4 1.0839 0.2709 -59.30 0.2092 0.0513 -590 4.99 5.28 

5 2.4289 0.0 -900 0.4675 0.0 -900 5.20 

t Cracks are identified in Figure 6.13. 
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crack 2 and 3. Radial Cracks 2 and 3 deviate from their planes in the counter clockwise direction. 

Crack 4 moves in the clockwise direction. 

The symmetry in the initial model is not preserved. The stress intensity factors, especially 

KJ, differ for each radial crack. KII is also not the same for radial cracks 2, 3, and 4. Radial cracks 

2 and 4 deviate towards the x-axis when the crackS are 0.4 m long (loading cases 1 through 4). They 

move away from the x-axis in loading cases 5 and 6. This repeated change in direction for the cracks 

running in mixed mode has also been observed by Ingraffea (1987) in numerical simulations of crack 

propagation. In reality, the cracks, propagating in mixed mode, change direction smoothly instead of 

by finite straight line segments used in the numerical models. Therefore, the calculated propagation 

direction fluctuates around the mean propagation path to compensate for the overcorrection made 

by finite length increments. 

6.3.3.5 Stress Intensity Factors and Propagation Angles of Tensile Cracks. The 

tensile cracks are completely unpressurized. Tensile cracks in between the radial cracks produce a 

discontinuity in the tangential direction. The nearest ends of tensile cracks 1 through 4 are at least 

0.6 m away from the hole center. On the other hand, the nearest ends of tensile cracks 5 through 

8 are at least 0.5 m away from the center of the hole center. In loading case 5, radial cracks are 

pressurized only up to 0.5 m from the hole center. Therefore, the principal stresses near tensile 

cracks 5 through 8 are somewhat larger. 

Stress intensity factors are calculated for both tips of each tensile crack. Calculated stress 

intensity factors are normalized by the applied pressure at the hole boundary and are presented in 

Table 6.5. KJ is negative in almost all cases. Following the discussion given in Section 6.2.3.3, ](1 

is neglected and the angle of crack propagation is set equal to ±70.5° if the stresses along the crack 

faces allow sliding for a reasonable coefficient of friction. The sign of the crack propagation angle 

depends on the sign of KII. Stress analysis around the tensile cracks for both loading cases shows 

that all the tensile cracks propagate due to sliding (pure mode II). 

The NASTRAN program routinely outputs the principal stresses at the corner nodes of 

each CQUAD8 element. Therefore, the stresses on the tensile crack surfaces are known at some 

pre-selected points. The stress distribution at the tensile crack faces and in regions close to them 

shows some characteristic features Figures 6.34 and 6.35 show the stress distribution around tensile 

cracks 2 and 3 for loading cases 5 and 6 respectively. Large tensile stresses (0'3 tensile) occur at 
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Table 6.5 : Normalized stress intensity factors and angles of propagation of each tensile crack 
for loading cases 5 and 6 

Loading Case 5 Loading Case 6 
~ .. , , , 

Crack & Ku. Angle from Kz. Ku. Angle from p p p p 

Numberf (ml/2) (m1/2) x-axis (ml/2) (m1/2) x-axis 

1 [ 
A 0.0013 0.1038 19.7° 0.0 0.0251 19.5° 4.14 

B 0.0 0.1492 -160.5° 0.0 0.0276 199.5° 5.41 

2 ( 
A 0.0 0.4259 14.5° 0.0 0.0787 14.5° 5.41 

B 0.0 0.4461 -165.5° 0.0 0.0877 194.5° 5.09 

3 [ 
A 0.0 0.4768 20.5° 0.0 0.1119 20.5° 4.26 

B 0.0 0.4899 -159.5° 0.0 0.1216 200.5° 4.03 

4 [ 
A 0.0 0.3653 17.5° 0.0 0.0685 17.5° 5.33 

B 0.0 0.3670 -162.5° 0.0 0.0658 197.5° 5.58 

5 [ 
A 0.0 -0.4067 163.5° 0.0 -0.0741 22.5° 5.49 

B 0.0 -0.3988 -16.5° 0.0 -0.0754 202.5° 5.29 

6 [ 
A 0.0 -0.5077 159.5° 0.0 -0.1253 18.5° 4.05 

B 0.0 -0.5109 -20.5° 0.0 -0.1194 198.5° 4.28 

7 [ 
A 0.0 -0.4577 165.5° 0.0 -0.0895 24.5° 5.11 

B 0.0 -0.4404 -14.5° 0.0 -0.0811 204.5° 5.43 

8 [ 
A 0.0 -0.2400 160.5° 0.0 -0.0436 19.5° 5.50 

B 0.0 -0.2048 -19.5° 0.0 -0.0401 199.5° 5.11 

f Cracks are identified in Figure 6.27. 
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Figure 6.34 : Stresses around tensile cracks 2 and 3 in loading case 5. New fractures develop in areas 
where redistributed stress caused by the tensile cracks exceeds the rock strength. 
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the IlUrfaces of most cracks when the radial cracks are partially pressurized. This is also true at the 

centroids of most elements for the tensile cracks. iTs decays rapidly away from the tensile cracks. 

It is generally low (compared to the applied pressure at the hole) in between the tensile cracks or 

in between one tensile crack and the neighboring radial crack. A biaxial tension field forms at the 

surfaces of some of the tension cracks. These tensile stresses exceed the tensile strength of rock by 

several times. The tensile stress is generally almost parallel to the original crack surfaces or makes 

a small angle to them. At some points, the tensile stress is almost normal to the crack plane. Shear 

failure can take place at points where the principal stresses do not indicate tensile failure. This 

has been verified using the Coulomb criterion for cohesion equal to 50 MPa and angle of internal 

friction equal to 45°. These second order fractures form due to stress redistribution created by 

the original tensile fractures. When the radial cracks are unpressurized, the stress distribution 

around the tensile cracks is similar to that for the partially pressurized case, but the magnitudes 

of the principal stresses are much smaller. As a result, many of the secondary fractures observed 

when the radial cracks are partially pressurized can not form in this case. Figures 6.34 and 6.35 

show the need for radial crack pressurization undeniably. It is expected that with the growth of the 

original tensile cracks, several second order fractures form at the crack surfaces and at some distance 

away from them. Hoek and Bieniawski (1965) have also observed the formation of numerous small 

tension fractures at the surfaces of an inclined crack under biaxial compression in annealed glass. 

As the formation of a new crack relieves the stress concentration only in its near vicinity, the far 

field stresses or the stresses far away from the original tensile cracks are little affected. Therefore, 

subsequent movement along these new fractures can produce third and lower order fractures. This 

process can continue as long as the stress redistribution is able to generate new fractures or until 

the interaction effect from another crack system prevents further growth. Flow of pressurized gases 

into some of these fractures can enhance the fracturing process by increasing the stresses around 

the fractures several fold. 

The sliding of one surface of a tensile crack over the other can be compared with the sliding 

of a strike-slip (wrench) fault. Figure 6.36, from Rispoli (1981), shows the fracture pattern around 

a strike-slip fault. Principal stress trajectories, inferred from the field data, are also shown. Sliding 

of a strike-slip fault produces second-order en-echelon shear fractures near the fault plane due to the 

stress redistribution (Anderson, 1951; CI008, 1955; Moody and Hill, 1956; Ramsay, 1962; Chinnery, 
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Figure 6.36 : a) Tectonic microstructure around strike slip faults. 
b) Principal stress trajectories inferred from field data near strike-slip faults (After 

Rispoli, 1981). 
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1966a, 1966b; Price, 1966, 1968; Dewey, 1969; Lajtai, 1969; Tchalenko, 1970; Wilcox, 1973; Harding 

and Lowell, 1979; Bartlett et ai, 1981; Rispoli, 1981; Granier, 1985). This sliding is accompanied 

by tension gash formation (Lajtai, 1969; Bartlett et al, 1981; Rispoli, 1981). Opening of tension 

gashes at one end of the fault produces material compression at the other end and subsequently 

secondary shear fracture formation. Tchalenko (1970) and Bartlett et al. (1981) have identified 

these secondary shear fractures as Riedel (R) shears and conjugate Riedel (R') shears. Generally no 

shear fracture forms close to the tension gashes. Ripsoli (1981) has observed these tension gashes 

to orient almost parallel to almost normal (greater than 600
) to the fault plane. At the two ends 

of the strike-slip fault, the secondary fractures are symmetrical with respect to the midpoint of the 

fault (Rispoli, 1981) plane. 

Movement along the secondary fractures produces lower order fractures (Moody and Hill, 

1956; Ramsay, 1962; Price, 1966; Dewey, 1969; Lajtai, 1969; Harding and Lowell, 1979). Due to 

the similarity of the mechanisms involved, the lower order fracture pattern should be similar to the 

pattern of higher order. Therefore, the fracture pattern observed at any scale should be similar to 

the pattern observed at a smaller or a larger scale. Tchalenko (1970) has observed that the fracture 

pattern is similar on three widely different scales - at the microscopic scale in the shear box test, 

at intermediate scale in the Riedel experiment, and at the regional scale in the earthquake fault. An 

individual structure, when enlarged to the appropriate scale, looks similar to the overall structure. 

This is true for all three measurement scale. 

Comparison of Figure 6.36 with Figures 6.34 and 6.35 shows that the stress distribution 

around the tensile cracks in the finite element model is similar to that observed around a 

strike-slip fault. The loading around the tensile crack in the finite element model is not completely 

symmetrical. Therefore, the general symmetry of the fracture patterns observed around a strike-slip 

fault is not totally present around each tensile crack. But the characteristic features of fracture 

patterns are expected to be present due to the close similarity of the stress distribution. As the 

deformation of the rock in blasting is extremely large, the number of shear and tensile fractures in 

between the original tensile fractures increases due to the formation of many lower order fractures. 

This is in line with the observations of Rispoli (1981), shown in Figure 6.37. The tensile fractures 

formed within the radial cracks have various sizes. At a slow loading rate, only those fractures, 

which are initially large, grow at low stress level (equation 6.13). The compressive stress field around 
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Figure 6.37 : Sketch of three brittle kink-bands (After Rispoli, 1981). 
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these longer cracks suppresses neighboring smaller cracks and grow longer. They eventually coalesce 

to form large size broken fragments as only a small number of original fractures participate in the 

fragmentation process. At a faster loading rate, smaller fractures start growing before the longer 

cracks (Figure 6.10). Within a short time, there are large number of similar size fractures. They 

grow together and ultimately coalesce to form the broken fragments. The fragments have smaller 

size as many microfractures grow to form these fragments. The rate of loading in blasting, even 

in the quasi-static phase, is much faster than the tectonic loading for strike-slip fault. Therefore, 

more fractures are expected to form in blasting. 

Formation of original and several lower order fractures due to movement along the original 

tensile cracks can be the explanation for the breakage of the wedge-shaped fragments in between two 

radial cracks. Mutual interaction of the radial cracks produces a zone oftensile stress concentration. 

The faces of the tensile fractures slide relative to each other. Many lower order fractures form in 

this process. Only two tensile fractures have been modeled here in between two radial cracks to 

limit the size of the finite element model. In reality, many more tensile fractures are expected to 

form in this area. The number of fractures should increase with the pressurization of the radial 

cracks. Pressurization of the radial cracks also increases the lower-order fracturing around the 

tensile cracks. With the growth of the radial cracks, new zones of tensile crack concentration 

forms close to the new crack tips, ahead of the old zones. Pressurization of the radial cracks is 

essential to continuously produce stresses above the tensile strength of the rock, especially at large 

distances from the hole. It is expected that new tensile cracks form in these areas. Movement 

along these fractures produces secondary fracture formation to complete the breakage. Therefore, 

pressurization of the radial cracks is necessary for complete fragmentation of the burden rock. 

6.3.4 Eight Radial Cracks (Length 0.9 m) - Partially Pressurized by Constant Gas 
Pressure of Variable Length with First Set of Tensile Cracks - Loading Cases 7 
and 8 

In loading case 7, radial cracks 1 and 2 are pressurized up to 0.5 m from the hole boundary. 

Crack 3 is pressurized up to 0.4 m and cracks 4 and 5 up to 0.3 m. Radial cracks 1 and 2 are 

pressurized up to 0.6 m, crack 3 up to 0.5 m, and cracks 4 and 5 up to 0.3 m in loading case 8. Both 

the hole and the radial cracks are pressurized at 750 MPa. These loading conditions simulate the 

cases when the flow of gases inside the radial cracks at the back of the hole is severely restricted. 
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This situation can arise if the crushed rock, formed during radial crack formation or left during 

drilling (Schatz et al., 1987a), restricts the flow of gases into these cracks. Excessive crushing at 

the hole mouth by the stress waves can also produce this constriction. All the tensile cracks are 

unpressurized and belong to the first configuration. 

The principal stresses in the burden region at different distances from the hole are plotted 

in Figures 6.38 and 6.39. The stresses are normalized by the applied pressure. Solid lines are from 

the analytical expressions (5.4) and (5.5). Both tTl and tT3 are compressive close to the hole. In the 

rest of the burden, except at some points close to the tensile cracks, 0'1 is compressive and tT3 is 

tensile. The regions close to the radial crack tips show large tensile 0'3. Beyond these regions, 0'3 

decreases continuously with distance from the hole. A new set of tensile fractures can form in the 

region of high tensile stresses. The total compressive zone extends to about 0.6 m from the hole 

boundary, except very close to the tensile cracks, for both loading cases. 

6.3.4.1 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

modes I and II stress intensity factors are given in Table 6.6 for each crack tip. Calculated stress 

intensity factors are normalized by the pressure applied at the hole boundary. The direction of 

propagation of each crack is calculated using equation (6.39). 

Results given in Table 6.6 show the effect of unequal length of gaS pressurization in the 

radial cracks. In loading case 8, the length of pressurization of radial cracks 1, 2, and 3 increases 

by 0.1 m, or by one hole radius, beyond those in loading case 7. This extra pressurized length does 

not increase the stress intensity factor uniformly. K/ of cracks 1, 2, and 3 increases by 1.16, 1.19, 

and 1.35 times respectively. Although the length of pressurization of cracks 4 and 5 remains the 

same, KJ of crack 5 increases by a factor of 1.18. Unequal length of pressurization also increases 

the mode II propagation due to the sliding of one crack surface over the other. 

Compared to loading case 6 (completely unpressurized radial cracks), loading cases 7 and 

8 show increased stress intensity factors. The increase is unequal among the radial cracks. Radial 

crack 2 shows the maximum increase and radial crack 4 shows the minimum increase for both 

loading cases. KII ofradial cracks 3 and 4 increases considerably (10 to 120 times) for both loading 

cases. The sense of sliding reverses for both radial cracks 2 and 3. This means they move out of 

plane in the direction opposite to that in loading cases 5 and 6 (uniform loading). 
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Figure 6.38 : Normalized principal stresses in·the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 7 - pressurized up to different lengths with 
first set of tensile cracks, Stresses are calculated in the shaded region, shown in inset. 
Solid lines are stresses in an infinite medium for hole diameters 200 mm and 2000 mm 
using equations (5.4) and (5.5). 
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Figure 6.39 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 8 - pressurized up to different lengths with 
first set of tensile cracks. Stresses are calculated in the shaded region, shown in inset. 
Solid lines are stresses in an infinite medium for hole diameters 200 mm and 2000 mm 
using equations (5.4) and (5.5). 
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Table 6.6 : Normalized stress intensity factors and angle of propagation of each radial crack 
for loading Case 7 and 8 

Loading Case 7 Loading Case 8 
... ... .. .. .. .. 

Crack Iff Kpt Angle from Iff IS.u. Angle from p 

Numbert (m1/2) (m1/2) x-axis (m1/2) (ml/2) x-axis 

1 1.6488 0.0 900 1.9121 0.0 900 

2 1.2025 0.0604 28.30 1.4368 0.1178 24.70 

3 0.3733 0.3170 -50.50 0.5022 0.4671 -52.00 

4 0.5359 0.5045 86.20 0.4056 0.7617 -94.80 

5 2.2453 0.0 -900 2.6459 0.0 -900 

t Cracks are identified in Figure 6.13. 

Crack Kr{Case 8} KII{Case 8} KII(Case 7} Kr{Case 8} 
Kr(Case 7) KII(Case 7) KII(Case 6) Kr(Case 6) 

Number 

1 1.16 3.53 4.10 

2 1.19 1.95 5.76 -1.2 6.89 -2.39 

3 1.35 1.47 4.05 -81.3 5.45 -119.8 

4 0.76 1.51 2.56 9.83 1.94 14.8 

5 1.18 4.80 5.66 
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It is interesting to note that radial crack 5 has larger Kr although radial crack 1 is more 

pressurized in both loading cases. This can be explained as crack to crack interaction (Figure 6.40). 

Rock close to radial crack 1 tries to move away from it due to opening mode propagation. Rock 

close to the tip of radial crack 2 at the side of crack 3 moves towards the hole. At the same time, 

rock at the other side of crack 2 moves towards the tip region. Movement of this rock partially 

hinders the movement of rock close to crack 1. As a result, Kr of radial crack 1 decreases. On the 

other hand, any movement ofrock close to radial crack 1 enhances the material movement towards 

the tip of radial crack 2. Therefore, Kr of crack 2 increases. On the other hand, rock close to crack 

4 at the side of crack 5 moves away from the crack tip region. This assists the movement of the 

rock near the tip of crack 5. As a result, Kr of crack 5 increases. But any movement of the rock 

away from crack 5 tries to close crack 4. As a result, Kr of crack 4 decreases. 

6.3.4.2 Stress Intensity Factors and Propagation Angles of Tensile Cracks. The 

tensile cracks are of first configuration (Figure 6.27). They are completely unpressurized. Stress 

intensity factors have been calculated for both tips of each tensile crack. Kr is negative in all cases. 

Following the discussion in Section 6.2.3.3, Kr is set equal to zero. The angle of crack propagation is 

±70.5° from the crack plane depending on the sign of KII if the stresses along the crack faces allow 

sliding for a reasonable coefficient of friction. The results are given in Table 6.7. Stress analysis 

around the tensile cracks for the loading cases 7 and 8 shows that all the tensile cracks propagate 

due to sliding (pure mode II). 

The stress distribution at the tensile crack faces and close to them shows a similar pattern 

as loading cases 5 and 6. Figures 6.41 and 6.42 show the stress distribution around tensile cracks 

2 and 3 for loading cases 7 and 8 respectively. Large tensile stresses occur at the surfaces of most 

cracks. In many cases, such larger tensile stresses occur at the centroid of the elements. A biaxial 

tension field forms at the surfaces of some of the tension cracks. These tensile stresses exceed the 

tensile strength of rock by several times. 

The tensile stress is generally almost parallel to the original crack surfaces or makes a small 

angle to them. At some points on the crack faces, the tensile stress is almost normal to the crack 

plane. Shear failure takes place at points where the principal stresses do not indicate tensile failure. 

This has been verified using Coulomb's criterion for c = 50 MPa and ¢ = 45°. It is expected that 

with the growth of the original tensile cracks several second order shear and tensile fractures form 
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Figure 6.40 :Movement direction of individual crack surfaces in loading cases 7 and 8. The relative 
magnitudes of the stress intensity factors of the radial cracks can be explained by the 
crack to crack interaction. 
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Table 6.7 : Normalized stress intensity factors and angles of crack propagation of the tensile 
cracks For loading case 7 and 8 

Loading Case 7 Loading Case 8 
~ ~ ,. ,. 

Crack JU. Kp- Iff ~ p 

Numbert (m1/ 2) (m1/ 2) x-axis (m1/ 2) (m1/ 2) x-axis 

1 ( 
A 0.0 0.1008 19.5° 4.02 0.0 0.2577 19.5° 10.27 
B 0.0 0.1472 -160.5° 5.33 0.0 0.2522 -160.5° 9.14 

2 ( 
A 0.0 0.4190 14.5° 5.32 0.0 0.3342 14.5° 4.25 
B 0.0 0.4427 -165.5° 5.05 0.0 0.2838 -165.5° 3.24 

3 ( 
A 0.0 0.2232 20.5° 1.99 0.0 0.0372 20.5° 0.33 
B 0.0 0.2414 -159.5° 1.99 0.0 0.1218 -159.5° 1.00 

4 ( 
A 0.0 0.0172 17.5° 0.25 0.0 0.0661 17.5° 0.96 
B 0.0 0.0101 -162.5° 0.15 0.0 0.0898 -162.5° 1.36 

5 ( 
A 0.0 -0.5106 163.5° 6.89 0.0 -0.8894 163.5° 12.00 
B 0.0 -0.5119 -16.5° 6.79 0.0 -0.8365 -16.5° 11.09 

6 ( 
A 0.0 -0.7575 159.5° 6.05 0.0 -0.9954 159.5° 7.94 
B 0.0 -0.7342 -20.5° 6.15 0.0 -0.9758 -20.5° 8.17 

7 ( 
A 0.0 -0.2880 165.5° 3.22 0.0 -0.2901 165.5° 3.24 
B 0.0 -0.2657 -14.5° 3.28 0.0 -0.2710 -14.5° 3.34 

8 ( 
A 0.0 -0.1332 160.5° 3.06 0.0 -0.1336 160.5° 3.13 
B 0.0 -0.1269 -19.5° 3.16 0.0 -0.1316 -19.5° 3.28 

t Cracks are identified in Figure 6.27. 
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Figure 6.41 : Stresses around tensile cracks 2 and 3 in loading case 7. New fractures develop in 
areas where redistributed stresses exceeds the rock strength. 
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at the crack surfaces and at some distance away from them. Subsequent movement along these 

new fractures can produce third and lower order fractures. This process can continue as long as 

the stress redistribution around a tensile crack is able to generate new fractures or the interaction 

effect from another crack system prevents further growth. Flow of pressurized gases into some of 

these fractures may enhance the fracturing process. 

6.3.5 Eight Radial Cracks (Length 0.9 m) - Partially Pressurized by Linearly Varying 
Gas Pressure with First Set of Tensile Cracks - Loading Case 9 

In loading case 9, all the radial cracks are pressurized up to 0.5 m from the hole boundary. 

The unpressurized tensile cracks belong to the first configuratiun (Figure 6.27). The gas pressure 

along the radial cracks varies linearly with the length of the pressurized part of the crack. It is zero 

at the point 0.5 m from the hole boundary. It increases to the hole pressure, 750 MPa, at the hole 

wall. This loading case simulates the condition where rapid cooling of the explosive gases inside 

the radial cracks decreases the pressure (Schatz et aI., 1987a). Some pressure drop may be caused 

by seepage of gas through the walls of the radial cracks. 

The principal stresses in the burden region at different distances from the hole are plotted 

in Figure 6.43. The stresses are normalized by the applied pressure. Solid lines are drawn using 

equations (5.4) and (5.5). Both 0'1 and 0'3 are compressive close to the hole. In the rest of the 

burden, 0'1 is compressive and 0'3 is tensile except at some points very close to the tensile cracks. 

Large tensile stress forms in the areas close to the crack tips. Beyond this region, 0'3 decreases 

continuously with distance. A new set of tensile fractures can form at these locations of high tensile 

stress. 

6.3.5.1 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

modes I and II stress intensity factors for each crack tip are given in Table 6.8. The stress intensity 

factors are normalized by the pressure applied at the hole wall. Calculated direction of propagation 

of each crack is also given. 

The length of pressurization in each radial crack is the same. Therefore, the stress intensity 

factors follow the pattern observed in loading cases 5 and 6. Radial cracks 1 and 5 have almost the 

same Kr and Kll. This is also true for radial cracks 2 and 4. Radial crack 3 has the lowest values 

of Kr and KII. Cracks 2, 3, and 4 move away from their own planes. Crack 2 and 3 move in a 
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Figure 6.43 : Normalized principal stresses .in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 9 - pressurized by linearly varying gas 
pressure with first set of tensile cracks. Stresses are calculated in the shaded region, 
shown in inset. Solid lines are stresses in an infinite medium for hole diameters 200 
mm and 2000 mm using equations (5.4) and (5.5). 



Table 6.8 Normalized stress intensity factors and angle of crack propagation of each radial 
crack for loading case 9 

Loading Case 9 
,. " .. 

Crack JiJ.. IS.u. Angle from p p 

Numbert (ml/2) (m1/2) x-axis 

1 1.4494 0.0 90° 3.11 0.60 

2 0.6476 -0.1577 58.8° 3.10 3.13 0.60 0.59 

3 0.2870 -0.0121 4.8° 3.11 3.10 0.60 0.56 

4 0.6490 0.1606 -59.1° 3.10 3.13 0.60 0.59 

5 1.4510 0.0 -90° 3.10 0.60 

t Cracks are identified in Figure 6.13. 
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counterclockwise direction, that is, towards the free face. Crack 4 moves clockwise away from the 

free face. Cracks 2 and 4 deviate about 24° from their original planes. This deviation may due to 
, 

the kinking effect of finite length increment. Crack 3 deviates 4.8°. The deviations of each of these 

three cracks are almost the same as those in loading case 5 and 6. 

Linearly varying gas pressure in the radial cracks increases both K1 and Kl1 of each crack 

by 3.1 times over the case with unpressurized cracks (loading case 6). It reduces the stress intensity 

factors of all cracks by about 60 % of those for the loading case 5 (uniformly pressurized up to 

0.5m). 

6.3.5.2 Stress Intensity Factors and Propagation Angles of Tensile Cracks. The 

tensile cracks belong to the first set (Figure 6.27). Stress intensity factors have been calculated for 

both tips of each tensile crack and are given in Table 6.9. Contrary to all other loading cases, K1 

is positive for one tip of each crack - the tip closer to the free face. The magnitude of [(1 depends 

on the geometry and the loading condition of each crack with respect to the radial cracks nearby. 

It increases towards the side of the hole. 

The sign of Kl1 is different for the two tips of each crack. Both crack tips grow towards 

the same radial crack. The stress distribution at the tensile crack faces and close to them shows 

similar characteristics as observed in loading cases 5 and 6. The calculated principal stresses are 

smaller than those for loading case 5 but larger than those for loading cases 6. Figure 6.44 shows 

the stress distribution around tensile cracks 2 and 3 for this loading case. Large tensile stresses 

occur at the surfaces of most cracks. Frequently such large tensile stresses also occur at the centroid 

of the elements. A biaxial tensile stress field forms at the surfaces of some of the tensile cracks. 

The tensile stresses exceed the tensile strength of rock several times. The tensile stress is either 

almost parallel (±300) to the original crack surfaces or almost normal (±300) to the crack plane. 

Shear failure takes place at points where tensile failure does not take place. 

Several second order fractures - both tensile and shear types - can form at the crack 

surfaces and at Bome distance away from them with the growth of the original tensile cracks. 

Subsequent movement along these new fractures can produce third and lower order fractures. This 

process continues and the fractured zone around each original tensile crack increases as long as 

the stress redistribution around a tensile crack is able to generate new fractures or the interaction 
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Table 6.9 : Normalized stress intensity factors and angle of propagation 
of each tensile crack for loading case 9 

Loading Case 9 
... , 

" 
Crack Kz. Ku. Angle from p p 

Numberf (ml/2) (m1/2) x-axis 

1 [ 
A 0.0009 -0.0668 160.30 -2.66 
B 0.0 0.0741 -160.50 2.68 

2 [ 
A 0.1139 -0.2568 147.30 -3.26 
B 0.0 0.2836 -165.50 3.23 

3 [ 
A 0.6567 -0.3518 132.70 -3.14 
B 0.0 0.3809 -159.50 3.13 

4 [ 
A 0.7672 -0.2136 115.50 -3.12 
B 0.0 0.1998 -162.50 3.04 

5 [ 
A 0.6714 0.2255 124.30 -3.04 
B 0.0 -0.2351 -16.50 3.12 

6 [ 
A 0.7254 0.3922 130.90 -3.13 
B 0.0 -0.3745 -20.50 3.14 

7 [ 
A 0.1821 0.2866 1540 -3.20 
B 0.0 -0.2630 -14.50 3.24 

8 [ 
A 0.0332 0.1313 155.80 -3.01 
B 0.0 -0.1181 -19.50 2.95 

f Cracks are identified in Figure 6.27. 
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effect from another crack system prevents further growth. Explosive gases, if they can flow into the 

fracture system, may enhance the fracturing process. 

6.3.6 Pressurized Radial and Tensile Cracks (Loading Case 10), Unpressurized Radial 
and Tensile Cracks (Loading Case 11), and Pressurized Radial Cracks with 
Unpressurized Tensile Cracks (Loading Case 12) 

The tensile cracks belong to the second set in these loading cases. In loading case 10, the 

radial cracks are pressurized uniformly at 750 MPa up to 0.5 m from the hole wall. Tensile cracks 1 

through 7 are also pressurized up to about 40 % of their lengths by constant gas pressure 750 MPa. 

Tensile crack 8 is unpressurized as it is not connected to any radial crack. Both radial and tensile 

cracks are unpressurized in loading case 11. In loading case 12, the radial cracks are pressurized to 

750MPa up to 0.5m of the hole wall. The tensile cracks are unpressurized. Therefore, the difference 

between cases 10 and 12 is the gas pressure inside the tensile cracks. Similarly, the pressure the 

radial cracks produces the difference between cases 11 and 12. The difference between cases 10 and 

11 is the gas pressure in both radial and tensile cracks. 

The principal stresses in the burden region at different distances from the hole are plotted 

in Figures 6.45, 6.46, and 6.47. The stresses are normalized by the pressure applied at the hole 

wall. Solid lines are drawn using equations (5.4) and (5.5). The difference between the solid lines 

and the plotted points is due to the radial cracks and the tensile cracks, and/or the gas pressure 

inside them. 

Both 0'1 and 0'3 are compressive close to the hole boundary. When the radial cracks are 

partially pressurized, a biaxial compression forms up to about 0.6 m from the hole boundary. 0'1 is 

very high in this region. At many points, its magnitude exceeds the applied pressure. 0'1 remains 

compressive in the rest of the burden except very close to some tensile cracks. 0'3 becomes tensile 

beyond this region. The magnitUde of tensile 0'3 increases with distance and peaks at around 0.9 m 

from the hole wall - near the tips of the radial cracks, although a few isolated points near the 

tensile cracks also have large tensile 0'3. Thereafter, 0'3 decreases monotonically. This new zone 

of tensile stress concentration occurs due to interaction among the radial cracks. When the radial 

cracks are un pressurized , 0'3 becomes tensile much closer to the hole. There are two peaks of tensile 

0'3' One peak is near the tensile cracks and has a much smaller magnitude than second one, which 

occurs near the tip of the radial cracks. Except at a few isolated points, the magnitude of 0'3, even at 
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Figure 6.45 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 10 - partially pressurized radial and second 
set of tensile cracks. Stresses are calculated in the shaded region, shown in inset. 
Solid lines are stresses in an infinite medium for hole diameters 200 mm and 2000 mm 
using equations (5.4) and (5.5). 
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Figure 6.46 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 11 - un pressurized radial and second set of 
tensile cracks. Stresses are calculated in the shaded region, shown in inset. Solid lines 
are streBBes in an infinite medium for hole diameters 200 mm and 2000 mm using 
equations (5.4) and (5.5). 
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Figure 6.47 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 12 - partially pressurized radial cracks and 
unpressurized second set of tensile cracks. Stresses are calculated in the shaded region, 
shown in inset. Solid lines are stresses in an infinite medium for hole diameters 200 
mm and 2000 mm using equations (5.4) and (5.5). 



324 

second peak, is much smaller than that for the partially pressurized radial cracks (both loading 

cases 10 and 12). This means that the potential for the breakage of rock in between two radial 

cracks by the formation of several tension fractures decreases considerably if no gases pressurize 

the radial cracks. This observation confirms the need for the gases to pressurize the radial cracks 

in order to produce extensive breakage of the burden region. 

6.3.6.1 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

normalized stress intensity factors for each radial crack for loading cases 10, 11, and 12 are given in 

Table 6.10. Angle of propagation of each radial crack, calculated using 0'9max theory, is also given 

in Table 6.10. 

The length of the pressurized part of each radial crack is the same in all three loading cases. 

As a result, the stress intensity factors of the radial cracks follow a similar p'attern in all cases. K/ 

is maximum for radial crack 5 and minimum for radial crack 3. K/ of radial crack 1 is about 90 % 

of that of crack 5. K/ of cracks 2 and 4 are about 40 % of that of crack 5 although K/ of crack 2 

is always slightly higher. Crack 3 has always the minimum K Il . KIl of crack 2 is maximum while 

KIl of crack 4 is slightly less than this. Both cracks 2 and 3 deviate counterclockwise from their 

own plane when the radial cracks are pressurized. Crack 3 deviates clockwise when the cracks are 

unpressurized although the angle is extremely small. Crack 4 always deviates clockwise. 

Pressurizing only the radial cracks increases K/ of each crack to 6 to 6.5 times that of the 

unpressurized case. KIl increases about 5 to 40 times. The maximum increase is for crack 3. 

Table 6.10 shows that the gas pressure in the radial cracks up to 0.5 m from the hole wall 

increases K/ by about 6.4 times. For radial crack 4, the increase is 6.75 times. It is 6.1 times for 

radial crack 5. The slight nonuniformity is due to the unsymmetry introduced by the tensile cracks. 

KIl of radial cracks 2 and 4 increases by 4.28 and 4.56 times respectively due to gas pressurization. 

KIl ofradial crack 3 is extremely small when the cracks are unpressurized. As a result, the relative 

increase due to gas pressurization is very high, 41.5 times. Crack 3 moves towards the free face 

(angle of propagation is 1.70
) when the cracks are partially pressurized. It moves away from the 

free face by 0.30 when the cracks are unpressurized. Therefore, KIl for loading case 11 has the 

opposite sign. 
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Table 6.10 No:malized Stress Intensity Factors and Angle of Propagation of Each Radial 
Crack for Loading Cases 10, 11 and 12 

Loading Case 10 Loading Case 11 
£ £ ,. 

" 
,. 

Crack III ~ Angle Iff IS¥-p 

Numberf (m1/2) (ml/2) from (m1/2) (m1/2) from 

X-axIS x-axis 

1 2.8304 0.0 900 0.4398 0.0 90° 6.44 

2 1.2600 -0.2155 52.40 0.1959 -0.0503 59.9° 6.43 4.28 

3 0.5458 -0.0083 1.7° 0.0862 0.0002 -0.3° 6.33 -41.5 

4 1.1886 0.1659 -49.3° 0.1761 0.0364 -55.7° 6.75 4.56 

5 3.1325 0.0 -90° 0.5124 0.0 -90° 6.11 

tCracks are identified in Figure 6.13. 

Loading Case 12 
... , 

Crack & liu. p p 

Number (ml/2) (m1/2) from 

x-axis 

1 2.7456 0.0 90° 6.24 1.03 

2 1.1910 -0.2385 55.1° 6.08 4.74 1.05 0.90 

3 0.5229 -0.0079 1.7° 6.07 -39.5 1.04 1.05 

4 0.1532 0.1870 -51.6° 6.55 5.14 1.03 0.88 

5 3.0840 0.0 -90° 6.02 1.02 
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Gas pressure in the tensile cracks does not increase the stress intensity factors at the radial 

cracks significantly. The KII of crack 3 increases by 5 % whereas the mode II stress intensity factor 

of cracks 2 and 4 decreases to about 90 % of those for the case with unpressurized tensile cracks 

(loading case 12). 

Unpressurized radial cracks with an unpressurized second set of tensile cracks (loading case 

11) always produces lower Kr and KII at each radial crack tip than those with an unpressurized 

first set of tensile cracks (loading case 6). In the second set (Figure 6.28), the tensile cracks, except 

crack 8, join with one of the radial cracks and produce a sort of stress shadow for the radial crack 

tips thus masking the effects of the pressurized hole. The shadow effect increases as the distance 

between the tensile crack and the radial crack decreases. Similarly. the effect of the pressurized 

hole on the radial crack tips decreases with increasing length of the radial cracks. This confirms 

the need for the explosive gases to pressurize the radial cracks for effective breakage of the burden 

rock. 

6.3.6.2 Stress Intensity Factors and Propagation Angles of Tensile Cracks. In 

loading case 10, tensile cracks of the second configuration (Figure 6.28) are pressurized up to about 

40% of their lengths. In loading cases 11 and 12, all tensile cracks are completely unpressurized. 

Kr is negative for all crack tips indicating the absence of any normal displacement discontinuity 

across the crack faces. The compressive stress field generated by the radial cracks predominates in 

between the cracks and controls the displacement of the surfaces of each tensile crack. Following 

the discussion in Section 6.2.3.3, Kr is set equal to zero for every crack tip in Table 6.11. Shear 

displacement discontinuity across the crack surfaces produces sliding and a mode II stress intensity 

factor at the crack tip. In Table 6.11, the KII values are normalized by the pressure applied at the 

hole wall. The angle of propagation of each crack tip is ±70.5° from its original plane depending 

on the sign of KII if the stresses along the crack faces allow sliding for a reasonable coefficient of 

friction. Stress analysis around the tensile cracks for both loading cases shows that all the tensile 

cracks propagate due to sliding (pure mode II). 

The second set of tensile cracks have one tip each except crack 8. The other end of a 

tensile crack is connected to a radial crack. Therefore, the stress distribution is not symmetrical 

at both ends of a crack. Figures 6.48 through 6.50 show the stresses around tensile cracks 2 and 

3 for loading cases 10, 11, and 12 respectively. Large tensile stresses occur at the surfaces of most 
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Table 6.11 : Normalized stress intensity factors and angle of propagation of each tensile crack 
(second configuration) for loading cases 10, 11 and 12 

Loading Case 10 Loading Case 11 
... .. r " , 

" 
Crack Iff ~ Angle from Iff bJL Angle from 

Numberf (m1/2) (m1/2) x-axis (m1/2) (ml/2) x-axis 

1 0.0 -0.3621 67.5° 0.0 -0.0560 67.5° 6.45 

2 0.0 0.0522 17.5° 0.0 0.1175 17.5° 0.44 

3 0.0 0.1146 -68.5° 0.0 -0.1136 72.5° -1.01 

4 0.0 0.7270 17.5° 0.0 0.0814 17.5° 8.93 

5 0.0 -0.3625 -22.5° 0.0 -0.0261 -22.5° 13.86 

6 0.0 0.2636 18.5° 0.0 0.1118 158.5° -2.36 

7 0.0 0.0183 65.5° 0.0 0.1373 65.5° 0.1333 

8A 0.0 0.0498 15.5° 0.0 0.0087 15.5° 5.71 

8B 0.0 -0.5460 -24.5° 0.0 -0.0543 -24.5° 10.05 

f Cracks are identified in Figure 6.28. 

Loading Case 12 

" , 
" KlI(Case 12} Crack Numberf lll. JS..u. Angle from x-axis p p Ku(Case 11) 

1 0.0 -0.5042 67.5° 9.00 

2 0.0 -0.1673 95.7° -1.42 

3 0.0 0.7506 -68.5° -6.61 

4 0.0 0.5691 17.5° 6.99 

5 0.0 -0.2850 -22.5° 10.92 

6 0.0 0.5683 18.5° -5.08 

7 0.0 -0.2692 183.8° -1.96 

8A 0.0 0.2089 15.5° 24.00 

8B 0.0 -0.4301 -24.5° 7.92 



Tensile Crack 2 

1487 

~ 

Tensile Crack 3 

-961 

• tensile fracture 

,/~41 

~152 

1290 

II shear fracture 

328 

Figure 6.48 : Stresses around tensile cracks 2 and 3 in loading case 10. New fractures develop in 
areas where redistributed stress caused by the tensile cracks exceeds the rock strength. 
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Figure 6.49 : Stresses around tensile cracks 2 and 3 in loading case 11. Magnitudes of redistributed 
stresses are quite small compared to those in loading cases 10 and 12. Only a few 
fractures develop. 
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tensile cracks when the radial cracks are partially pressurized (loading cases 10 and 12). The tensile 

stress field around some tensile cracks also extends some distance away from the crack surfaces. A 

biaxial tension field forms at some points on the tensile crack faces. The tensile stresses exceed 

the tensile strength of common rocks. The tensile stress is generally almost parallel to the original 

crack surfaces or makes a small angle with them. At some points on the crack faces, the tensile 

stress is almost normal to the crack plane. Shear failure takes place at most points where the 

principal stresses do not indicate tensile failure. This has been verified using Coulomb's criterion 

with cohesion equal to 50 MPa and an angle of friction of 45°. It is expected that several second 

order fractures form at the crack surfaces and at some distance away from them with the growth 

of the original tensile cracks. Subsequent movement along these new fractures can produce third 

and lower order fractures. This process can continue as long as the stress redistribution around a 

tensile crack can sustain new fracturing. 

The principal stresses around the tensile cracks are considerably smaller when there is no 

gas pressure along the radial cracks and the tensile cracks. But the pattern of stress distribution 

is almost the same as that with first set of tensile cracks (Figure 6.27). It is expected that the 

several second order tensile fractures can form at the crack surfaces and close to them. The size 

of these fractures would be small due to the lower tensile stress magnitude. As the fracturing zone 

around each tensile crack becomes limited only in the immediate neighborhood the overall fracturing 

process of the burden region is very much restricted. The wedge-shaped rocks in between the radial 

cracks remain virtually intact, especially when the radial cracks grow much larger, giving poor 

overall fragmentation. 

6.3.7 Eight Radial Cracks (length 0.9 m) Partially Pressurized by linearly Varying Gas 
Pressure with a Second Set of Tensile Cracks also linearly Pressurized - loading 
Case 13 

In loading case 13, the radial cracks are pressurized by a linearly varying gas pressure up 

to 0.6 m from the hole boundary. Tensile cracks 1 through 7 also have linearly varying gas pressure. 

Tensile crack 8 is unpressurized. Gas pressure in the radial cracks at the hole wall is 750 MPa. 

Normalized principal stresses in the burden region at different distances from the hole are 

shown in Figure 6.51. Both 0'1 and 0'3 are compressive close to the hole. 0'1 remains compressive 

and 0'3 is tensile in the rest of the burden. Large tensile 0'3 forms in the region close to the crack 
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Figure 6.51 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 13 - radial and second set of tensile cracks 
pressurized by linearly varying gas pressure. Stresses are calculated in the shaded 
region, shown in inset. Solid lines are stresses in an infinite medium for hole diameters 
200 mm and 2000 mm using equations (5.4) and (5.5). 
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tips. 0"3 decreases continuously beyond this region. A new set of tensile fractures can form at these 

locations of high tensile stress. 

Comparison of Figure 6.51 with Figure 6.45 shows that the cracks with linearly varying 

gas preSBure produce lower principal stresses in the burden region except at isolated points. Due to 

lower overall load, the tensile principal stress near the radial crack tips decreases to almost about 

half of that of loading case 10, resulting in smaller new tensile fractures. In both loading cases, the 

compressive stress field where (where both 0"1 and 0"3 are compressive) at the side of each radial 

crack tries to close each tensile crack. Linearly varying gas preSBure along the tensile cracks provides 

leSB resistance to counteract the compressive streSB field of the radial cracks. Therefore, the crack 

surfaces displace more which results in larger values of negative KI. 

6.3.7.1 Stress Intensity Factors and Propagation Angle of Radial Cracks. The 

modes I and II stress intensity factors, normalized by the preSBure in the hole, are given in Table 

6.12. The angle of propagation of each crack is also given. 

The pressurized part of each radial crack has the same length. Therefore, the stress intensity 

factors follow the pattern of loading cases 10, 11, and 12. Radial crack 5 has maximum 1(1. 

Minimum KI occurs at crack 3. Cracks 2 and 4 have almost equal Kr. Similarly, KII is minimum 

for crack 3 and numerically virtually the same for cracks 2 and 4. Cracks 2 and 3 bend towards the 

free face, crack 4 away from it. 

Compared to the loading case 10, where the radial cracks have constant pressure over part 

of their lengths, linearly varying pressure produces less stress concentration at the crack tips. On 

the average, Kr decreases to about 55 % of that of loading case 10. The decrease of 1(11 is not so 

uniform. KII is 0.87,0.17, and 0.80 times that of loading case 10 for cracks 2, 3, and 4 respectively. 

The linearly varying gas pressure in the cracks increases the stress concentration at the crack tips. 

Kr increases by about 3.6 times over that for the unpressurized loading case 11. KII of cracks 2 

and 4 increases by about 3.75 times and for crack 3, the increase is 7 times. 

6.3.7.2 Stress Intensity Factors and Propagation Angle of Tensile Cracks. The 

tensile cracks 1 through 7 have linearly varying gas pressure up to 40 % of their lengths. Tensile 

crack 8 is unpressurized. KI is negative for all crack tips. Following is Section 6.2.3.3, 1(1 of each 

crack is reported as zero in Table 6.13. The compressive stress field produced by the much longer 

radial cracks does not allow the tensile cracks to open, but allows the crack surfaces to slide past 

each other. 
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Table 6.12 : Normalized stress intensity factors and angle of propagation of each radial 
crack for loading case 13 

Loading Case 13 
... , 

Crack Iff Ku Angle p 

Numbert (mI/2 ) (mI/2) from 

x-axis 

1 1.5519 0.0 900 0.55 3.53 

2 0.7259 -0.1874 600 0.57 0.87 3.71 3.73 

3 0.3145 -0.0014 0.50 0.57 0.17 3.65 -7.00 

4 0.6449 0.1381 -55.7° 0.54 0.8 3.66 3.79 

5 1.8363 0.0 -900 0.56 3.58 

Cracks are identified in Figure 6.13. 

Table 6.13 : Normalized stress intensity factors and angle of propagation 
of each tensile crack for loading case 13 

Loading Case 13 
... , , 

Crack & lij;- Angle from p 

Numbert (m I/2 ) (m I/2 ) x-axis 

1 0.0 -0.2459 67.5° 4.39 0.68 

2 0.0 0.2712 44.9° 2.31 5.20 

3 0.0 -0.2704 72.5° 2.38 -2.36 

4 0.0 0.3028 17.5° 3.72 0.42 

5 0.0 -0.0942 -22.5° 3.61 0.26 

6 0.0 -0.2184 158.5° 1.95 -0.83 

7 0.0 0.3358 65.5° 2.45 18.35 

8A 0.0 0.0666 15.5° 7.66 1.34 

8B 0.0 -0.1943 -24.5° 3.58 0.36 

t Cracks are identified in Figure 6.28. 
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The stress distribution at the tensile crack faces and close to them shows similar 

characteristics as observed in loading cases 10, 11, and 12. The calculated principal stresses are, 

in general smaller than those for case 10 but larger than those for case 11. Large tensile stress, 

sometimes biaxial tension, occurs near the cracks. In some cases, the tension field exists away 

from the crack. Large compressive stresses also exist near the cracks and away from them. The 

increase in principal stresses around the tensile cracks can produce second and lower order tensile 

and shear Cractures. Flow of explosive gases into these fracture systems can enhance the subsequent 

fracturing. 

6.3.8 Eight Radial cracks (Length 0.9 m) Partially Pressurized by Constant Gas Pressure 
with Second Set of Tensile Cracks Partially Pressurized - Loading Cases 14 and 
15 

Loading cases 14 and 15 have unequal length of pressurization of the radial cracks. In 

loading case 14, radial cracks 1 and 2 are pressurized up to 0.6 m from the hole wall. Crack 

3 is pressurized up to 0.3 m, and cracks 4 and 5 up to 004 m. Only tensile cracks 1, 2, and 3 

are pressurized up to about 55 % of their lengths. In loading case 15, radial cracks 1 and 2 are 

pressurized up to 004 m from the hole. Cracks 3 and 4 are pressurized up to 0.6 m. Crack 5 

is pressurized up to 0.5m. Tensile cracks 4, 5, and 6 are pressurized up to 66% of their lengths. 

Tensile cracks 7 is pressurized up to 55 % of its length. Loading case 14 corresponds to the situation 

where explosive gases penetrate farther in front of the hole than at the back. Flow of gases at the 

side is the least. In loading case 15, gases flow more at the back and at the side. Minimum flow 

occurs in Cront of the hole. 

The normalized principal stresses in the burden region the hole} at different distances from 

the hole are plotted in Figures 6.52 and 6.53. Solid lines represent equations (5A) and (5.5). Both 

0'1 and 0'3 are compressive close to the hole. Very high compressive stress occurs very close to the 

hole boundary. 0'1 remains compressive in the burden region except at isolated points. 0'3 becomes 

tensile. Its magnitude increases quickly with distance. It becomes maximum close to the tips of the 

radial cracks. Beyond this region, 0'3 decreases continuously with distance. New tensile fractures 

can develop at these locations. 
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Figure 6.52 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 14 - radial and second set of tensile cracks 
unequally pressurized by constant gas pressure. Stresses are calculated in the shaded 
region, shown in inset. Solid lines are stresses in an infinite medium for hole diameters 
200 mm and 2000 mm using equations (5.4) and (5.5). 
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Figure 6.53 : Normalized principal stresses in the burden region from the model with eight radial 
cracks (length = 0.9 m) in loading case 15 - radial and second set of tensile cracks 
unequally pressurized by constant gas pressure. More gas pressure at the back of 
the hole produces lower stresses, especially 0'3, compared to Figure 6.52. Stresses are 
calculated in the shaded region, shown in inset. Solid lines are stresses in an infinite 
medium for hole diameters 200 mm and 2000 mm using equations (5.4) and (5.5). 



338 

6.3.8.1 Stress Intensity Factors and Propagation Angles of Radial Cracks. The 

modes I and II stress intensity factors, normalized by the hole pressure, are given in Table 6.14. 

The angle of propagation of each crack is also listed. 

In loading case 14, crack 5 has the largest KI. KI of crack 1 is about 76 % of that at 

crack 5. Crack 5, having a larger pressurized part, has KI more than twice that of crack 4. Crack 

3, being least pressurized, has the lowest KI' Crack 2 has the smallest /(11, followed by crack 3. 

Crack 4 has the largest KII. It seems probable that the gas pressure inside a radial crack tries to 

propel the crack in its own plane. The stress field produced by the nearby cracks produces sliding 

of one crack face over the other. As a result, KII decreases as the length of the pressurized part of 

the crack increases and vice versa. 

In loading case 15, crack 1 has the largest KI of all the radial cracks. Although crack 2 

has the same length of pressurization as crack I, it has KI about 22 % of that of crack 1. On the 

other hand, crack 2 has the largest KII. Cracks 3 and 4 have the same length of pressurization. 

The length of pressurization of crack 4 is larger than that of crack 2. Crack 4 has larger Kr and 

smaller KII. KI of crack 3 is slightly larger than that at crack 2. Crack 3 has the smallest /(11. 

Crack 5 has the smallest KI although it has larger length of pressurization than crack 1. Crack 4 

has larger length of pressurization than crack 5. Probably the compressive stress field produced by 

crack 4 is able to restrict the opening of crack 5. 

Due to the uneven length of gas pressurization, the direction of sliding of cracks 2, 3, and 

4 is different. As a result, the direction of propagation of these cracks varies with the loading 

condition. In loading case 14, KII is positive for all three cracks. Therefore, all of them bend in 

the direction away from the free face. In loading case 15, cracks 2 and 3 bend towards the free face, 

whereas crack 4 bends away from it. 

6.3.8.2 Stress Intensity Factors and Propagation Angles of Tensile Cracks. In 

loading case 14, only tensile cracks 1, 2, and 3 are partially pressurized, that is, only the cracks 

in front of the hole. In loading case 15, cracks 4, 5, 6, and 7 are partially pressurized, that is, the 

cracks to the side and in the back. Crack 8 is not pressurized as it does not connect with any radial 

crack. 

KI of each crack is negative except for tensile crack 3 for loading case 14. In loading case 

15, tensile crack 4 has a positive KI. KI is negative for all other crack tips. Following Section 
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Table 6.14 : Normalized stress intensity factors and angles of propagation of each radial crack 
for loading case 14 and 15 

Loading Case 14 Loading Case 15 
... & r " r " 

Crack .Iff ~ Angle from KL ~ Angle from p 

Numbert (m1/ 2) (m1/ 2) x-axis (m1/ 2) (m1/ 2) x-axis 

1 2.1738 0.0 90° 2.3828 0.0 900 

2 1.3863 0.0850 27° 0.5250 -0.7276 91.60 

3 0.4582 0.3829 -50.2° 0.6990 -0.2954 36.60 

4 0.6048 0.4562 -82.40 1.5526 0.3908 -93.50 

5 2.8522 0.0 -900 0.2164 0.0 -900 

t Cracks are identified in Figure 6.13. 

Crack Numbert 

1 4.94 5.42 

2 7.08 -1.69 2.68 14.47 

3 5.32 1914.5 8.11 -1477.00 

4 3.43 12.53 8.82 10.74 

5 5.57 0.42 
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6.2.3.3, in Table 6.15, a negative Kr ia reported as zero. The compressive stress field produced 

by the much larger radial cracks does not allow most of the tensile crack faces to open. Figure 

5.50 and 5.51 show that substantial part of the biaxial compression zone forms only around the 

pressurized part of a radial crack. The overlap of the compressive zones of two neighboring radial 

cracks increases the extent of this biaxial compression zone (Sections 6.3.1 and 6.3.2). The shape 

of this zone depends on the extent of the pressurized part of each radial crack. In loading case 14, 

0.6 m of crack 2 and 0.3 m of crack 3 are pressurized. Therefore, the zone of biaxial compression 

does not extend much beyond the pressurized part of radial crack 3. Tensile crack 3 originates 

at radial crack 2, at about 0.5m from the ho~e boundary, and propagates towards radial crack 3. 

Therefore, tensile crack 3 propagates towards the area ahead of the compressive zone of radial crack 

3. As a result, a positive Kr forms at the tip of tensile crack 3. Similarly, in loading case 15, radial 

cracks 2 and 3 are pressurized up to 0.4 m and 0.6 m respectively. Radial crack 4, originating at 

radial crack 3, 0.5 m from the hole wall, propagates towards radial 2 ahead of its total compressive 

zone. As a result, a positive Kr forms at the tip of tensile crack 4. 

The stress distribution around tensile cracks, for both loading cases, shows similar 

characteristics as in loading cases 10 through 13. Large tensile stress, sometimes biaxial tension, 

occurs near the crack surfaces. In some cases, the tension field exists away from the crack. Large 

compressive stresses also exists near the cracks and away from them. The stress distribution and 

the increase in principal stresses around the tensile cracks can produce second and lower order 

tensile and shear fractures. Pressurization of these fracture systems by the explosive gases into can 

enhance subsequent fracturing. 

6.3.9 Conclusions 

Analysis of the stress distribution using the model with radial cracks shows interesting 

characteristics which are very important in explaining the fragmentation observed in bench blasting. 

Some of the results obtained in the numerical analysis have been observed in controlled experiments 

in the laboratory. Results differ significantly from models without radial cracks (Porter, 1971; 

Bhandari, 1975; Ash, 1973; Smith, 1976; Sunu et aI., 1988). The deficiencies of the no crack model 

have been overcome when radial cracks have been introduced into the model. 
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Table 6.15 : Normalized stress intensity factors and angle of crack propagation of the tensile 
cracks for loading cases 14 and 15 

Loading Case 14 Loading Case 15 
... .. ,. ,. 

Crack & lllL Iff Kjf-p p 

Numberf (m1/2) (ml/2) From (m1/2) (ml/2) From 

x-axis x-axis 

1 0.0 -0.2446 67.5° 4.37 0.0 -0.1892 67.5° 3.38 

2 0.0 0.0660 44.9° 0.56 0.0 0.5078 44.9° 4.32 

3 0.1509 0.4123 -61.7° -3.63 0.0 -1.3841 72.5° 12.18 

4 0.0 0.2297 17.5° 2.82 1.5277 1.0248 40.8° 12.59 

5 0.0 -0.4470 -22.5° 17.13 0.0 -0.4118 -22.5° 15.78 

6 0.0 -0.9360 158.5° 8.37 0.0 0.0471 18.5° 0.42 

7 0.0 0.5953 65.5° 4.34 0.0 -0.1838 -176.2° -1.34 

8A 0.0 0.0079 15.5° 0.91 0.0 0.1056 15.5° 12.14 

8B 0.0 -0.1559 -24.5° 2.87 0.0 -0.2944 -24.5° 5.42 

f Cracks are identified in Figure 6.28. 
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The distribution of the principal streBBes around the hole is not symmetric, contrary to the 

observations with no crack model (Chapter Five). As a general rule, the magnitudes of the principal 

stresses at any point in the burden region are not same. A wide variation of stress magnitudes and 

signs (tension or compression) occur, especially within the radially cracked zone. This variation of 

stress magnitudes produces breakage of rock in between the radial cracks. 

Both 0'1 and 0'3 are compressive close to the hole and have very large magnitudes when 

there is gas pressure inside the radial cracks. The streBBes exceed the applied preBBure several times 

at many points within this zone. The extent of this compressive zone depends on the length and 

magnitude of gas preBBurization along each radial crack. When the radial cracks are not pressurized, 

the compressive zone extends up to a few hole radii. 0'3 becomes tensile outside this zone. Its 

magnitude at first increases and peaks near the radial crack tips. Thereafter, 0'3 decreases rapidly. 

0'1 generally decreases with distance from the hole. The rate of decay of 0'1 and 0'3 at some distance 

away from the radial crack tips is almost equal to the inverse squared distance rate of equations 

(5.4) and (5.5) in infinite medium. The magnitude of tensile 0'3 in the stress concentration zone 

depends on the preBBure in the radial cracks and also on the radial crack length. Gas pressure in 

the radial cracks increases the magnitude of tensile 0'3. On the other hand, 0'3 decreases as an 

increase in radial crack length decreases the gas preBBure. The average tensile stress in the tensile 

stress concentration region, generated by crack to crack interaction, is much larger than the tensile 

strength of rock. It is expected that several tension fractures form in this region. In addition to 

these relatively large tension fractures, several smaller size tension fractures are expected to form 

in and around this region. Evidence in the literature suggests a fractal structure of these tensile 

fractures. 

The general characteristics of the stress distribution around the hole remain more or leBB 

the same with the growth of the radial cracks. The compreBBive zone expands due to the increased 

length of the pressurized part of the radial cracks. The newly formed tensile cracks are affected 

by the compressive stress field of the radial cracks. Depending on the pressure distribution in 

the radial cracks, some of the tensile cracks may start propagating either in mixed mode or in 

mode II (sliding mode). These tensile cracks also redistribute the stresses locally. This produces 

high tensile and compressive streBBe8 near the crack faces. As a result, several new tensile and 

shear fractures form close to the original radial cracks. As the formation of a crack relieves the 

stress only in its immediate neighborhood, it is expected that the far field stresses do not change 
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significantly. Therefore, large enough far-field stresses can not only cause further displacement of 

the original tensile cracks but also can cause displacement along the newly formed fractures. As a 

result, a fracture structure, similar to the one around the original tensile cracks, can form around 

the newly formed fractures giving the whole fracture system a fractal structure. Evidence in the 

literature suggests that the fracture system around a strike-slip fault has a fractal or self-similar 

structure. Similarity of the mechanism of new fracture formation around a strike-slip fault with 

that observed around the original tensile fractures in this numerical study provide indirect support 

to the formation of the self-similar fracture system. 

New zones of tensile stress concentration form with the growth of the radial cracks. A 

fracture system, similar to that described above, forms around these new tensile fractures. This 

process continues until the tensile stress is no longer able to produce any more tensile fractures or 

until the free face allows the fractured rock fragments to displace forward as individual pieces. These 

tensile fractures grow to break the wedge-shaped rock in between the radial cracks. Formation 

and propagation of these tensile fractures can be the reason for the absence of wedge-shaped 

rock fragments in typical muck piles. This explanation fills the gap in the gas pressure theory 

in explaining the fragmentation from bench blasting. 

The effect of the free face on the stress distribution near the radial crack tip increases 

with the growth of the radial cracks. Results obtained in Chapter Five indicate that the free face 

effectively increases the magnitude of tensile 0'3. Therefore, the effect of the free face is greater on 

the cracks propagating towards it. The length of the radial cracks studied here is too small for a 

clear detection of this discriminating effect. It is expected that more intensive tensile and associated 

lower order fractures form in the burden region than at the back of the hole. This effect should be 

noticeable as the radial cracks grow much longer. This numerical model predicts fracturing at the 

back of the hole up to some distance. In field blasting it may not be readily noticeable due to the 

soil cover or the highly fractured rock at top of the bench from previous blasts at the upper bench 

although many a times careful observation reveals the formation of new fractures. Langefors (1959) 

has predicted new fracture formation up to one burden distance at the bench. Holmberg and Miiki 

(1982) have measured increased fracturing at the back of blasted holes at a distance almost three 

times the burden dimension. The extension of the results obtained in this study needs to be verified 

in numerical analysis, in the laboratory, and in the field. 
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The stress intensity factor is generally not uniform at each radial crack tip even when the 

length of gas pressure in each crack is the same. Radial cracks 2, 3, and 4 propagate in mixed 

mode. Radial cracks 1 and 5, by design, move in mode I. These cracks become the limiting cracks. 

Any crack other than these propagates in mixed mode due to the presence of the free face. Unequal 

gas preBSure inside the radial cracks can also induce mixed mode propagation. Results obtained 

in this study show that uneven gas preBSure in the radial cracks can overcome the sliding of the 

crack surfaces caused by the free face and may produce sliding in the opposite direction. More 

experimental observations and theoretical models are neceBSary to understand the gas flow and 

pressurization prOCe88 inside the radial cracks. 

Result,s obtained in this study indicate that the flow of pressurized gases from the hole 

into the radial cracks is neceBSary to produce the fracturing observed in bench blasting. Stress 

intensity factors at the tip of each radial crack decrease considerably if there is no gas pressure 

inside the cracks. Actual stress intensity factors of the unpreBSurized radial crack decrease as the 

crack length increases. This is true even when there is no free face (Ouchterlony, 1983). Therefore, 

gas pressure in the hole only cannot drive the radial cracks through the full burden distance -

more than sixty times the hole radius. Model scale blasting of Dally et aI. (1975) and McHugh 

(1983) have demonstrated this. 

Results in this study show that although the pattern of stre88 distribution around the tensile 

cracks when the radial cracks are not pressurized remains similar to that with partially pressurized 

radial cracks, the potential for secondary and lower order fracture formation decreases substantially. 

At many sites, there is hardly any secondary fracture formation. The new sites of tensile cracks, 

even if they form with the propagation of the radial cracks, have much lower stresses around them 

to cause initiation of secondary fractures. It has been observed in this study that the tensile cracks 

mostly grow in the compressive stress field due to sliding of the crack faces. The propagation of 

the tensile cracks in compressive field is stable, that is, more stress is required to propagate these 

cracks after initiation. Even more stress is required to propagate in the presence of lower order 

fractures. King (1983) has arrived at a similar conclusion for the self-similar fault systems in the 

upper lithosphere. He has observed that a substantial fraction of the large deformation in a fault 

system caused by plate movement occurs on minor faults in the self system. If the radial cracks 

remain unpressurized throughout the fracturing prOCe88, the stresses around the radial cracks do 

not increase. Therefore, the tensile cracks, once initiated, do not grow long and the burden rock 
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remains virtually unfractured except for a few radial and tensile cracks. Although radial crack 3 

propagates in mixed mode, the angle of deviation from its own plane is almost insignificant when 

the radial cracks are unpressurized. As a result, radial crack 3 or any crack developed in the side 

of the hole does not intersect the free face when grown long. This suggests a small breakout angle, 

and consequently, less broken rock per hole if the radial cracks remain unpressurized during the 

fracturing process. 

6.4 Equivalent Cavity Hypothesis and Its Verification with Results from 
the Model with Eight Radial Cracks 

Kutter (1967) has investigated analytically the stress distribution in the burden from a 

completely pressurized hole with pressurized radial cracks (star-cracked cavity). He has made the 

following assumptions -

i) rock is isotropic and elastic, 

ii) stress waves produce symmetrically distributed radial cracks, having equal length, around 

the hole, 

iii) gas pressure remains constant during crack extension, 

iv) infinite plate (i.e., presence of free face is ignored), 

v) explosive gases pressurize the radial cracks up to their tips. 

The analytical solution of the stress field around the star-cracked cavity is obtained by 

conformal mapping. Kutter (1967), and Kutter and Fairhurst (1971) have defined the equivalent 

cavity as "that size of hole which, under the same pressure, produces in the region beyond the 

radial fractures the same stress field as the pressurized, radially-fractured borehole." Results from 

their analytical study show that for large number of radial cracks, the stress field beyond the radial 

cracks approaches that from an uncracked cavity with a diameter almost equal to the diameter 

of the radially fractured region. For practical purposes, six is considered a large number. Kutter 

(1967), and Kutter and Fairhurst (1971) have concluded that the equivalent cavity is the radially 

fractured region. 

In regular bench blasting, the last two assumptions are not strictly valid. The free face 

makes the rock mass a semi-infinite medium or a half space. Ouchterlony (1983) has shown that 

it is impossible for multiple radial fractures to grow uniformly if the radial cracks are completely 

pressurized. Hence, the radial cracks and the associated breakage do not propagate very far from 
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the hole boundary. Assuming the equivalent cavity hypothesis is also applicable to bench blasting, 

it indicates very little breakage around the hole or around the equivalent hole. Results obtained 

in Section 5.2 confirm this conclusion. Therefore, conditions leading to the equivalent cavity can 

not exist in regular bench blasting, where extensive breakage takes place up to about 25 to 40 hole 

diameters. 

Results from the finioo element analyses in Section 6.3 are compared below with the 

equivalent cavity hypothesis to determine its applicability as a model for bench blasting. This 

comparison is carried out for every loading condition and every crack configuration analyzed. 

In loading cases 1 through 4, the equivalent cavity diameter is 1 m. It increases to 2 for 

loading cases 5 through 15. Solid lines representing the stresses calculated using equations (5.4) and 

(5.5) with the equivalent hole diameter are shown in the plot of normalized stress versus normalized 

distance for each loading case. These figures are shown in Section 6.3. 

Principal stresses, produced by the multicrack model with partially pressurized radial cracks 

and also the tensile cracks in loading cases 5 through IS, are always smaller than those produced by 

the no crack model with equivalent diameters at distances larger than the radial crack length. When 

the radial cracks are not pressurized, the stresses are significantly smaller than the stresses from 

the no crack model with the equivalent diameter. Equivalent cavity hypothesis assumes completely 

pressurized radial cracks. Therefore, partial or no pressure in the radial cracks produces smaller 

stresses. The stresses beyond the crack tips from the multicrack model show more or less an inverse 

distance square decay rate. The difference between the two models is practically negligible at a 

distance of about three crack lengths from the hole boundary. Therefore, the equivalent cavity 

model provides a good approximation of the stressfield some distance away from the radial crack 

tips. 

The major difference between these models of bench blasting occurs within the radially 

cracked zone. Both major and minor principal stresses in this region exceed the applied pressure at 

the hole wall. High tensile stress can produce tensile fractures. These tensile fractures change the 

stress distribution and control the propagation of the radial cracks, and also the breakage of rock in 

between the radial cracks. Un pressurized radial cracks also show unsymmetrical stress distribution 

around the hole. The equivalent cavity hypothesis neither models the phenomena taking place 

around the hole nor explains the fracture formation in actual blasting. It inherently assumes that 

the phenomena taking place inside the radially cracked zone do not affect the fracture propagation 
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outside the region. Assuming an intact and pressurized hole to be equivalent to the radially cracked 

zone around the hole, this model predicts a radially symmetrical stress distribution around the hole. 

The maximum principal stresses occur at the equivalent cavity boundary. The principal stresses at 

every point are not only equal in magnitude but also opposite in sign. They decay proportionally 

to the inverse squared distance. Therefore, it only produces a thin failed region around the cavity 

boundary concentric with the hole and thereby, precludes a complete breakage of the burden. This 

is not consistent with field observation. Within the failed zone, wedge-shaped fragments should 

be prevalent. The equivalent cavity hypothesis does not provide any mechanism to break these 

wedge-shaped fragments. Therefore, the equivalent cavity hypothesis does not model the fracturing 

of the burden region in bench blasting. 

6.5 Effect of Crack Length and Crack Pressurization 
on Free Face Displacement 

The magnitude of displacement vector I d I at each node on the free face is calculated for 

each loading case. The displacement is maximum at the point on the free face just opposite to the 

hole center, hereafter referred as point I. It decreases towards both the sides. 

An equation of the form -

where, I d I = magnitude of the displacement vector at a point on the free face 

x = distance of the point from point I 

(6.58) 

is fitted to the calculated displacements at different distances from point I using BMDP Statistical 

package (BMDP, 1985). 

The coefficients A, B, C, and 0 are calculated from least-square analyses of the displacement 

data. Coefficient A represents the maximum displacement of the free face. Maximum displacement 

occurs at z = 0, point I. The results are given in Table 6.16. The displacements from the no crack 

model are included as the base case. Results from the no crack model are calculated for three cases. 

In two cases, a 200 mm hole is pressurized at 750 MPa or at 1000 MPa. In the third case, a 2000 mm 

hole is pressurized at 750 MPa. 2000 mm is the equivalent diameter when the radial cracks have 

grown to 0.9 length. 
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Table 6.16 : Parameters A, B, 0, and D calculated using least-square fit of equation (6.58) 
to the free face displacement 

Loading Case A B 0 D R2 

1 (L = O.5m PP) O.1270e-2 -o.5270e--4 O.2182e-6 0.7898e-8 0.994 

2 (L = 0.5m UP) 0.3354e-3 -0. 1385e-4 0.5373e-7 0.2140e-8 0.994 

3 (L = 0.5m PP) 0.1282e-2 -o.5400e--4 0.2649e-6 0.7352e-8 0.994 

4 (L = 0.5m UP) 0.3386e-3 -0. 1429e--4 0.6370e-7 0.2122e-8 0.993 

5 (L = l.Om PP) 0.2304e-2 -o.7753e--4 -o.6218e-6 0.2854e-7 0.993 

6 (L = l.Om UP) 0.4395e-3 -o.1482e--4 -0. 1144e-6 0.5358e-8 0.993 

7 (L = l.Om PP) 0.1959e-2 -o.8613e--4 0.7491e-6 0.479ge-8 0.996 

8 (L = l.Om PP) 0.2387e-2 -o.1264e-3 0.2135e-5 -0.1143e-7 0.996 

9 (L = l.Om PP) 0.1370e-2 -o.4644e-4 -0.3418e-6 0.1648e-7 0.993 

10 (L = l.Om PP) 0.2808e-2 -o.1013e-3 -0.3411e-6 0.2858e-7 0.994 

11 (L = l.Om PP) 0.4413e-3 -o.1523e-4 -0.9173e-7 -0.5013e-8 0.994 

12 (L = l.Om PP) 0.2861e-2 -o.1063e-3 -0.1757e-6 0.2674e-7 0.994 

13 (L = l.Om PP) 0.1688e-2 -o.6462e-4 0.8349e-8 0.1415e-7 0.994 

14 (L = l.Om PP) 0.2773e-2 -o.1773e-3 0.3748e-5 -O.2573e-7 0.996 

15 (L = l.Om PP) 0.2488e-2 -o.1096e-3 0.9293e-6 0.6822e-8 0.996 

No Crack d = l.0 m 0.1757e-2 -o.5824e-4 -o.5875e-6 0.2712e-6 0.999 
p = 1000MPa 

No Crack d = 0.2 m 0.8052e-4 -o.4935e-5 0.1290e-6 -0.1274e-8 0.998 
P = 1000MPa 

No Crack d = 0.2m 0.6039e-4 -0.3701e-5 0.9666e-7 -0.9545e-9 0.998 
P = 1000MPa 
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The displacement at any point on the free face increases when the radial cracks are 

pressurized. When the cracks are 0.4 m long, pressurization of the crack surfaces up to 0.2 m 

from the hole boundary (case 1) increases the displacement at any point on the free face on an 

average 3.8 times over that from unpressurized radial cracks (case 2). Displacement increases by 

3.12 to 6.48 times when the cracks are 0.9 m long. Increasing the radial crack length also increases 

the diRplacement of the free face. When the cracks are impermeable, the displacement of the free 

face increases by about 1.3 times as the cracks grow from 0.4 to 0.9m. When the cracks are partially 

pressurized, the increase is 1.08 to 2.25 times. All models with 0.9m long radial cracks also contain 

eight tensile cracks. Therefore, the calculated displacement values are due to the combined effect of 

the longer radial cracks and the tensile cracks. When the cracks are pressurized by linearly varying 

gas pressure, the increase is minimum. In loading case 15, the radial cracks at the back of the holes 

have longer length of gas pressurization than that in loading case 14. Therefore, the displacements 

from loading case 15 are slightly smaller. 

The spread of the displacement values, when the radial cracks are 1.0 m long, is due to 

different length of pressurization in different radial cracks. This uneven loading produces different 

displacement profiles of the free face. Results given in Table 6.16 also show that the second tensile 

crack configuration, used in loading cases 10 through 15, produces more displacement than the 

first tensile crack configuration. The increase is about 1.22 times when the cracks are partially 

pressuized. When the cracks are unpressurized, the increase is marginal - only 1.004 times. 

Comparison of the displacement or, in other words, the coefficients of equation (6.58) 

for different loading cases, of the model with no radial cracks with the other cases show the 

effect of radial cracks, either unpressurized or partially pressurized, on the free face displacement. 

Partially pressurized 0.4 m long radial cracks produce about seventeen times more displacement of 

the free face than the no radial crack model. The increase is about five times when the cracks are 

unpressurized. When the cracks are 0.9 m long, this difference increases to six and thirty times for 

unpressurized and partially pressurized cases respectively. 

Radial cracks soften the burden rock. The decrease in stiffness is related to the radial 

crack length. The free face displaces more with increasing crack length. Tensile cracks also soften 

the burden. Tensile cracks in the second configuration are longer, so the stiffness of the burden 

decreases more. Results in Table 6.16 confirm this conjecture. Pressurized gases in the cracks 

increase loading of the burden. As a result, the free face displaces more. 
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Table 6.16 also shows that the no crack model with 2 m hole diameter (equivalent diameter 

when crack is 0.9 m long) produces more displacement than the models with partially pre88urized 

cracks, as the model with equivalent diameter inherently assumes fully pre88urized cracks. 

6.6 Comparison of Free Face Displacement with the Analytical Solution 
Using Beam Theory of Ash (1973) 

Ash (1973) has modeled the burden region for each hole as a cantilever beam fixed at the 

floor. Essential features of this model have been shown along with the free body diagram in Figure 

4.19. Ash (1973) has derived the deflection 11 of the beam or the free face as -

where, E = Young's modulus 

I = moment of Inertia 

R2 = if; (6/~ - 4/1/2 + I~) 

P = applied pressure per unit length 

:z: = distance along the vertical bench face, measured from the floor. 

11 and h are shown in Figure 4.19. 

(6.59) 

(6.60) 

Equation (6.59) is evaluated for different values of :z: to determine the displacement along 

the free face. These values are compared with the results from the finite element analysis of the 

model with eight radial cracks and the boundary element analysis of the model without radial 

cracks. 

In this study, all the numerical analyses have been carried out in two dimension along a 

croes-section through the explosive column. Therefore, the results from equation (6.59) can not be 

compared directly for different values of:z:, that is, at different positions along the vertical direction 

of the free face. Displacement 11 is plotted for different values of :z: in Figure 6.54 and 6.55. Five 

different bench heights - 1.0, 2.0, 3.0, and 4.0 times the burden - are used in this analysis with 

two different pressures applied at tbe hole boundary. The displacement of the node on the free 

face just opposite the bole center is plotted in the finite element result. The displacement at the 

mid-point of the element just opposite the hole is used as boundary element result. 



'b .... 

~ .... 

b .... 
~ 

j,~ 
~ .... 
= Q) 

='6 8 .... 
as -Q.. .. 
CIl '0 .... 

Q .... 

" '0 .... 

To .... 
10 

'0 .... 0.0 

P = 1000 MPa. Crack Length = 0.4 m 

c = Ks : 1.0 
0= Ks : 2.0 
6 = Ks : 2.6 
+ = Kn : 3.0 
)( = KH : 4.0 

Partially Pressurized Radial Cracks 

Unpresllurlzed Radial Crack • 

e : Hole Diameter 0.2 m 

0.2 0.4 0.8 0.8 1.0 
Normalized distance [r/bench height] 

351 

Figure 6.54 : Displacement predicted by the beam bending model for various KH ratios compared 
with calculated maximum displacements from multiple crack and no crack models. 
Calculated displacements are several order of magnitude smaller. Applied pressure = 
1000 MPa. 
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Figure 6.55 : Displacement predicted by the beam bending model for various I(H ratios compared 
with calculated maximum displacements from multiple crack and no crack models. 
Calculated displacements are several order of magnitude smaller. Applied pressure = 
750 MPa. 
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In formulating the beam bending model, Ash (1973) has assumed that the beam extends 

up to half the spacing distance at both sides of the hole. In Figure 29 of Ash (1973) and in the 

example given in Ash (1973), one dimension of the beam cross-section is taken equal to the hole 

diameter. The other dimension of the beam is equal to the burden. Equations (6.59) have been 

derived with this geometry. Ash (1973) has not given any explanation for this contradiction. In 

this comparison, equations (6.59) are evaluated with one dimension equal to the hole diameter. 

Following the example given by Ash (1973), P for should be equal to 200 MN/m when the borehole 

pressure is 1000 MPa. P is 150 MN 1m when the borehole pressure drops to 750 MPa. In both cases 

burden B is 7.0 m. Assuming the height of the stemming column equal to two third of the burden 

or 4.7 m, '1 and 12 become (7KH - 4.7) and (7KH - 2.35) respectively, where KH is the ratio of 

the bench height to the burden. 

Figure 6.54 and 6.55 show that the displacement increases with an increase in pressure 

applied at the hole wall. For the same pressure, the displacement increases with an increase in 

bench height. There is an almost one hundred times increase in displacement when KH is increased 

from 1 to 2. The rate of increase of displacement decreases rapidly with an increase in bench height. 

The displacement increases by more than thirty times when KH is in:reased from 1.0 to 4.0. 

The displacement also increases along the explosive column with minimum at the floor 

of the bench. When KH is small, the maximum displacement occurs at the top of the explosive 

column. For larger KH, the maximum displacement occurs at about 0.6 to 0.7 times the height of 

the explosive column from the bench floor. The reaction force R2 in front of the beam (Figure 4.19) 

is too small to change the final shape of the beam when the bench is short. Restraining power of 

R2 increases an the increase in bench height, and the final shape of the free face changes. It is not 

obvious what R2 means in Figure 4.19. If the thickness of the beam is equal to the hole diameter, 

as in the example given by Ash (~973), there cannot be a reaction force at that location as there is 

still a hole there. Although the hole is packed with stemming material, it is not close to the intact 

rock. R2 probably tries to model the constraining force given by the rock adjacent to the hole. 

It is not possible to compare directly the displacements from the models used in this study 

with the results from flexural rupture model as they calculate displacements at different sections of 

the bench. But there is a common point between the two sections, the point on the free face just 

opposite to the hole. The calculated displacement at this point should belong to the displacement 

curves calculated using equation (6.59). The common point can be at different locations on the 
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curves due to the effect of KH on the displacement. Figures 6.51 and 6.52 and Table 6.16 show 

that all models used in this study generally produce significantly smaller displacements at the 

free face than the beam bending model except when KH is 1. Only the curve for KH equal to 

2 intersects the line for partially pressurized cracks when the borehole pressure is 750 MPa. KH 

equal to 1 produces much smaller displacements and KH greater than 2 produce significantly larger 

displacements. This is true for the both bore hole pressures used in this study. Difference with the 

flexural model increases drastically with increasing bench height. The maximum difference for any 

particular bore hole pressure occurs when the radial cracks are not preBBurized. In the extreme case, 

it may become as large as three orders of magnitude. Such large discrepancy in displacement values 

cannot be explained very easily. The beam bending model does not consider any radial crack in 

the burden. Therefore, it inherently assumes the stiffest burden. Radial cracks in the model make 

the burden less stiff. As a result, more displacement is expected when radial cracks are present. 

Still the beam bending model produces displacement significantly higher than the cases when the 

burden is much softer due to partially pressurized radial and tensile cracks. Therefore, the answer 

to this discrepancy may be elsewhere. 

According to the original assumptions of Ash (1973), one dimension of the beam is equal 

to the burden. The other horizontal dimension of the beam is bounded by two radial cracks 

propagating at two sides of the hole. For practical purposcs, it may be taken equal to the spacing 

between the holes. This dimension of the beam is taken equal to the hole diameter in deriving 

the analytical solution for the displacement. This reduces the stiffness of the beam drastically. As 

a result, the beam experiences exceedingly large displacements according to the analytical model. 

The actual problem is quite different from the beam bending model, as developed. A thick plate 

bending model would be more appropriate. The plate would be fixed at three edges, and have line 

load applied at the middle. The stiffness of the plate degrades with the propagation of the radial 

cracks. 
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Rock is rarely a continuous medium. It contains natural breaks, such as, faults, joints, 

bedding planes, schistosity planes etc. The International Society for Rock Mechanics (1977) has 

recommended to use the term 'discontinuity' rather than 'fracture' to represent collectively faults, 

joints, bedding planes and contacts. 

The discontinuities may he filled or open. Filling materials separate the adjacent rock 

walls of a discontinuity. Typical filling materials are sand, silt, clay, breccia, gouge, and mylonite 

(International Society for Rock Mechanics, 1977). They also include thin mineral coatings and 

healed discontinuities, e.g., quartz and calcite veins. Filling materials generally are weaker than the 

parent rock. In some cases the healed discontinuities containing calcite and quartz show greater 

strength than the rock mass. Due to the enormous variety of occurrences, filled discontinuities show 

a wide range of physical behavior (International Society for Rock Mechanics, 1977). Commonly, 

only a few joint sets in a rock mass are dominant. Mainly they control the rock breakage from 

blasting. 

Persistence or the areal extent of each discontinuity set in a rock mass differs. The 

discontinuities of a particular set (generally the major or the dominant set) are often more 

continuous than those of the other sets. Minor sets generally tend to terminate against the dominant 

set or they may terminate in solid rock. Persistence of the discontinuity sets directly influences the 

shape and the size of in-situ blocks. It directly affects the breakage pattern as a rock bridge in a 

joint trace has much larger strength than an open fracture. Persistence of a discontinuity set can 

be crudely determined by measuring the discontinuity trace lengths on exposures. It is one of the 

most important parameters but one of the most difficult ones to quantify (International Society for 

Rock Mechanics, 1977). 
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Discontinuity sets intersect one another and form isolated blocks in-situ. Shape and size of 

the blocks depend on the number of discontinuity sets, and on the orientation, the persistence and 

the spacing of the sets (International Society for Rock Mechanics, 1977; Goodman and Shi, 1985). 

Block size largely controls the rock mass behavior. The efficiency of a blast in fracturing a rock 

mass is likely to depend on the block size and on the size distribution of the blocks (International 

Society for Rock Mechanics, 1977). 

as-

Ash (1973) has summarized the effect of discontinuities on the fragmentation from blasting 

i) natural discontinuities are weaker than intact rock. They open up very easily during 

blasting. Intact rock produces more uniform fragmentation, 

ii) ease of breakage differs in three spatial directions, 

iii) the discontinuity pattern generally controls the total amount of rock broken and the final 

outline of an excavation, 

iv) if the initiation of explosive charges in adjacent holes is delayed excessively, the first hole 

fired can move the ground along the discontinuities intersecting the second hole. This may 

result in cut-off and ultimately misfire of the second hole, 

v) over break occurs if movement of the in-situ rock blocks, formed by the discontinuities, is 

restricted. This condition arises if one or more blocks act as key blocks (Goodman and Shi, 

1985) and are not fractured by blasting. 

Terzaghi (1946) has stressed the importance of performing the correct type of geological 

survey for tunnel design: "From an engineering point of view, a kr.owledge of the type and intensity 

of the rock defects may be much more important than the type of rock which will be encountered." 

This statement probably holds true also for blasting, especially in heavily jointed rock where a 

number of closely-spaced dominant joints divide the rock mass into small blocks. The strengths of 

the joint sets are so small compared to the intact rock strength that most of the fracturing occurs 

along the joints rather than through the rock. In this study, this hypothesis is examined by carrying 

out an analysis of full size blasts in a copper mine in Arizona. 
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Although blasting engineers have realized that pre-existing natural discontinuities, 

especially joints, badding planes, and schistosity planes, generally control the fragmentation from 

a blast, systematic study to characterize the influence has begun only quite recently. Belland 

(1966) probably is one of the pioneers who started careful observation of the effect of discontinuity 

orientation on blasting results. Ash (1973) has carried out a series of systematic field blasts at 

reduced scale to determine the influence of discontinuities on fragmentation. Burkle (1974) and 

Lande (1983) have given qualitative guidelines to design blasting rounds in rock formations with 

dominant discontinuity sets. Singh et a1. (1980) and Bhandari (1983) have performed model studies 

to determine the effect of artificially produced jointing (individual rock plates joined by adhesive 

or plaster of paris) on fragmentation. As discussed in Chapter Four, these blocks are of such a size 

that the fragmentation mechanism is drastically different from that observed in the field. Without 

any characterization of these artificial joints, it is also difficult to compare these results with those 

from other studies at comparable scale. 

7.1.1 Field Study by Belland (1966) at Carol Lake Iron Ore Deposits, Canada 

Belland (1966) has systematically studied regular mine blasts at the Smallwood mine to 

determine the effect of joints, bedding planes and schistosity planes on the fragmentation. He has 

ob!:erved that blasting across (within about a 300 angle) the predominant joints produces the best 

fragmentation. Blasting across the major joint (dipping close to vertical) has produced an almost 

vertical face behind the blast. It also largely eliminates high toes at the floor level. Cratering at the 

top of the bench and back break are also reduced. He concludes that orienting the blast direction 

perpendicular to the major joint allows maximum production of new cracks. Blasting along the 

major joint produces large boulders as the slabs of rock in between two parallel joints can move 

almost freely without the formation of new cracks. 

Blasting at an angle of 300 to 600 to the major joint has produced long and wide back 

cracks. These cracks develop when the forward motion of the blasted rock opens up major joints 

in the back. The next face, produced by the blast, is very irregular and quite shattered. The toe 

condition is also bad. 
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Belland (1966) has observed that well developed bedding planes and schistosity planes 

produce similar effects as joints. Blasting along the dip direction produces the best fragmentation. 

The back face forms along one of the planes. Back break is negligible but end break is significant. 

7.1.2 Reduced Scale Blasting Study by Ash (1973) 

Ash (1973) has carried out twelve reduced scale experimental blasts at the High Forest 

Quarry, Minnesota, in grey dolomitic limestone. The rock has three vertical joint sets. The 

dominant set is oriented at N75°E, a second less prominent set at N100W. The average spacing of 

the major two joint sets is about 5 to 6ft. The parting, 2.5ft (0.75m) below the top surface, ~as 

been used as the floor of the bench, eliminating the need for subdriJ]ing completely. 

In aU blasts, three 22 mm diameter holes are driJ]ed in a single row at a spacing to burden 

ratio (Ks) of 1.27 and 2.0. Each hole is charged with 185g of ammonium dynamite (60% strength). 

Water is used to increase the coupling between the hole and the explosive. A damp mixture of sand 

and limestone dust is used to stem the explosive. Each hole has a 15 in (380 mm) burden and 12 in 

(300mm) stemming. For each [(s, two blasts are carried out along the dip directions of the two 

major joint sets and two at 45° with the major joint. The bench face has been painted with four 

colors to identify the origin of each large fragment. Volume of breakage for each blast is determined 

from a number of vertical and horizontal sections of the breakage. All the fragments are recovered 

by placing a canvas on the floor. Size distribution of the fragments is determined by screening. 

Distributions of fragment sizes from the blasts are shown in Figure 7.1. Results of the test 

blasts are summarized in Table 7.1. Statistical analysis has shown that the orientation of the bench 

and the spacing to burden ratio K s have a significant effect on the total quantity of broken material 

at the 99 % confidence level. At the 95 % confidence level, initiation time (i.e. whether delayed or 

simultaneous) does not have any significant effect. 

A constant burden is employed in aU blasts. Therefore, the specific charge decreases as the 

Ks ratio increases from 1.27 to 2.0. In other words, the energy available to break the same amount 

of rock decreases as the Ks ratio increases. The fragment size increases in both the south and the 

east benches, for both simultaneous and delayed initiation, with a decrease in specific charge. The 

increase in fragment size is somewhat less for delayed blasting. In this west bench, the free face is 
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Figure 7.1a) : Size distribution of blasted fragments in different benches from simultaneous and 
delayed initiations with Ks = 1.27 (After Ash, 1973). 
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Figure 7.1b) : Size distribution of blasted fragments in different benches from simultaneous and 
delayed initiations with Ks = 2 (After Ash, 1973). 



Table 7.1 : Size distributions, overbreak and specific charge of experimental blasts by 
Ash (1973) 

Bench 

Parallel to 

most 

pronounced 

joint set 

(South) 

Parallel to 

poorly 

defined 

joint set 

(East) 

Parallel to 

less 

dominant 

joint set 

(West) 

Ks = 1.27 

Simultaneous 

* 10% in $ ~ in range 

* 85 % in 1.5 to 12 in range 

* 50% in 3 to 12in range 

* 3% > 12in 

* overbreak 19.3 % 

* 7 % in $ i in range 

* 80 % in 1.5 to 12 in range 

* 60% in 3 to 12in range 

* 10% > 12in 

* overbreak 3.1 % 

* 7 % in $ ! in range 

* 75 % in 1.5 to 12 in range 

* 50 % in 1.5 to 6 in range 

* 20% > 12in 

* overbreak 21.4 % 

Delay 

* 10% in $ ~ in range 

* 90% in 1.5 to 12in range 

* 55 % in 3 to 12in range 

* 20 % in 6 to 12in range 

* 4 % > 12in 

* overbreak 6.6 % 

* 10% in $ ~in range 

* 85 % in 1.5 to 12 in range 

* 60 % in 1.5 to 6 in range 

* 3%in>12in 

* overbreak 3.2 % 

* 9 % in $ ~ in range 

* 75 % in 1.5 to 12 in range 

* 50 % in 1.5 to 6 in range 

* 18% > 12in 

* overbreak 9.8 % 

Table 7.1 Continued· .. 
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Table 7.1 Continued··· 

Ks = 2.00 

Bench Simultaneous Delay 

Parallel to * 5 % in S i in range * 7 % in S ! in range 

most * 65 % in 1.5 to 12 in range * 75 % in 1.5 to 12 in range 

pronounced * 35% in 6 to 12 in range * 35 % in 3 to 6in range 

joint set * 30% > 12in * 5% > 12in 

(South) * over break 8.8 % * overbreak 2.5 % 

Parallel to * 8 % in S i in range * 8 % in S ! in range 

poorly * 65 % in 1.5 to 12 in range * 70% in 1.5 to 12in range 

defined almost equaUy divided * 45 % in 3 to 12in range 

joint among all fractions 

set * 22% > 12in * 22% > 12in 

(East) * overbreak 0.7% * overbreak 17.8% 

Parallel to * 8 % in S ~ in range * 10 % in S ! in range 

leBB * 75 % in 1.5 to 12 in range * 82 % in 1.5 to 12 in range 

dominant * 32% in 3 to 6in range * 50 % in 3 to 6in range 

joint set * 18% > 12in * 5% > 12in 

(West) * over break 12.5 % * overbreak lO.2 % 
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perpendicular to the major joint set and parallel to the less dominant set. In the bench, increasing 

Ks does not increase fragment size directly. Amounts of fragments in different size fractions are 

almost the same for simultaneous initiation (Figure 7.1). Delayed initiation produces less material 

in the greater than 12 in (300 mm) range. AU other fractions remain nearly the same. The west 

bench always produces more overbreak than the south bench. Two joints, belonging to the major 

set, probably control the breakage in the west bench. In the south bench, the radial cracks probably 

have delimited the breakage at the sides. 

Simultaneous initiation has produced somewhat coarser fragments, irrespective of the Ks 

ratio and the bench orientation. When the free face is parallel to the major set, delayed blasting 

reduced the coarser fraction. This effect is more pronounced at Ks equal to 2.0. When the 

free face is perpendicular to the major set, which is also parallel to the less dominant set, delay 

blasting reduces the coarser fraction somewhat and increases the finer fractions. This effect is not 

as pronounced as in other cases. Ks equal to 1.27 and the free face parallel to the major set has 

produced fragments more uniformly distributed than any other configuration. 

7.1.3 Conclusions 

Results of these two studies show that the orientation of the discontinuity set with respect 

to the blasting direction is very important. Blasting in a direction perpendicular to the major 

discontinuity set produces better fragmentation. Blasting parallel to the major set produces poor 

fragmentation. If the spacing of this set is less than the spacing of the holes, the fragmentation may 

be very poor. In the presence of a dominant discontinuity, the radial cracks induced by blasting 

may not cross a discontinuity to induce fracturing in the neighboring blocks, as shown in Figure 

7.2. Qualitative guidelines by Burkle (1974) and Lande (1983) support the same conclusions. 

The guidelines of Burkle (1974) and Lande (1983) and the results of Belland (1966) and Ash 

(1973) are quite qualitative. Development of a good blast design for a specific site requires extensive 

field experiments. Field experiments are time consuming and costly. It is difficult to quantify the 

effects of discontinuities without better and qua~titative estimation of the size distribution of the 

blocks existing in-situ, and of the blasted fragments. Research is required to improve the methods 

of estimation of the size distribution of blasted fragments and of the in-situ blocks. The methods 
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Major Joint Sets 

Figure 7.2 : Blasting along the strike of a dominant joint set. 
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to be used should be simple and easy to carry out in regular field blasts. These restrictions almost 

exclude the screening of the entire muckpile in field scale blasts. 

7.2 Experimental Approach Taken in this Study 

Four field blasts have been studied in an open pit copper mine in Arizona. Information 

about the in-situ bioc!ts in the mine bench is obtained from mapping the bench faces and from core 

logs of nearby diamond drill holes. Size of the blasted rock fragments is estimated from photographs 

of the muckpile. Fractal dimensions of the in-situ blocks and of the blast fragments are used to 

determine the Schuhmann size distribution equations. Comparison of the two size distribution 

curves gives the proportion of the blasted mass formed by pre-existing discontinuities. 

7.3 Experiments at an Open Pit Copper Mine 

Experiments have been made in an open pit mine to estimate the effect of natural 

discontinuities on fragmentation from regular bench blasting. The effect can be quantified by 

comparing the size distribution of the in-situ blocks with the size distribution of the blasted 

fragments. The inherent assumption of this study is that the pre-existing fractures are weak. 

No rigorous definition of 'weak plane' is given but it is assumed that the energy imposed through 

blasting is sufficient to cause separation along a 'weak' plane. 

A second objective of this study is to establish a method for quick assesment of the size 

distribution of in-situ blocks and of the fragments produced after blasting. This method can be 

used to determine the efficiency of a blasting pattern in fragmenting the rock. It also can be used 

as a quantitative tool to improve the blast design. 

Da Gama (1977) has used mean dip, dip direction and spacing of discontinuity sets to 

determine the size distribution of in-situ blocks. Goodman and Shi (1985, pp. 125-156) have also 

assumed that discontinuities break up the rock mass into blocks of different shapes and sizes. Some 

of these blocks form key blocks. Explosive forces have to fracture and displace these key blocks to 

induce complete failure of the rock mass. Miiki (1985) has used the discrete element method to 

model bench blasting. The entire rock mass is divided into discrete blocks. Failure can take place 

only along discontinuities. Few blocks in the model form key blocks. The behavior of the modeled 

rock mass, after explosive initiation, is dictated by these key blocks. 
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7.3.1 Rock and Rock Stru-:ture 

Precambrian Pinal Schist and Dacite are the common rock types in the area of the mine 

where this study has been carried out. TexturaJ)y, the schist ranges from micaceous quartzite to 

well-foliated and well-crenulated schist to poorly foliated gneiss. Dacite in this area is also known 

as Apache Leap Tuft'. It can be divided into three basic units - basal tuff, vitrophyre and the main 

body of dacite. The basal tuff varies in thickness from zero to about 15 ft (4.5 m). It consists of 

devitrified tuff and associated clay. It crumbles very easily. The vitrophyre is hard black glass. It 

varies from isolated stringers in dacite to competent beds up to 15ft (4.5m) thick. The main body 

of dacite is composed of quartz latite. Its thickness varies considerably, from several feet to several 

hundred feet. 

Rock in the study area is heavily jointed. Schmidt plots of the joints show twelve to nineteen 

central tendencies. Dip direction varies from about S45°W to east. Dip varies from almost vertical 

to about 30° from the horizontal. 

7.3.2 Data Collection 

In-situ fragmentation is estimated from the detailed logging of core and from face mapping. 

Information about the discontinuities on the face is obtained from photographs of the face. 

After-blast fragment size distribution is estimated from photographs of the muckpile (Figure 7.3). 

7.3.2.1 Core Logs of Diamond Drill Holes. Detailed core logging has been carried 

out during exploration drilling at the mine. Descriptions of the cores are kept on standard logging 

forms. Core description includes mineralogical information and physical characteristics such as 

largest piece, Rock Quality Designation RQD (the percentage of core longer than or equal to 

100 mm) and the percentage larger than 1.0 in (25 mm) based on visual estimates and, therefore, a 

subjective opinion of the geologist logging the core. This information is available for each core run 

of 4 ft to 5 ft. Largest core size is the length of the longest piece of core obtained from the bench. 

RQD and percentage larger than 1 in for the bench is calculated taking the weighted average of the 

data of all indiv:dual core runs. The weight is directly related to the length of the core run. For 

example, hole number 61-0515 is near the faces where blast fragmentation is studied. Hole elevation 

3351.9 ft to 3299.9 ft represents the particular bench. The above 1 in size in the whole bench is -
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Mapping of Pit Wall 

Figure 7.3 : Sources of information about block size, both in-situ and after blast, used in this study 
(After van Zyl, 1986). 
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(95 % x 5 + 95 % x 5 + 95 % x 5 + 95 % x 5 + 99 % x 5 + 75 % x 5 

+90 % x 4 + 80 % x 5 + 90 % x 5 + 70 % x 4)/52 = 89.2 % 

and above 4 in is 

(18% x 5 + 20% x 5 + 16% x 5+ 8% x 5 + 34 % x 5 + 16% x 5 

+20 % x 4 + 0 % x 5 + 0 % x 5 + 20 % x 4)/52 = 14.2 % 

The longest core length, RQD and percentage above 4in are used to estimate the size distribution 

of the in-situ blocks. 

An assumption underlying this approach is that the length of the core fragments is 

representative of the size of the in-situ blocks. For example, a piece of core having a length of 

6 in (150 mm) implies that the fragment, from which the core is drilled, has a maximum dimension 

of 6 in (150 mm). This assumption is rarely true. If the fragment is spherical then the maximum 

dimension of the fragment is larger than 6in (150mm) if the hole is drilled along a chord of the 

sphere. The actual shape of the in-situ blocks from different combinations of joints varies widely 

(Goodman and Shi, 1985, pp. 125-156). The maximum dimension of these blocks is not always 

oriented in the vertical direction. Therefore, the maximum dimension of the in-situ blocks is always 

underestimated. 

RQD is calculated from the length of broken core. If ajoint remains intact in a piece of core, 

its contribution to form an in-situ block is not taken into account. As a result, the size distribution 

curve determined from core logs is biased towards the coarser size distribution. Drilling induced 

cracks, if any, reduce the inferred block sizes. Unless each piece is examined specifically, the extent 

of these biases cannot be evaluated. 

7.3.2.2 Bench Face Mapping. A line survey on a bench face can be used to map 

the discontinuities. Line surveys are commonly performed to obtain necessary information for slope 

stability problems. Only major structures are mapped due to their importance for stability analysis. 

Such information is not detailed enough for estimating the size distribution of the in-situ blocks, 

especially to quantify blasting results. Photographs of the bench face have been taken to gather 

discontinuity information in greater detail. 
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It is assumed that the bench face is representative of the entire rock mass subjected to the 

blast. The top of a bench is the floor of the bench just above it. Heavy machines muck the blasted 

material on the top bench. This machine movement covers many fractures with dust. Washing to 

photograph the necessary details is extremely time consuming. Therefore, the top of the bench is 

not studied. 

Each photograph is taken with a graduated tape placed across the face. It is assumed that 

the areas photographed are representative of the total bench face. All the visible discontinuities 

are traced from the photograph. These discontinuities form blocks visible on the face. The scale 

of the graduated tape is used to measure the size of each block. This procedure gives block size 

information in two dimensions. It is assumed that the size of a fragment measured on the traced 

map represents the screen size through which this fragment can just pass. In other words, the third 

dimension of each block is assumed equal to or less than the minimum discontinuity spacing of that 

block measured on the face. This assumption gives the measured size distribution of the blocks 

a bias towards smaller sizes. Still this assumption is less restrictive than assuming a particular 

geometric shape, e.g., cube or sphere (Maerz et al., 1987; Franklin et al., 1988; Savely, 1989). 

Ways of defining the size of a fragment include the maximum length measured on each 

fragment, minimum length of the fragment, or equivalent spherical diameter. In this study, the 

size of each fragment is defined as the size measured using circular perforation screens. It is 

hypothesized that each fragment can pass through the screen only in one stable position, e.g., AB, 

BC, CD, DE, EF or FA in Figure 7.4. For each fragment, an imaginary ring, representing a circular 

perforation of the screen, is tried to pass the fragment through when the fragment is one of the 

stable positions. The shortest diameter for each stable position is measured. The maximum and the 

minimum diameters are noted for each block. It is not known which stable position a fragment takes 

when passing through a screen. Fragments having large differences between the maximum and the 

minimum dimensions (thin long particles) will probably take the long stable position. The picture 

is not clear for fragments with small differences between the maximum and minimum dimensions. 

In this study, both dimensions are taken as representative measurements of the characteristic sizes 

of each fragment. It is assumed that each of the two measurements of a fragment is independent of 

the other. 
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Figure 7.4 : Definitions of maximum and minimum dimensions of a block used in this study. 
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7.3.2.3 Blasted Fragments. Determination of the size distribution of the blasted 

fragments through sieving and weighing is almost impracticable in full scale field blasting due to 

budget, time and operational constraints, although such an approach will result in a more realistic 

fragment size distribution data. This technique is relatively easy to carry out for model and small 

scale blasting (Porter, 1971; Ash, 1973; Dick et aI., 1973; Bergman et aI., 1973, 1974; Bhandari, 

1975; Smith, 1976). Indirect methods, such as photographic measurements, have been used by 

many investigators (Noren and Porter, 1974; Aimone, 1982; Winzer et aI., 1983; van Aswegen and 

Cunningham, 1986; van Zyl, 1986; Maerz et aI., 1987; Nie and Rustan, 1987; Franklin et aI., 1988). 

Although all these studies use photographs of the blasted rock fragments, there are considerable 

differences among their approaches to determine the fragment size distribution. Each study implies 

assumptions regarding the characteristics of the fragments in the muckpile -

i) the fragments on the surface of the muckpile are representative of the entire blasted muck, 

ii) fragments are positioned such that the representative dimensions can be measured from 

the photograph, 

iii) all the particles have the same specific gravity. 

Winzer et al. (1983) do not invoke the first assumption as all their size analyses have been carried 

out from the high speed photographs of the fragments in flight. 

Aimone (1982) has taken photographs of blasted muck pile slices during excavation. 

Photographs of the sections of the muckpile require less reliance on the first assumption. Fragments 

with longest diagonal between 15cm (6in) and 240cm (95in) are sampled from the enlarged 

photographs. A single measurement of the longest dimension is used as a measure of the size of 

the fragments. Size of the fragments that can be accommodated by a rectangular front end loader 

bucket is determined from the length of each fragment relative to the bucket length. Particles less 

than 15cm (6in) in length are ignored, assuming that they do not contribute to the efficiency of 

the mucking equipment. 

Nie and Rust an (1987) have used quite elaborate arrangements to photograph the muckpile. 

Each muckpile is trimmed by a load-haul-dump (LHD) vehicle. A 4 m x 6 m grid is formed on the 

muckpile with empty explosives cartons. Photographs of the muck pile are taken from a skylift 

(maximum reach 17 m) using a normal lens. Only selected grid blocks are photographed. The 

blocks are selected at random or along some radial Jines from the face. It is assumed that the 
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size distribution obtained from these selected blocks is representative of the whole blast. It is also 

assumed that the fragments on the top of the muckpiJe have a constant dimension in the third 

direction. They also assume that the voids between large fragments on the top of the muckpiJe are 

fined with fine fragments to produce a void-free layer. The last assumption is quite contradictory 

to field observations, even for their experiments. They use this assumption to boost the proportion 

of fines in the size distribution. Noren and Porter (1974) make a similar assumption. They use a 

correction factor to account for the surface voids fiDed with small fragments to produce a void-free 

layer. 

Winzer et al. (1983) photograph the burden rock movement at high speed. Each fragment 

in a particular frame of the film, at a predetermined time after explosive initiation, is traced. The 

volume of each fragment is determined assuming that the maximum thickness of the fragment is 

equal to the minimum width measured on the trace. Size distribution of the fragments obtained 

from the photographs has been compared with the size distribution obtained from screening the 

entire fragmented material for three smaU scale blasts. Size distributions from films have a similar 

trend as the screening data, but they have more variability among the data sets. 

Van Aswegen and Cunningham (1986) use 'standard-photographs' to calculate the size 

distribution of the fragments from a blast. Standard photographs are photographs of standardized 

rock piles whose uniformity index n of the Rosin-RammIer equation varies from 0.5 to 2.0 at 0.25 

intervals. The average fragment size of each standardized muckpile is placed in each standard 

photo as a black square. Five prints at different magnifications are made for each muckpile. 

Size distribution determination of the fragments from a particular blast starts with photographing 

the muckpile with a 275 mm diameter ball for scaling purpose. Photographs of the muck pile are 

compared with the standard photographs for uniformity index n and average fragment size through 

the sizes of the black square and the ball. Although subjectivity goes into assessing the uniformity 

index n, the authors report good performance, especiaUy near the average fragment size. 

Maerz et aI. (1987) and Franklin et al. (1988) use the size measured from the traced outline 

of a fragment as an equivalent diameter to determine the volume of an equivalent sphere. They use 

a semi-empirical unfolding function to correct for the overlapping of fragments in the photograph. 

This function is derived from experiments on crushed rock in the gravel size range. It is assumed 

that the function is valid from the lab scale to the field scale. This may not always be true, as the 

mechanism of fragmentation (specifically the role of gas pressure and stress waves) may be quite 
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different on the laboratory scale from that on the field scale. The function probably changes if the 

delay pattern in the blast is changed, as then the fracturing characteristics may change. Therefore, 

a recalibration of the function may become necessary. Figure 1 of Franklin et al. (1988) and of 

Maerz et al. (1987) shows that the logic or the algorithm used to define the block in two dimensions 

cannot differentiate between different sides of the same block. This may introduce some error into 

the determination of the unfolding function. 

Anderson (1969, 1970a, 1970b) has used a modified pebble count technique to determine the 

size-weight relationship of crater fallback and ejecta. In this technique, the fragments lying beneath 

points along a selected line of traverse are taken as the representative of the whole muckpiIe. The 

size-weight relationship of the entire blasted muck is determined from these fragments. Anderson 

(1969, 1970a, 1970b) has applied this technique to nuclear and extremely large chemical crater 

blasts and has obtained comparable results from seiving and weighing. This technique has never 

been used in bench blasting. 

In the present study also, a photographic technique is used to determine the size distribution 

of blasted fragments. Color photographs are taken of the blasted material with a graduated scale. 

Size of the particles is measured from the photographs by direct comparison with this scale. Care 

is taken to distinguish the third dimension of a particle, if visible, so as to exclude this in size 

measurements. Only the maximum size of each fragment, as defined in Section 7.3.2.2, has been 

measured for each fragment. This manual procedure is quite time consuming. 

It is assumed that the material on the surfa.ce is representative of the material in the pile. 

Small particles can hide behind a large block. Therefore, fewer small particles are counted. This bias 

is maximum for the smallest size measured and decreases with an increase in particle size. It was 

initially thought that removing part of the muckpile with a dozer and taking another photograph 

would improve the estimate. This approach could not be applied successfully due to 'dusting', where 

small particles completely obscured the larger ones after dozing. Although observation (van Zyl, 

1986) has shown that assuming the surface particles to be representative of the whole muckpile is 

valid in most cases, mine personnel indicated that large blocks about 2 to 3 ft in size were sometimes 

present inside the blasted muckpiles. 

For some blasts, it was not possible to photograph the entire muck pile due to production 

constraints. It is assumed that the available photographs adequately represent the size distribution 

of the fragments from the whole blast. 
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7.3.3 Fractal Theory 

Mandelbrot (1982) has invented the term 'fractal' to describe the geometric properties of 

irregular objects. A fractal is a rugose or rugged entity whose rugosity or ruggedness is present 

at any scale. The fractal dimension quantitatively measures the ruggedness of the object (Jullien 

and Botet, 1987). The dimension of an object in the Euclidian space is an integer. For example, 

a line has a dimension 1, a plane has a dimension 2, and a solid has a dimension 3. Real objects 

are far from the ideal ones given in the Euclidian space. A line need not be straight. A famous 

example is the coastline of Britain (Mandelbrot, 1967, 1982). Natural surfaces are far from plane 

(Mandelbrot, 1975, 1982). A fractal object can have a non-integer dimension (Mandelbrot, 1982; 

Jullien and Botet, 1987). Ii an object may be divided into N(R) = b subintervals of dimension 

R = l/b, then the dimension D of the object is defined as (Mandelbrot, 1982) -

D = log (N (R)) 
log (l/R) 

(7.1) 

which is known as the Hausdorff-Besicovitch dimension, after two mathematicians who developed 

it. 

For a straight line, 

D = lOr!)) = 1 (Euclidean dime.,ion). 
log m 

If a unit square can be divided into N(R) = b2 squares of side R = l/b, then 

D log (b
2

) (I' . ) = log (b) = 2 Euc Idean dimension. 

Alternatively, equation (7.1) can be written as -

log(N(R») = Dlog(l/R) 

or, N(R) = R- D • (7.2) 

This means that an object may be subdivided into N parts each of which has been scaled down 

from the original by a factor R < 1 (Voss et aI., 1983). Equation (7.2) is valid for an object which 

is 'self-similar'. This means that the structure of the object is scale invariant. A part of the object, 
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when enlarged, is exactly identical to the object (Mandelbrot, 1982; 'llircotte, 1985; Jullien and 

Botet, 1987). A mathematical fractal object, derived using rigid,. deterministic, iterative rules, 

POBBesSes the true scale invariant property (V088 et al., 1983; lullien and Botet, 1987). A natural 

object is rarely, if ever, exactly self-similar. Many shapes found in nature are only approximately 

self-similar. A small portion of the body looks alike, but it is not exactly the same as the scaled 

version of the total body. The self-similarity property is only valid in the average and, therefore, 

natural objects are statistically self-similar (Mandelbrot, 1967, 1982; VOBB et aI., 1983; lullien and 

Botet, 1987). Usually upper and lower limits exist for the scale over which the aystem shows the 

self-similar property. If the size of the fragmentsuL8 fractal, then the fractal dimension can be 

estimated from the size distribution of the fragments. If N(~' > L), the number of fragments with 

a characteristic size e > L (some specific value), varies as (Voss et al., 1983; Thrcotte, 1986; lullien 

and Botel, 1987) -

(7.3) 

then D is the fractal dimension of the size distribution of the fragments. This relationship can have 

wide application in fracturing of rock maBSes by explosives, size reduction of fragments in crushers, 

and in many other geomechanics areas. 

7.3.3.1 Size Distribution of Blasted Rock Fragments. There is no unique or 

universally accepted definition of fragmentation from blasting. A number of methods have been 

used to represent fragmentation. The mean fragmentation size (50 % passing) has been a popular 

index of fragmentation. Langefors (1966) has used the volume of a few (I, 3 and 9) of the largest 

boulders as a measure of fragmentation. Smith (1976) has used three specific sizes to represent the 

fragmentation - the centroid of the size distribution curve, and the sizes at 25 % and 75 % paBSing. 

Different size distribution equations, such as the Rosin-Rammler equation, and the Schuhmann 

equation, have also been used (Just, 1979; Cunningham, 1983; Da Gama, 1983). 

The Rosin-Rammler equation is given by (Cunningham, 1983) -

(7.4) 

where, y = proportion of material larger than x 

Xc = characteristic size 
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n = uniformity index 

e = base of natural logarithm. 

As a result of the exponential distribution, fitting this equation to the size distribution data of the 

blast fragments precludes the fractal behavior of fragment size. 

In this study, the Schuhmann distribution has been used to define the degree of 

fragmentation of the blasted fragments. The Schuhmann distribution is given by (Just, 1979; 

Da Gama, 1983) -

and, 

where, 

z = M (r) = 100 _ 100(2:.)0< 
M(t) K 

y = cumulative percentage finer than r 

z = cumulative percentage larger than r 

Q = a constant, calculated from the data 

K = maximum fragment size 

M (r) = mass of fragments finer than r 

M (t) = total mass. 

(7.5) 

(7.6) 

The Schuhmann distribution has two parameters, C1' and K, whose values are determined from 

the size distribution of the fragments. The constant K is the maximum fragment size or the 

size at 100 % passing, and needs no estimation. Q is the uniformity parameter and is estimated 

from the entire data on size distribution. The effect of Q on the fragment size distribution for a 

fixed maximum fragment size of 100 mm is shown in Figure 7.5. Q equal to 1.0 produces uniform 

distribution. At any size, the cumulative percentage passing is equal to that size scaled by the 

dimension of the largest fragment. If Q is less than 1.0, the percentage of fine fragments increases 

with a corresponding decrease of large fragments. This means that the number of new fractures 

created by the blasting increases as Q decreases. These fractures also include pre-existing natural 

discontinuities. On the other hand, an increase of Q indicates an increase of large fragments with 

an associated decrease of fines. As the volume of a fragment increases rapidly with an increase in 

size, the number of smaller fragments decreases quickly. Therefore, Q greater than 1.0 means less 

and less new fractures including opening of natural discontinuities. 
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Figure 7.5 : Effect of Schuhmann distribution parameter Q on the size distribution of fragments. 
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7.3.3.2 Schuhmann Distribution and Fractal Dimension. The Schuhmann Distri-

bution, as distinct from the Rosin-Rammler distribution, shows a power relationship. From equation 

(7.6), 

From equation (7.3) 

The number-mass relationship is 

Therefore, using equation (7.7) 

dAl=-100~ro-ldr 
Ko 

'" ro
-

1dr. 

Hence, from equations (7.8) and (7.10) 

-D-I = a-4 

or, D = 3-a. 

(7.7) 

(7.8) 

(7.9) 

(7.10) 

(7.11) 

If the Schuhmann distribution can be fitted to the fragment size data, then the fragment size is 

a statistically self-similar fractal with fractal dimension equal to (3 - a). The scale independent 

behavior of the fragments indicates that the size distribution is similar at different scales. The 

maximum fragment size parameter K fixes the particular size distribution curve for a specific case. 

7.3.4 Analysis of Results 

Pre-blast face characterization, in-situ block size determination, and post-blast fragment 

size analysis have been carried out for four blasts. Only two boreholes down to the floor level of 

the studied bench are available in the near vicinity of the blast. The RQD, the percentage of core 

longer than 1 in, and the largest block size for the entire bench are determined from the data of all 
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individual core runs. The Schuhmann distribution has been fitted to these data. Results are given 

in Table 7.2 and plotted in Figure 7.6. Although three data points do not give a very reliable fit, 

the Schuhmann distribution has been used as it will be as good as straight line fitting. The results 

from the drill logs are used only as an indicator of 'average' size distribution of the in-situ blocks 

since the data represents the rock mass in this region, not the specific benches. 

Table 7.2 Schuhmann distribution parameters of the in-situ 
blocks calculated from observation in drillholes 

Hole Number 

61-0515 

61-0457 

Schuhmann Distribution Parameters 

0.88 

1.12 

K (mm) 

240 

120 

Three photograpbs (16A17, 17A18, and 18A19) of the first face, one pbotograph (9) of the 

second face, one photograph (25) of the third face, and one photograph (1) of the fourth face are 

analyzed. The discontinuity trace map obtained from each photograph is shown in Figures 7.7a) 

through 7.7g). Initially only very prominent discontinuities in photograph 17A18 are traced (Figure 

7.7c). AU the analyses, described in later sections, are carried out using these traces. Subsequently, 

aU the discontinuities visible in photograph 17A18 have been traced (Figure 7.7c). Both maps of 

photograph 17 Al8 are used in this study. 

A number of photographs have been taken of the muckpile at each face with a graduated 

tape laid across the muckpile. Size distribution of the blasted fragments is determined from these 

photographs. 

7.3.4.1 Bench Face Characterization. The bench faces need to be characterized for 

the intensity and the interconnectivity of the pre-existing discontinuities to estimate the in-situ 

block size distribution. The International Society for Rock Mechanics (1977) has suggested using 

two indices to estimate the in-situ block size - block size index h and volumetric joint count J". 

The block size index I" is the average size of several typical blocks. The volumetric joint count J" 

is defined as the sum of the numbers of joints per meter for each joint set. A sampling length of 5 

to 10m is suggested by the International Society for Rock Mechanics (1977). 
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Figure 7.7a) : Joint trace map from Photograph 16AI7 - Blast 1. 
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Figure 7.7b) : Joint trace map from Photograph 17AI8, Blast I, with all visible joints. 
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Figure 7.7c) : Joint trace map from Photograph 17A18, Blast I, with only major joints traced. 
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Figure 7.7d) : Joint trace map from Photograph 18AI9 - Blast 1. 
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Figure 7.7e) : Joint trace map Crom Photograph 9 - Blast 2. 



Figure 7.7f) : Joint trace map from Photograph 25 - Blast 3. 

mm 100 200 300 
1"","I,h',hl",I",1 

Figure 7.7g) : Joint trace map from Photograph 1 - Blast 4. 
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It is very difficult to calculate JI} from the bench face photographs. Twelve to nineteen 

central tendencies of dip direction of the discontinuities in a small area photographed (26 in x 15 in) 

make the rock mass so fragmented that it becomes very difficult, if not impossible, to identify each 

dip direction. Moreover, the area covered by a photograph is too small to fit a line length close to 

the suggested 5 to 10 m. Therefore, it is not possible to calculate JI} from each photograph. From 

the degree of fracturing observed in each of the photographs, it is estimated that JI} should be very 

high - may be greater than 30. This means that the blocks have a very small size (International 

Society for Rock Mechanics, 1977). 

The block size index 16 is also estimated from each photograph. Hence, this measurement 

also is made only in two dimensions. It is assumed that the third dimension is less than or equal to 

the maximum dimension seen on the surface. The block size index 16, along with the largest and the 

smallest block sizes, is given in Table 7.3, using both the maximum and the minimum dimensions 

of a block measured in the photograph, as discussed in Section 7.3.2.2. 

The discontinuities visible on the face can be considered as space-filling curves. The fractal 

dimension of the fracture pattern can be determined using the box-counting method (Voss, 1988). 

The number of squares, N(R), of size R needed to cover all the discontinuities using different grid 

size R can be used to determine the fractal dimension. The fractal dimension of the discontinuity 

pattern should be 1 < D < 2. D equal to 1 gives a single straight line. D equal to 2 gives the entire 

plane, which means the discontinuity traces cover the whole face area. This is practically impossible. 

Therefore, D equal to 1 and D equal to 2 form lower and upper bounds. If the discontinuity pattern 

follows self-similar behavior in a two dimensional cut (vertical face), then the fractal dimension of 

the discontinuity pattern in three dimensions is D + 1 with 2 < D + 1 < 3. 

Figures 7.8 and 7.9 show the N(R) vs. R plots of all six photographs. Results from the 

prominent joints in photograph 17 A18 are also shown Figure 7.8. Best-fit lines, plotted as a solid 

line in each graph, have a coefficient of determination r2 greater than 0.99 in all cases. 

This suggests that the discontinuity pattern visible in the photographs is a fractal, i.e., 

the discontinuity pattern in the rock mass shows statistically self-similar behavior. Therefore, the 

pattern visible on a large scale is statistically similar with the pattern 011 a small scale. The 

fractal dimensions calculated from each photograph are given in Table 7.4. When all the visible 

discontinuities in photograph 17 Al8 are considered, the fractal dimension of the discontinuity 
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Table 7.3 : Block size index and size range of blocks from each photograph 

Photograph Number Block Size Smallest Largest 

Number of Index Block Block 

Blocks (mm) Size (mm) Size (mm) 

Blast 1 

16A17 Maximum 1089 24 5 107 

16A17 Minimum 1089 13 5 38 

17A18 Maximum 1272 24 5 97 

17A18 Minimum 1272 12 5 36 

17A18t Maximum 164 68 15 249 

17A18t Minimum 164 31 5 81 

18A19 Maximum 419 40 8 160 

18A19 Minimum 419 20 5 61 

Blast 2 

9 Maximum 1375 21 3 103 

9 Minimum 1375 12 3 68 

Blast 3 

25 Maximum 1281 41 6 488 

25 Minimum 1281 26 6 274 

Blast 4 

1 Maximum 1342 44 6 168 

1 Minimum 1342 24 6 100 

t Coarse map 



'b .... 0= Photo 18A17 -- Blaat 1 
6 = Photo 17A18 -- Blaat 1 
X = Photo 17A18 (Coarae) -- Blaat 1 
V = Photo 18A19 -- Blaat 1 

Id 
R(mm) 
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Figure 7.8 : Number of squares N(R) of size R required to cover all the discontinuities in Pho
tographs 16A17, 17A18, and 18A19. 17A18 (coarse) refers to the case when only the 
major discontinuities of Photograph 17A18 are considered. 

'b .... 0= Photo 9 -- BI&!.t 2 
6 = Photo 25 -- Blaat 3 
X = Photo 1 -- Blaat " 

Figure 7.9 : Number of squares N(R) of size R required to cover ail discontinuities in Photographs 
9, 25, and 1. 



Table 7.4 Calculated fractal dimension of the 
discontinuity pattern 

Photograph Number 

Blast 1 

16A17 

17A18 

17A18t 

18A19 

Blast 2 

9 

Blast 3 

25 

Blast 4 

1 

t Coarse Map 

Fractal Dimension 

1.83 

1.92 

1.34 

1.50 

1.72 

1.58 

1.69 
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pattern increases. This is due to more discontinuities filling the same area of the face covered 

in the photograph. Nevertheless, both traced maps of photograph 17A18 indicate fractal behavior 

of the discontinuity pattern. 

The intensity and the interconnectivity of the pre-existing discontinuities in the mine 

benches are also characterized following the procedures given by La Pointe (1988). Fracturing 

intensity or fracture density of the vertical face of the bench is characterized by estimating the 

fractal dimension of the natural discontinuities from the photograph. Fracture intensity or fracture 

density is defined as the number of fractures per unit square area of the bench face. A square grid 

3.5 in x 3.5 in is laid over the trace and the number of joints in each square of the grid is counted. A 

grid, having the same size but with more squares, is used in the next calculation. Again, the number 

of joints in each small square is counted. This process is repeated with increasingly finer grids. As 

the square grid does not cover the whole photograph (size 3.Sin x 3.5 in), the same procedure is 

carried out for the right side of the photo. There is some overlap at the middle between the two 

grids. 

Fracture interconnectivity is defined as the number of blocks produced by the joints per 

unit square area of the face. The same grids used for the fracture density calculations are used in 

this analysis also. The procedure for counting the blocks is the same. 

Fracture density, as well as fracture interconnectivity, can be represented as a rugged surface 

in X-V coordinates associated with the bench (where X is horizontal and Y is vertical) where the 

Z coordinate at any point is proportional to the number of fractures or number of blocks per unit 

area. The area of this rugged surface is estimated by summing the height of equal size small squares 

used to cover the whole surface. As the size of each square decreases, more peaks and troughs of 

the surface are taken into account. As a result, the area of the surface increases due to better 

estimation. This method, devised by Clarke (1986), is similar to the 'divider method' described by 

Mandelbrot (1982) to determine the length of a rugged line. The calculated fracture density and 

the block density in any region of the photograph increase as the size of the unit square used for 

counting is increased. Therefore, the calculated densities need to be normalized by the maximum 

density obtained at any square of the grid so as to represent them in a common scale. These 

normalized densities are used in the fractal analysis. 
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Figures 7.10 through 7.16 show the variation of the fracture density and the block density 

calculated from each photograph. In these figures, the solid lines represent the least square line 

fitted through the calculated points. The slope of the line defines the fractal dimension. The 

variations of fracture density and of block density with grid size are straight lines with r2 value 

greater than 0.99 in all cases. Therefore, both fracture density and block density are fractal, at 

least within the range investigated. 

Fractal dimensions of the block density and the fracture density are given in Table 7.5. 

Results from the coarse map of photograph 16A17 are also included. Left and right sides of each 

photograph show almost identical fractal dimensions for the block and the fracture densities from 

one photograph to another. Therefore, the apparent difference among the fracturing characteristics 

of the rock mass seen in different photographs, even between the left and the right sides of the same 

photograph, is only due to the scale effect. Statistically the degree offracturing seen in the heavily 

fragmented part of the face is the same as that in the relatively less fragmented part if the former is 

enlarged to the appropriate scale. Again, the fracturing characteristics produced by the prominent 

joints in photograph 17 A18 are statistically similar when all the fractures are taken into account. 

Results from Figures 7.8 through 7.16 show an order in the apparently disordered 

distribution of the discontinuities in the rock mass. It is not known why the fracture pattern, 

the fracture density, and the block density of the rock mass, like many other natural objects, show 

fractal behavior. One logical explanation is that the perception of the physical phenomenon and 

the associated scale of measurement are due to the limitations of human mind rather than the 

underlying facts of nature (Stewart, 1989). Although nature operates simultaneously on all scales, 

the human mind associates a scale to understand the natural phenomena. 

7.3.4.2 In-Situ Fragment Size Determination. The discontinuity traced maps of 

the photographs, shown in Figures 7.7a) through 7.7g), are used to determine the size of each 

block. The maximum and the minimum dimensions of each distinguishable block, as explained in 

Section 7.3.2.2, are measured from each of the maps. The number of fragments coarser than a 

particular size is plotted in Figures 7.17 through 7.23. In each figure, both the maximum and the 

minimum dimensions are plotted. 
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Figure 7.10 : Variations of the fracture density and the block density with grid size in Photograph 
16A17 - Blast 1. Almost perfect straight line fits indicate that both fracture and 
block densities are fractal, at least within the size range investigated. 
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Figure 7.11 : Variations of the fracture density and the block density with grid size in Photograph 
17 AlB - Blast 1. All the visible fractures are included in this analysis. Both fracture 
and block densities are fractal. 
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Figure 7.12 : Variations of the fracture density and the block density with grid size in Photograph 
17 AIS - Blast 1. Only the major fractures are included in this analysis. Both 
fracture and block densities show fractal behavior. Calculated fractal dimensions are 
almost the same (maximum difference is O.1S) as those in Figures 7.S and 7.11, where 
all visible fractures are included. 
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Figure 7.13 : Variations of the fracture density and the block density with grid size in Photograph 
18A19 - Blast 1. 
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Figure 7.14 : Variations of the frB.Cture density and the block density with grid size in Photograph 
9 - Blast 2. 
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Figure 7.15 : Variations of the fracture density and the block density with grid size in Photograph 
25 - Blast 3. 



397 

BLOCK DENSITY 
Left Side Rleht Side 

0 0 
lEi . 

G 

0 0 
lEi cD 

~ .-
eo g 
~. .!:,~ 
z D = 2.81 z D = 2.82 ...:10 ...:Ie 

oi oi 

0 0 
0 . 

0 

0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0 
LN [1/R] LN [1/R] 

FRACTURE DENSITY 

o o 
1Ei~---------------- 1Ei~----------------

o o 
o~ ____ ~ ____ ~ __ ~ o~ ______________ ~ 

0.0 1.0 2.0 s.o 0.0 1.0 2.0 3.0 
LN [lIRl LN [lIRl 

Figure 7.16 : Varia.tions of the fracture density a.nd the block density with grid size in Photograph 
1 - Blast 4. 
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Table 7.5 : Calculated fractal di~nsions of the block density 
and the fracture density 

Photograph Fracture Density Block Density 

Number Left Right Left Right 

Blast 1 

16A17 2.80 2.77 2.77 2.76 

17A18 2.83 2.79 2.80 2.83 

17A18t 2.67 2.61 2.74 2.67 

18A19 2.76 2.72 2.73 2.78 

Blast 2 

9 2.73 2.72 2.77 2.71 

Blast 3 

25 2.71 2.70 

Blast 4 

1 2.83 2.78 2.81 2.82 

t Coarse Map 

t Only left side of the photograph is measured 
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Figure 7.17 : Number of in-aitu blocks with maximum and minimum dimensions greater than a 
particular s~e in Photograph 16A17 - Blut 1. Fractal dimension is 2.89 for the 
maximum and for the minimum dimensions of the blocks. 
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Figure 7.18 : Number of in-situ blocks with maximum and minimum dimensions greater than a 
particular size in Photograph 17 A18 - Blast 1. All visible fractures are used. Fractal 
dimension is 2.89 for the maximum and for the minimum dimensions of the blocks. 
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Figure 7.19 : Number of in-situ blocks with maximum and minimum dimensions greater than 
a particular size in Photograph 17 A18 - Blast 1. Only the major fractures are 
used. Except for the largest block size both Figures 7.18 and 7.19 show a very 
similar pattern. Calculated fractal dimensions are 2.72 and 2.61 respectively for the 
maximum and the minimum dimensions of the blocks. 
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Figure 7.20 : Number of in-situ blocks with maximum and minimum dimensions greater than a 
particular size in Photograph 18A19 - Blast 1. Fractal dimensions8,re 2.91 and 2.88 
respectively for the maximum and the minimum dimensions of the blocks. 
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Figure 7.21 : Number of in-situ blocks with maximum and minimum dimensions greater than a 
particular size in Photograph 9 - Blast 2. Fractal dimensions are 2.78 and 2.64 
respectively for the maximum and the minimum dimensions of the blocks. 
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Figure 7.22 : Number of in-situ blocks with maximum and minimum dimensions greater than a 
particular size in Photograph 25 - Blast 3. Fractal dimensions are 2.65 and 2.52 
respectively for the maximum and the minimum dimensions of the ~locks. 
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Figure 7.23 : Number of in-situ blocks with maximum and minimum dimensions greater than a 
particular size in Photograph 1 - Blast 4. Fractal dimensions are 2.90 and 2.58 
respectively for the maximum and the minimum dimensions of the blocks. 
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The decrease in the number of fragments with an increase in fragment size does not have 

a constant gradient. Figures 7.17 through 7.23 show three regions. Clear breaks in the data are 

visible between the coarse and the middle ranges. A continuous but sharp change of gradient can 

be seen between the middle and the fine ranges. The gradient is less steep in the middle range 

and remains constant over a large range of fragment sizes. The gradient is almost flat in the fine 

range. The fractal dimension of the block size is determined only from the middle part of the 

data. Absence of a clear demarcation between the middle part and the fine range makes the fitting 

somewhat judgmental. Several trials have shown that it is not difficult to fit the straight line once 

the characteristics of the curve are understood. The error in estimating the gradient of the "best-fit" 

line is quite low, the maximum may be in the range of ±0.1. This is not large after accepting the 

uncertainty in defining the block size for some very rugged shaped blocks. 

Data in the coarse range is also linear, but with a steeper gradient than in the middle 

range. Linearity of the data indicates fractal behavior, whereas steeper gradients signify systematic 

underestimation of the size of large blocks. Many blocks are not completely visible. The measured 

size of these b10cks only represents the visible part in the photographs and, therefore, underestimates 

the actual block size by an unknown amount. The error introduced due to this underestimation 

is not very significant for small blocks. As the number of small blocks is very large, the error 

introduced is drastically reduced when averaged over a large number of blocks. On the other hand, 

the size of large blocks may be grossly underestimated if large portions of the blocks are not visible in 

the photographs. A relatively small number of blocks in the coarse range makes the error noticeable 

in the plots. 

Dust on the bench face makes it difficult to detect small fractures. Poor focusing of the 

camera increases the difficulty. The limited ability in detecting the blocks below a certain range 

in the photographs artificially flattens the curve in the fine range. These sizes are extremely small 

from the point of view of the blast efficiency and mucking equipment efficiency, and may be totally 

insignificant. The total mass of the fragments in these size ranges is negligibly small compared to 

the total mass of the blasted rock. 

The fracture pattern, the fracture density and the block density show almost perfect fractal 

behavior. The block size does not for all size ranges, although all four parameters are determined 

from the same trace maps. It is easy 'to explain this phenomenon in the coarse size range. Both 

the fracture density and the block density are determined by counting the number of fractures and 
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the number of blocks per unit area. Therefore, partially visible blocks are counted properly. But 

the size of these blocks is underestimated. Bence, the curve deviates and shows a steeper gradient. 

The fractal dimension of the in-situ block size, estimated from the trace maps of the 

photographs of aU the four faces is given in Table 7.6. The maximum and the minimum dimensions of 

the blocks are used eeparately to calculate the fractal dimension. Schuhmann distribution parameter 

Q is calculated from equation (7.11). Maximum block size K for each photograph comes from the 

results given in Table 7.3. 

The measured dimensions of all the in-situ blocks, visible in photographs 16A17, 17A1B, 

and 1BA19, are combined to plot Figure 7.24. Fractal dimensions, calculated from Figure 7.24, are 

also given in Table 7.6. These dimensions are almost identical to those obtained from individual 

photographs. Comparison of Figure 7.24 with Figures 7.17 through 7.19 shows that the unevenness 

of the data decreases when all data points available for a bench are combined. The stochastic fractal 

converges towards the average value as more data are available. 

7.3.4.3 Size Distribution of Blasted Rock Fragments. The rock fragments are 

photographed after each blast with a graduated tape in the middle of the rock pile. The size of 

each fragment is determined using the procedure adopted for in-situ block size. Only the maximum 

dimension of each fragment is determined. Figures 7.25 and 7.26 show the number of fragments 

larger than a particular size for the first blast. Figure 7.27 shows the same plot when the data from 

all the figures are combined. A similar plot for the second blast is given in Figure 7.2B. Figures 7.29 

and 7.30 are for the third blast. When the photographs for blast 3 were taken, mucking equipment 

had already loaded part of the blasted material. Some photographs (16A17, 17 AlB, and 1BA19) 

show an unusually high fraction of large size boulders. It is suspected that the mucking equipment 

had placed some of the large blocks (boulders) while clearing nearby areas. Therefore, the size 

distribution obtained from these photographs is biased towards the coarser fraction by an unknown 

amount. The considerable unevenness of the points plotted in Figure 7.30 illustrates this bias. 

The difference between photographs WAll, 12A13, and 13A14, and photographs 16A17, 17A1B, 

and 1BA19 is also clear in the values of Q. Q is generally small for photographs 10All, 12A13, 

and 13A14, indicating more fine particlea and fewer large blocks. Photographs 16A17, 17 AlB, 

and 1BA19 are used as illustrations of biased samples and have not been included in the analysis. 

Data from photographs WAll, 12A13, and 13A14 are combined in Figure 7.31. Variation of the 
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Figure 7.24 : Number of in-situ blocks with maximum and minimum dimensions greater than 
a particular size in Photographs 16A17, 17A18, and 18A19 - Blast 1. Fractal 
dimensions from combined data are 2.91 and 2.90 respectively for the maximum and 
the minimum dimensions of the blocks. 
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Table 7.6 : Calculated fractal dimension and Schuhmann distribution parameters 
of the in-situ blocks 

Photograph Fractal Schuhmann Distribution Parameters 

Number Dimension a K (mm) 

Blast 1 

16A17 Maximum 2.89 0.11 107 

16A17 Minimum 2.89 0.11 38 

17A18 Maximum 2.89 0.11 97 

17A18 Minimum 2.89 0.11 36 

17A18t Maximum 2.72 0.28 249 

17A18t Minimum 2.61 0.39 81 

18A19 Maximum 2.91 0.09 160 

18A19 Minimum 2.88 0.12 61 

Combined Maximum 2.91 0.09 160 

Combined Minimum 2.90 0.10 61 

Blast 2 

9 Maximum 2.78 0.22 103 

9 Minimum 2.64 0.36 68 

Blast 3 

25 Maximum 2.65 0.35 488 

25 Minimum 2.52 0.48 274 

Blast 4 

1 Maximum 2.90 0.10 168 

1 Minimum 2.58 0.42 100 

t Coarse Map 
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Figure 7.25 : Number of blasted fragments with maximum dimensions greater than a particular size 
in Photographs 24A, 19A20, 3A4, and 4A5 of Blast 1. Estimated fractal dimensions 
are 2.80, 2.64, 2.88, and 2.91 respectively. . 
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Figure 7.26 : Number of blasted fragments with maximum dimension greater than a particular size 
in Photographs 5A6, 7 A8, and 8A9 of Blast 1. Estimated fractal dimensions are 2.82, 
2.84, and 2.73 respectively. 
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Figure 1.27 : Number of blasted fragments with maximum dimension greater than a particular size 
in all the photographs of Blast 1. Estimated fractal dimension is 2.90. 
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Figure 7.28 : Number of blasted fragments with maximum dimension greater than a particular size 
in Photograph 10 of Blast 2. Estimated fractal dimension is 2.64. 
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Figure 7.29 : Number of blasted fragments with maximum dimension greater than a particular size 
in Photographs lOAll, 12A13, and 13A14 of Blast 3. Estimated fractal dimensions 
are 2.60, 2.83, and 2.74 respectively. 
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Figure 7.30 : Number or blasted fragments with maximum dimension greater than a particular size 
in Photographs 16A17, 17A18, and 18A19 or Blast 3. Estimated rractal dimensions 
are 2.32, 2.35, and 2.24 repectively. 
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Figure 7.31 : Number of blasted fragments with maximum dimension greater than a particular size 
combining data from Photographs 1OAll, 12A13, and 13A14 ot Blast 3. Estimated 
fractal dimension is 2.77. 



417 

number of blast fragments larger than a particular size for blast 4 is shown in Figures 7.32 and 7.33. 

Data from all the photographs of blast 4 have been combined to produce Figure 7.34. The fractal 

dimensions of the blasted fragments from each blast, calculated from individual photographs and 

from the composite plot, are given in Table 7.7. Schuhmann distribution parameter Q is calculated 

from equation (7.11). Maximum block size K for each photograph comes from the results given in 

Table 7.7. 

Plots of the number of blasted fragments above a certain size show deviation from linear 

behavior in the fine and the coarse ranges (Figures 7.25 through 7.34). It is possible that many 

small fragments are hidden behind larger blocks and do not show up in the photographs. This 

underestimation of the number of fragments in the smaller size range can be observed in Figures 

7.25 through 7.34 as the plotted points sharply but continuously deviate from the linear trend in 

the middle range. Noren and Porter (1974) and Nie and Rustan (1987) have used correction factors 

to boost the fraction of fines to account for these unseen fragments. In this study, following the 

procedure described in Section 7.3.4.3, the fractal dimension is determined only from the middle part 

of the curve. Even for the completely vioible fragments two distinct biases are introduced into the 

measured size of each fragment. The first bias comes from the fact that many fragments lie on the 

muckpile with their longer dimension at an angle with the plane of the film. Therefore, we actually 

measure the projection of this length on the film plane. The measured dimension is always smaller 

than the actual one. The difference becomes increasingly significant with an increase in fragment 

size. Hence, the size of a few large fragments in the muckpiIe is measured significantly smaller. This 

effect is clearly visible in Figures 7.25 through 7.34 as the plotted points deviate from the linear 

trend in the coarse range. A second bias is introduced as all the fragments are not equidistant from 

the film plane. The blasts monitored produced a relatively flat muckpile. Therefore, it was not 

possible to orient the film plane parallel to the surface of the muck pile while standing on the ground 

and still cover a considerable area. All the photographs are taken with a scale across the middle of 

the photograph. Distortion introduced by different perspective, has affected the measured size of 

most fragments except those close to the scale. Positive bias (measured size larger than actual size) 

is introduced for all fragments in front of the scale. On the other hand, the measured size of the 

fragments behind the scale is smaller than the actual size. When photographing the blasted muck, 

care is taken to place the scale in the middle of the view with more or less equal size distribution in 
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Figure 7.32 : Number of blasted fragments with maximum dimension greater than a particular size 
in Photographs 3, 4, and 5 of Blast 4. Estimated fractal dimensions are 2.17, 2.65, 
and 2.78 repectively. 
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Figure 7.33: Number of blasted fragments with maximum dimension greater than a particular size 
in Photographs 6 and 7 of Blast 4. Estimated fractal dimensions are 2.49 and 2.78 
repectively. 
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Figure 7.34 : Number of blasted fragments in all the photographs of Blast 4 with maximum dimen-
sion greater than a particular size. Estimated fractal dimension is 2.76. 
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Table 7.7 : Calculated fractal dimension and Schuhmann distribution parameters 
of the blast fragments 

Photograph Fractal Schuhmann Distribution Parameters 
.. 

r , 
Number Dimension (t K (mm) 

mast 1 

24A 2.80 0.20 83 

19A20 2.64 0.36 203 

3A4 2.88 0.12 366 

4A5 2.91 0.09 274 

5A6 2.82 0.18 427 

7A8 2.84 0.16 305 

8A9 2.73 0.27 305 

Combined 2.90 0.10 427 

Blast 2 

10 2.64 0.36 411 

Blast 3 

lOA 11 2.60 0040 640 
12A13 2.83 0.17 1097 

13A14 2.74 0.26 701 

16A17 2.32 0.68 1189 

17A18 2.35 0.65 671 

18A19 2.24 0.76 671 

Combined 2.77 0.23 1097 

(WAll, 12A13, 13A14) 

Blast 4 

3 2.17 0.83 579 

4 2.65 0.35 335 

5 2.78 0.22 488 

6 2.49 0.51 396 

7 2.20 0.80 366 

Combined 2.76 0.24 579 
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front of and behind the scale. It is assumed that this bias, introduced to almost all the fragments, 

is compensated over the entire photograph. It is realized that a better control on the perspective 

is needed as there is no experimental proof for this assumption. A grid, having dimensions almost 

equal to the area covered in each photograph, could be placed over the muckpile. Distortion due 

to perspective, calculated from the grid, can be used to correct the measured size of each block. 

Alternatively, photographs can be taken with objects of known size at several locations. Taking the 

photographs from above as done by Nie and Rustan (1987) should reduce the error further. 

When data from different photographs of one blast are combined, the resulting plot (Figures 

7.27, 7.31 and 7.34) becomes much more smooth, showing an almost perfect linear trend. This is 

very prominent for blasts 3 and 4. The improvement is not that significant for blast 1. The results 

from the combined plots are within the range obtained from individual photographs. 

7.3.4.4 Comparison of In-Situ Block Sizes with Blast Fragment Sizes. The size 

distributions of the in-situ blocks and of the blasted fragments are compared to determine the 

effect of natural discontinuities on the fragmentation from blasting. This comparison is carried out 

for each blast using the Schuhmann distribution curves in Figures 7.35 through 7.41. Schuhmann 

distribution parameters, ct and K, given in Tables 7.5 and 7.6 are used to plot the curves. Solid 

lines represent the size distribution of the in-situ blocks estimated from the photographs of the 

vertical bench faces. Dashed lines give the estimated size distribution from two nearby boreholes. 

Figures 7.35 through 7.41 show that the Schuhmann distribution parameter ct determined from the 

hole logs is quite different from that obtained from the face photographs and the photographs of 

the blasted fragments. One possible reason is that three dimensional information is inferred from 

one dimensional data. The drillholes give an idea of approximate in-situ blocks size distribution 

in the general area but, as seen in Figures 7.35 through 7.41, the in-situ block size given by these 

holes do not belong to any specific blast. Therefore, the information obtained from the boreholes 

is not used for quantitative determination of the effect of discontinuities. The size distribution of 

the blast fragments is plotted as dotted lines in these figures. 

Figures 7.35 and 7.36 show the Schuhmann distribution plots of the in-situ and the after 

blast block size distribution of blast 1. In Figure 7.35, the size distribution obtained from an 

individual photograph is illustrated. The results from combined plots of the in-situ and the 

fragmented blocks are used to construct Figure 7.36. Figures 7.35 and 7.36 show that up to about 
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Figure 7.35 : Schuhmann distribution curves for the in·situ block size and the size blast fragments 
of Blast 1. Results from individual photographs are shown in this figure. 
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Figure 7.36 : Sehuhmann distribution curves for the in-situ block size and the size blast fragments 
of Blast 1. Results from individual photographs have been combined to construct this 
figure. 
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Figure 7.37 : Schuhmann distribution curves for the in-situ block size and the blast fragments of 
Blast 2. 
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Figure 7.38 : Schuhmann distribution curves Cor the in-situ block size and the blast size fragments 
of Blast 3. Results Crom individual photographs are used in this plot. Photographs 
16A17, 17 A18, and 18A19 show bias towards larger fragment sizes. Therefore, results 
from these photographs are not taken account in the analysis. 
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Figure 7.39 : Schuhmann distribution curves for the in-situ block size and the blast size fragments 
of Blast 3. Results from Photographs lOAll, 12A13, and 13A14 have been combined 
to draw the curve for blast fragments. 
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Figure 7.40 : Schuhmann distribution curves for the in-situ block size and the size of the blast 
fragments of Blast 4. Results from all photographs are used in this plot. 
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Figure 7.41 : Schuhmann distribution curves for the in-situ blocks and the size of blast fragments of 
Blast 4. Results from photographs of blast fragments are combined to plot the curve. 
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60 % to 70 % of the total mass the size distribution of the blasted fragments is controlled by the 

discontinuities. The size of the remaining 30 % to 40 % of the blasted muck is controlled by the 

blasting process. A number of phenomena may take place to form these blocks. Photographs of the 

bench face show that some discontinuities are much more dominant than others. Explosive gases 

may penetrate the dominant discontinuities easily and open them before any opening takes place 

along less dominant discontinuity planes. Therefore, blasting forces may not be able to open up 

every discontinuity in the rock mass. This situation may especially take place in the stemming region 

of the holes. This region is about 0.7 to one burden distance long. Explosive gases from the charged 

section of the hole may not penetrate every plane of the fracture network in the stemming region 

before break-out occurs. Therefore, the stemming region may be one of the sources of the large 

blocks. Alternatively, drilling error can produce too much spacing between the holes. Explosive 

forces may not be sufficient to penetrate all the discontinuities. Scatter in the firing times of the 

initiators also can create large burden and spacing for some holes in the round, and, consequently, 

large blocks or fragments (Winzer, 1978). Casual observation of the vertical faces before the blasts 

did not reveal any unusually large size block. There is a possibility that a few blocks have a third 

dimension much longer than the dimensions visible in the face. The joint pattern may also form 

some large complex blocks (Goodman and Shi, 1985, pp. 125-156) inside the bench depending on 

the spacing and the persistence of the discontinuity sets. The possibility that any of the last two 

cases has taken place in any of the blasts is remote as so many discontinuity sets do not generally 

form large blocks. Careful examination of the face before the blast and of the large blocks after 

the blast is necessary to determine the origin of these large blocks. Detailed investigation of the 

blast pattern is required to understand the cause for the formation of these blocks. High speed 

photographs of the blasting process can assist in such a study. Ash (1973) have painted different 

parts of the face, e.g., stemming region, explosive region, for easier identification of the origin of 

each boulder. This approach can assist in reduction of the boulder size. 

In Blast 2, (Figure 7.37) about 40 % of the breakage is controlled by the natural 

discontinuities. A few of the large boulders show visible discontinuities. In Blast 3, about 60% 

(using only Photographs lOAll, 12A13, and 13A14) of the blocks are formed by the pre-existing 

discontinuities in the rock mass. Some of the large blocks contain visible natural discontinuities. 

Figure 7.38 is plotted with results from all six photographs. The characteristics of Photographs 

16A17, 17A18, and 18A19 are clearly different from those of photographs lOAll, 12A13, and 
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13A14. The size distribution curves of photographs 16A17, 17A18, and 18A19 show that the 

natural discontinuities exert almost no influence on the breakage. Rock fragments visible in these 

photographs contain many oversized blocks from the neighboring areas placed there by the mucking 

equipment. Therefore, they do not represent the block size distribution from the blast as they have 

a large bias towards oversized blocks. 

Blast 4, shown in Figures 7.40 and 7.41, illustrates an interesting case. The size distribution 

of the fragmented blocks in this blast is different in different parts of the muckpile. Some sections 

(roughly from the right side of the bench) of the muckpile show a high concentration of large size 

blocks. More fine fragments are visible in the left side of the bench. Due to operational difficulties, 

only one photograph of the face could be taken. Therefore, it is not possible to investigate whether 

the lea side of the face has different jointing characteristics, for example, a different K value, from 

the right side of the face. Figure 7.41 shows that about 50 % of the blasted fragments are controlled 

by the natural discontinuities. 

7.3.5 Conclusions and Recommendations for Future Studies 

In this study, the concept of fractal geometry has been used to quantify the effects of 

natural discontinuities present in the rock mass on the blasted fragments. Size distributions of the 

in-situ blocks and of the blasted fragments are fractal. The fractal dimension is used to estimate the 

Schuhmann distribution parameter a of the particles before and aaer blast. The Schuhmann curves 

for pre blast and postblast fragment sizes are determined for four blasts, monitored at an open pit 

copper mine in Arizona. About 50 % to 75 % of the blasted fragments are formed by pre-existing 

discontinuities in the rock mass. This proportion is strongly dependent on the specific and on the 

blast design. The procedure, developed in this study, can be used to estimate quantitatively two 

proportion for any blast. 

The method developed here is quite inexpensive compared to screening of the entire or 

part of the total blasted muck. It still is inefficient in terms of time and man-power requirement. 

This method can become a routine procedure for production blast monitoring, especially if the 

determination of size of each block or fragment is automated. For example, the size of each in-situ 

block visible in the bench face can be measured automatically once all the joint traces are digitized. 

Similarly, the size of each block seen in a photograph of a blasted muckpile can be measured 

automatically. The algorithm for both cases needs to be sophisticated enough to distinguish the 
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edges of the blocks even when the shadow has created some fictitious shadows. The algorithm 

should be able to distinguish different faces of the same block from different color, shadow and 

contrast. Presence of stain marks on the opened joint surfaces makes the detection much more 

difficult. Stereo-photographs of the muckpile may help in resolving any confusion arising from the 

visible third dimension of the blocks. An expert system or a neural network program may be an 

useful tool to detect the proper boundary of a block from the above mentioned noises. Even without 

automation, this method can be used quite effectively to determine the effect of any change in blast 

pattern so as to decide on an optimum blast design for a particular site. 

The method of photographing the blasted muckpile needs improvement. The photographs 

should be taken making the film plane parallel or almost parallel to the muckpile surface. Using 

a skylift gives a lot of flexibility to get near perfect photos for the study. Still it is required to 

measure the size of large blocks as the error for non-parallel film plane and maximum dimension of 

a block is large for these blocks. 

Exploitation of the fractal behavior of block size eliminates some of the problems associated 

with the determination of size distribution of particles from photographs, namely, inadequate 

number of small particles of all size ranges visible in the photographs (Noren and Porter, 1974; 

Nie and Rustan, 1987), determination of the equivalent diameter or the volume of irregular blocks 

(van Aswegen and Cunningham, 1986; Maerz et al., 1987; Franklin et aI., 1988). 

It haa been observed in this study that the discontinuity pattern itself along with the 

fracture density and the block density exhibit fractal behavior. Size distributions of the in-situ 

blocks and the blast fragments are also fractal. In future studies, the fractal behavior of the natural 

discontinuities needs to be verified so as to establish the universality of this behavior. If fractal 

behavior of the natural discontinuities can be established for the rock in an area, only prominent 

joints from photographs covering a large area of the face or all joints from photographs covering a 

small area of the face can be used in the analysis. This reduces the time requirement to analyze 

each photograph. It has been shown that rock masses with apparently different fracture intensity, 

e.g., vastly different block sizes, can have the same fractal dimension. But they have different 

maximum block size K. Therefore, the size distribution of the in-situ blocks is different. As a 

result, a systematic sampling procedure should be developed to represent the entire bench face. 

Observation of the fractal behavior of the discontinuity pattern is also very important for 

other applications concerning the rock mass behavior, such as rock mass classification, support 
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design, fluid flow etc. Fractal dimensions of the discontinuity pattern itself along with the fracture 

density and the block density can be used for site characterization. In-situ block size in a block 

caving mine can be determined adopting the method developed in this study. This method can be 

extended to estimate the in-situ blocks in a tunnel or in a slope. Alternatively, this method can be 

applied to determine the size distribution of particles after the application of some given load, e.g., 

in crushing and grinding, and consequently, the efficiency of the process. 
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CHAPTER EIGHT 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

This study mainly concentrates on the breakage of rock in bench blasting. The available 

information on mine blasting is surveyed first to develop an understanding of the present state of 

knowledge about blllSt fragmentation. The intact hole model of blasting used in conjunction with the 

gas pressure theory is analyzed to determine the stress distribution around the hole. Comparison 

of these results with the observations in actual blasting shows the serious shortcomings of this 

model, which mainly stem from not including the radial cracks in the analysis. A finite element 

model is developed which incorporates one radial crack extending from the pressurized hole. The 

stress distributio:J. from this model shows the potential for multiple radial crack propagation and 

progressive fracturing of the rock. Therefore, a new finite element model is developed incorporating 

eight radial cracks. The stress distribution in the burden region and the generation of new fractures 

in the rock mass are studied using this model. The effect of natural discontinuities on blast 

fragmentation is studied in the field applying the concepts of fractal geometry. 

8.1 Explosive Pressure Pulse on the Hole Wall 

The shape and the magnitude of the pressure pulse created by the explosive in the hole 

are not known realistically. Intense shock and heat produced during detonation make direct 

measurement in field blasting almost impossible. Generally, theoretical calculations and indirect 

measurements in small holes or canons are used. Most blasting studies neglect the pressure pulse 

rise time. They calculate the stresses around the hole from an exponentially decaying pressure 

pulse. Studies investigating in-situ fracturing using an explosively loaded hole have proved the 

importance of the finite rise time of the pressure pulse. The formation of the radial cracks around 

the hole and the flow of pressurized gases into th~ cracks depend on the rise time of the pulse. 

ANFO and other commonly used explosives have a relatively long rise time. ANFO does 

not reach the theoretical velocity of detonation even when the hole diameter is 8.5 in (216 mm). 



435 

Heterogeneity introduced during site mixing of ammonium nitrate and fuel oil makes ANFO deviate 

even further from ideal explosive characteristics. It is expected that the non-ideal behavior increases 

the pressure rise time. When cartridged water gel and emulsion explosives are used, less than 100 % 

packing is ohte.ined in the hole. This incomplete coupling decreases the strain energy of the explosi ve 

and increases the pressure rise time. Bligh (1974) has calculated that for large diameter holes, the 

tensile stress reaches the peak after a relatively long time and decays very slowly. A slow rising pulse 

in a large hole produces stresses little different from the static case. Therefore, it is expected that 

the explosives commonly used in mines and quarries for bench blasting produce pressure rise times 

which fall into the mUltiple fracture regime. Young et al. (1984) have concluded that the preferred 

tailored-pulse loading is much closer to the loading rate produced by conventional explosives than 

by commercially available propellant techniques. 

8.2 Radial Crack Formation Around the Hole 

The present understanding of the formation of radial cracks around a hole is not sufficiently 

advanced to predict the exact sequence of processes that take place before the formation of long 

radial cracks. Laboratory experiments by Swift and Kusubov (1981, 1982) have shown that multiple 

radial cracks can be generated around a hole by statically applied pressure without any a:JSistance 

from the seismic waves. The conceptual model developed in Section 6.1 shows that both the seismic 

waves and the quasi-static gas pressure in the hole can contribute to the radial crack formation in 

bench blasting in mines and quarries. 

Assuming a normal or an exponential distribution of microflaws around the hole, the 

conceptual model predicts that the flaws which are initially longer than the others ultimately become 

the radial cracks. The compressive stress field produced by each crack becomes the discriminating 

mechanism. This mechanism allows the longer cracks to grow longer at the expense of the shorter 

cracks growing close by. As a result, a minimum distance is necessary before another crack can 

grow. 

Although the conceptual model provides a mechanism for both the stress wave and the 

gas pressure to form radial fractures, the exact sequence of mechanisms depends on the explosive 

type and the type of initiation. An initiating device which does not boost the detonation velocity 
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of the explosive up to the theoretical maximum level produces a less intense stress wave. The 

stress waves soon overtake the radial cracks due to their much higher. propagation velocity. FUrther 

propagation of the radial cracks is mainly due to the quasi-static gas pressure. Therefore, for a 

complete understanding of explosive fragmentation it is essential to know the detailed characteristics 

of the input pressure pulse produced by a particular type of explosive using a specific initiator. Th is 

measurement not only would allow a better estimate of the stress field around the hole but also 

contribute towards better control of radial crack generation. 

At present no model can predict the number of radial cracks formed around a hole. 

Available information (Table 4.2) suggests the number should be between 4 and 12. The initial 

length of each crack is unknown. Both stress wave and gas pressure participate in radial 

crack formation. The distribution and the orientation of the microflaws are not known. The 

conceptual model assumes that numerous microflaws, suitably oriented, are available. The effect 

of non-suitably oriented flaws on the fracture formation should be studied. A better model of the 

flaw propagation induced by stress wave and subsequently by the gas pressure is needed to have a 

better understanding of the radial crack network formation. 

The radial cracks are modeled initially at 45° interval around the hole. In reality, the 

angular spacings between the cracks are rarely equal. But the maximum difference about the mean 

value is generally less than 20 %. The effect of this uneven spacing on individual crack propagation 

is not known and should be studied. 

Figures 6.10 and 6.11 schematically show the effect of rate of loading on microcrack 

initiation. When the rate of loading is slow, the originally long microcracks (e.g., length a3) start 

growing at a low stress level, before the shorter ones. They grow large at the expense of the shorter 

cracks. At a higher loading rate, shorter cracks initiate before the longer ones. Within a short 

time, there are many large size fractures. All these fractures try to grow simultaneously creating 

a complex crack to crack interaction. Each crack tries to grow by suppressing its neighbors. The 

energy supplied to the rock gets divided among all these fractures. Therefore, it is expected that a 

higher stress level is reached before coalescence of these microfractures and ultimate fracture planes 

develop. Grady and Kipp (1987) also speculate that the higher strength of rock in dynamic loading 

can be explained by the difference in microcrack initiation. FUrther studies should be carried out 
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to understand the microcrack initiation and coalescence process to develop a better model of rock 

failure which can explain the loading rate dependency of strength. 

8.3 Significance of Radial Crack Pressurization by 
Explosive Gases 

Results obtained in this study and from in-situ fracturing experiments (Ouchterlony, 1974, 

1983; Hanson et aI., 1983, 1984, 1985; Schmidt and Benzley, 1983; Nilson et aI., 1985; Nilson and 

Griffiths, 1986; Schatz and Hanson, 1986; Schatz et at, 1987a, 1987b; Shaffer et aI., 1987a, 1987b) 

show the neceBBity of gas preBBurization of the radial crack system for breakage of the rock. The 

details of the gas pressurization proceBB remain unknown due to lack of experimental verification. 

There is no measurement of gas pressure inside propagating radial cracks in field scale or small scale 

blasting. It is not known what type of gas pressure distribution exists along' any crack. Fourneyet 

aI. (1985) have measured the gas preBSure in the radial cracks in a model scale blast using PETN. 

Measured pressure in the cracks is almost identical to that inside the hole. The repeatability of 

the measurement is very poor. It is not known how the pressurized length varies from one crack 

to another. The gases inside the cracks can percolate through the crack walls. Rapid cooling of 

the gases can also decrease the pressure in the cracks. The opening of a crack due to the wedging 

action created by the gas increases the volume of the crack system which in turn decreases the 

preBBure. Shaffer et aI. (1987a, 1987b) have developed a finite element model which solves this 

coupled problem. This model is computation intensive. It takes several hours of supercomputer 

time even for relatively simple problems. Hanson et aI. (1983, 1984, 1985) and Schatz et al. (1987) 

have developed a coupled fracture extension and fluid flow model using semi-analytical numerical 

and displacement discontinuity methods. The parameter values used in this model are developed in 

small scale laboratory experiments simulating in-situ fracturing experiments. Poor understanding 

of the physical process makes the problem difficult to model. The crack faces are taken as plane 

surfaces in all these models. Numerical simulations of a single crack propagation (Meakin, 1988; 

Termonia and Meakin, 1986; Louis and Guinea, 1987; Louis et aI., 1986; Herrmann et aI., 1989; 

Takayasu, 1985, 1986; Mecholsky et aI., 1988) and experimental observations (Nolen-Hoeksema 

and Gordon, 1987; Kobayashi and Fourney, 1978) show some smaller cracks connected with the 

main fractures. These small fractures provide preferential flow paths. The flow of gases into some 
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radial cracks may be restricted by drilling mud or crushed rock at the crack mouth. A simplified 

approach is adopted in this study due to lack of experimental data in bench blasting. The problem 

is decoupled using the experimental observations of Fourney et al. (1984c). This process is repeated 

at each crack configuration analyzed. Decoupling makes the problem numerically simpler. Careful 

measurement of the flow of gases inside the radial cracks is necessary to understand and to develop 

a realistic model of the crack pressurization process. 

8.4 Intact Hole Model of Bench Blasting 

Porter (1971), Porter and Fairhurst (1971), Ash (1973), Bhandari (1975, 1979), Smith 

(1976), and Sunu et al. (1988) have used an intact pressurized hole to model the fragmentation 

from bench blasting. Except for Sunu et al. (1988), none of the mentioned studies reports the 

stress magnitude in the burden region. This model has been studied first. The stress distribution 

around the hole predicted by this model is almost the same as that in an infinite medium. This is 

true even for an unrealistically large hole diameter equal to 4 m for a burden dimension of 7 m. The 

effect of the free face is noticeable only in its immediate neighborhood. The difference between the 

stress fields increases with an increase of the hole diameter for a fixed burden dimension, that is, 

with th,:; decrea8e of the KB ratio. Therefore, the equations for stresses in an infinite medium from 

a pressurized hole can be used to predict the stresses from this no crack model for all practical hole 

sizes. 

The stress field produced by the no crack model has very definite characteristics irrespective 

of the hole diameter or KB ratio. The maximum principal stress or radial stress (O'r) is always 

compressive. The minimum principal stress or tangential stress (0'8) is always tensile. Except in 

the immediate neighborhood of the free face, the magnitudes of O'r and 0'9 are almost equal at any 

point in the burden. This is true even for extremely sma)) KB ratios. Both the radiCil and the 

tangential stresses are maximum at the hole wall and decay symmetrically around the hole. O'r and 

0'8 decrease away from the hole at rate equal to the inverse square of the distance from the hole 

center. This is the rate observed in an infinite medium. More than five hole radii away, both 0'1 

and 0'3 become very small compared to the applied pressure. The symmetrical stress distribution 

around the hole should produce a failed region concentric with the hole. The width of the breakage 
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is small as the stresses decrease very rapidly. Closer to the free face, the stresses are too small to 

induce any breakage in commonly encountered rock types. This implies the breakage is independent 

of the location of the free face. Therefore, this no crack model does not predict the fragmentation 

observed in actual bench blasting. 

8.5 Effect of One Radial Crack in Burden 

When one radial crack is added into the model, the stress distribution around the hole 

changes drastically from that given by the no crack model. In the neighborhood of the crack 

and the hole, the magnitudes of (7'1 and (7'3 are no longer equal. At large distances from the hole 

and the crack, the difference between the magnitudes of the twoprincipal stresses is practically 

negligible. (7'1 and (7'3 become compressive, in the region adjacent to the crack intersection at the 

hole irrespective of any gas pressure in the radial crack. This compressive zone extends along the 

crack faces as the extent of gas pressure in the crack increases. The length of this zone is slightly 

larger than the pressurized part of the crack and becomes equal to the crack length when the crack 

is fully pressurized. The width of this zone is about half the crack length when the crack is fully 

pressurized. The width of the compressive zone decreanes as the length of gas pressurization of the 

crack decreases. This compressive stress field suppresses the growth of any crack within the region. 

The compressive zone makes an angle of about 30° with the crack face if the crack is unpressurized. 

This angle increases to about 45° if there is gas pressure in the crack. 

The change of the angle and the width of the compressive zone with the pressurized length 

of the radial crack suggests that more cracks can grow around the hole when the cracks are not 

pressurized. Some of these cracks die as the gases flow inside the crack system. Therefore, the flow 

of gases inside the cracks or flaws, growing after the passage of the stress waves, can become the 

discriminating factor in selecting the cracks which grow longer. It takes a finite time for the gases 

to flow into the flaws. As a result, there is a transition zone where cracks growing from the energy 

supplied by the tailing part of stress waves or the gas pressure only in the hole are subjected to this 

discriminating mechanism. Shorter cr(1(ks die in this region and longer cracks propagate further at 

the expense of these shorter cracks. 
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Beyond the compressive zone, 0'3 is tensile. Its magnitude first increases with distance 

from the hole. The stress peaks near the crack tip and decreases thereafter. This tensile stress 

concentration zone can be the site for formation of tensile fractures. 

0'1 and 0'3 are tensile ahead of the crack tip. The shape of this tensile zone is almost 

independent of the extent of gas pressurization in the crack. This shape should depend on the 

geometry of the problem. The stresses in this tensile zone stro~gly depend on the extent of gas 

pressurization along the crack. 

8.6, MUltiple Radial Cracks Model of Bench Blasting 

The model of bench blasting is modified to incorporate multiple radial cracks as the previous 

model has shown the potential for the formation of more than one radial crack from the hole. This 

model has eight radial cracks from a pressurized hole of 200 mm diameter with a 7 m burden giving 

KB of 35. Initial length of each radial crack is O.4m, twice the hole diameter. 

The stress distribution from this model shows characteristic features which are quite 

important in explaining the breakage of the rock mass in blasting. Both 0'1 and 0'3 are compressive 

in between two radial cracks very close to the hole. The size of this compressive zone increases with 

an increase of the extent of gas pressure in the radial cracks. 0'3 is tensile outside this compressive 

zone. Its magnitude at first increases with distance from the hole. The peak tensile 0'3 occurs near 

the radial crack tips. One tensile zone forms at the side of each radial crack. 0'3 decreases away 

from this tensile stress concentration region. 0'1 decreases continuously from the hole boundary 

except very near to the crack tips. At a distance of about two and half to three radial crack lengths 

away, both 0'1 and 0'3 are almost the same in magnitude and not much different from the stresses 

from a pressurized hole in an infinite medium. 

Numerous tensile fractures can form in the tensile stress concentration zones. As the radial 

cracks grow, new tensile stress concentration zones also form ahead of the previous zones and a new 

set of tensile fractures forms. This process continues with the propagation of the radial cracks. 

Failure criteria predict the formation and the orientation of the fracture plane. They can 

be used to predict the failure of a rock mass subjected to a certain stress field at a number of points. 

They fail to provide information on discrete fracture formation in the entire failed region of the 
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rock m888. The number of discrete fractures and their orientation and location in the rock m888 

remain unknown. In this study, the locations of the tensile fractures are selected at the points in 

each zone where the tensile stresses are very high. The orientation is the average direction of the 

major principal stress direction. The selected length of each crack is arbitrary. This approach is 

similar to that adopted by Ingraffea (1979, 1981). 

When the radial cracks grow, the tensile fractures formed previously can grow by the stresses 

imposed at their tips. The cracks propagate in mixed mode or in mode II (sliding) depending on 

the extent of the compressive zone growing with the radial cracks. The tensile fractures reorient the 

stress field locally and produce large tensile and shear stresses nearby. Due to these large stresses 

many secondary fractures form at these sites. As the formation of a small fracture relieves the 

energy only in its immediate vicinity, the far field stresses do not change significantly. Therefore, 

it is expected that some sliding of the original tensile cracks continues even after the formation of 

the secondary fractures near the crack surfaces. Some of the displacement may take place on the 

newly formed fractures resulting in lower order fractures. The formation of lower order fractures 

has been observed in actual experiments at very small scale (shear box) to very large (earthquake) 

scale (Tchalenko, 1970). Rispoli (1981) has also observed this phenomenon in the field. 

The conventional gas pressure theory does not provide an adequate explanation for the 

absence of wedge shaped fragments in the blasted muck pile. Speculation of radial crack branching 

due to crack velocity above the critical velocity (Bhandari, 1975, 1979) does not have any 

experimental support (Holloway, 1980). The continued formation of new first order fractures and 

the creation of lower order fractures from them at a later time are very significant in explaining 

the absence of the wedge-shaped fragments in the blasted muck pile. These fractures break up the 

rock in between the radial cracks. Therefore, the observation of continued fracturing taking place 

in the burden fills a gap in the convent.ional gas pressure theory. 

In the multiple crack model,the stress intensity factors at the tip of each crack are not the 

. same. In this study, cracks 1 and 5 (Figure 6.13) are forced to propagate in mode I. The other three 

radial cracks, making an angle to the free face, always propagate in mixed mode. Radial cracks in 

an infinite medium propagate in mode I (Ouchterlony, 1983). Therefore, the free face induces the 

radial cracks to move in mixed mode. Crack 3 always has the minimum stress intensity factors. 
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Cracks 1 and 5 always have maximum stress intensity factors. Generally, the surfaces of crack 2 

slide in the direction opposite to that of crack 4, producing propagation in the opposite direction. 

The time taken to form these secondary fractures due to coalescence of the microcracks 

needs to be investigated. It is expected that the time depends on the rate of loading and the 

magnitudes of the stresses. The effect of one propagating crack on the secondary macrofracture 

formation nearby should also be investigated. In this study, for want of better information, two 

possible scenarios have been investigated. The stress intensity factors of the radial cracks are 

notdrastically different between the two tensile crack configurations but they surely differ in details. 

A comprehensive understanding of the fracture formation process is necessary for better modeling 

of the tensile cracks. 

The stress intensity factors at the radial crack tips depend on the length of pressurization 

along each crack and on the type of pressurization - a constant gas pressure in the crack or 

a linearly varying gas pressure. The stress intensity factors vary among the cracks even when 

they have equal length of pressurization. Unequal length of pressurized part in each crack has 

considerable influence on the stress intensity factors and the propagation direction of the cracks. 

This observation supports the premise of Hanson et al. (1983, 1984, 1985), Schatz and Hanson 

(1986), and Schatz et al. (1987a, 1987b). The significance of this observation in producing the 

ultimate breakage of the burden should be investigated. 

Radial crack 3, originally modeled parallel to the free face, generally deviates towards the 

free face. The deviation from the original direction is quite small for the crack lengths analyzed in 

this study. The angle of deviation increases with an increase in crack length. This crack and its 

complement crack at the left side may become the limits of breakage at the sides. 

For all the crack configurations analyzed, the stress intensity factors are minimum when the 

radial cracks are not pressurized. The stress intensity factors also decrease with an increase in crack 

length. This has also been observed by Ouchterlony (1983) in an infinite medium. Therefore, the 

radial cracks do not grow long if they are not driven by gas pressure. Unpressurized radial cracks 

produce relatively few tensile cracks as the magnitude of 0'3 in the tensile stress concentration zone 

is quite small. Moreover, when the radial cracks grow, the stresses around the previously formed 

• tensile cracks are quite low. This results in very little secondary breakage around these tensile cracks. 
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The potential for such secondary breakage also decreases with an increase of the radial crack length. 

Therefore, it is essential that the explosive gases flow into the radial cracks for adequate breakage 

of the rock mass. The same conclusion has been arrived at in stu~Hes investigating the propagation 

of cracks in in-situ fracturing experiments using the tailored pulse loading technique (Hanson et al., 

1983, 1984, 1985; Keough et al., 1984; McHugh, 1983; McHugh and Keoogh, 1979, 1982; Nilson et 

al., 1985; Nilson and Griffiths, 1986; Schatz and Hanson, 1986; Schatz et al., 1987a, 1987b; Stoller, 

1985; Young et al., 1984). Dally et al. (1975) also have come to the same conclusion in model scale 

blasting. 

Premature stemming release of the stemming material in bench blasting constitutes a case 

similar to the loading cases with unpressurized radial cracks analyzed here. This causes premature 

release of the explosive gases from the hole. It invariably produces poor breakage of the burden. 

Many times the burden rock is not fractured adequately to excavate the rock mass. Therefore, 

it is imperative that the stemming length should be adequate and the stemming material should 

be 'tamped' properly to produce sufficient constriction so that the explosive gases can flow into 

the crack system. More rock fracturing can be achieved if the escape of gases can be eliminated 

and the gases are forced into the crack system. Indirect confirmation of the requirement of gas 

pressurization of the crack system is provided by the approach to controlled blasting. To reduce 

the breakage, decoupled charges are used to reduce the gas pressure. As the reduced gas pressure 

in the hole tries to drive all the possible radial cracks, closer spacing between the holes is required 

to produce a clean break. When notched holes are used in controlled blasting, the notch behaves 

as an already formed radial crack. They grow much longer because of the high stress concentration 

produced by gas pressurization. 

8.7 Other Potential Applications of the 
Multicrack Model 

The propagation of radial cracks from a single hole is analyzed in this study. In an actual 

blast, multiple holes are initiated in the same delay period. Two more variables, spacing between 

the holes and time of initiation of individual holes, are introduced in multihole blasts. Radial cracks 

from one hole, as they grow longer, exert more influence on the propagation of radial cracks from 

the neighboring holes. As a result, cracks propagating from the neighboring holes can change their 
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directions to adjust to this influence. Consequently, their influence on the radial crack network of 

the first hole changes. These radial cracks adjust to the changed influence and this coupled process 

continues. If one hole is detonated later, its radial cracks may be short compared to the radial 

cracks from a previously detonated hole. If the delay interval between the holes is small, the radial 

cracks from the first hole may still be propagating and have some gas pressure. In an extreme case, 

crack propagation may have stopped altogether if the delay interval is large. The nature of this 

complex interaction is poorly understood. The methodology used here can be used to study this 

phenomenon. 

The propagation of radial cracks and subsequent fracture formation, which is sO essential 

in fragmenting the burden in bench blasting, is detrimental to the rock mass remaining in place. 

Fracture formation reduces the integrity of the in-place rock. Damage to the excavation walls from 

blasting is a major concern regarding the structural stability of rock mass, e.g., in waste disposal 

in underground excavations (Simmons, 1985; Thompson et aI., 1985) and in excavated rock slopes 

(Holmberg and Miiki, 1981; Oriard, 1981). Light charging of the last row of holes cl06e to the 

final excavation line is commonly used to reduce the wall damage. Mostly empirical rules or local 

experience is used to determine the charge per hole in controlled blasting. The model and the 

methodology used to study the propagation of radial cracks can be used to study the extent of 

the damaged zone from different input pressure pulses and to optimize the explosive loading for 

minimum damage. 

B.B Validity of Flexural Ruplure Model in 
Bench Blasting 

The free face displacement produced by the multicrack model is small. Maximum 

displacement observed in all loading cases is only 28mm (loading case 10) when all radial cracks 

(length 0.9 m) are pressurized up to 0.5 m. The tensile cracks belong to the second set and are 

pressurized up to mid length. The free face displacement increases with an increase of the crack 

length as the cracks reduce the stiffness of the burden. Increased length of pressurization of the crack 

faces increases the load on the burden and, as a result, the displacement increases. The calculated 

displacements are much smaller than those predicted by the beam bending model of Ash (1973) and 

Smith (1976). The formulae used in the beam bending model ignore the resistance to displacement 
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imposed by the intact rock at the side of the hole. Therefore, they predict unrealistically large 

displacements and stresses. The beam bending model assumes that the radial cracks form and 

propagate through the run burden before any other fracturing takes place. The radial cracks are 

assumed to remain unpressurized as the loading is applied only along the hole. Unpressurized radial 

cracks can not reach the free face. 

There are some basic problems with the definition of the beam itself. Assuming bending 

of the beam as the sole mechanism of rock fragmentation in blasting, this hypothesis predicts 

fracture initiation at the free face. The fractures propagate inward towards the hole. This model 

neglects the fracture formation associated with the radial crack propagation. This can not be the 

true representation of blasting. Breakage of rock surrounding the hole in crater blasting negates 

the validity of this hypothesis of the beam bending model. The beam bending model does not 

adequately model the fracturing process in blasting. 

8.9 Validity of Equivalent Cavity Hypothesis in 
Bench Blasting 

The equivalent cavity hypothesis, proposed by Kutter (1969) and Kutter and Fairhurst 

(1971), is a good approximation of the stress field in the region some distance away from the 

radial crack tips. This hypothesis does not model the radial crack propagation and the subsequent 

fracturing of the rock mass. It predicts the breakage of rock in a small region outside the cavity 

concentric with the hole. But all the macrofractures form inside the equivalent cavity. Therefore, 

this hypothesis does not really model the fracturing process in blasting. 

8.10 Estimation of Effects of Natural Discontinuities on 
Blast Fragmentation 

The natural discontinuities in rock mass show fractal behavior. The discontinuity pattern, 

the fracture density, and the block density have self-similar structures. The fracture density and the 

block density are defined as the number of fractures and blocks per unit square area respectively. 

The natural discontinuities are considered statistical or stochastic fractal as they have a lower and 

an upper limit. The Griffith crack probably is the lower limit. The maximum dimension may be the 
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longest discontinuity in the area. This self-similar behavior can be exploited to model the behavior 

of a rock mass on a large scale from data on a much smaller scale. 

The Schuhmann distribution corresponds to the fractal distribution. A relationship between 

the fractal dimension D of the particles and the Schuhmann distribution parameter Q is obtained 

in equation (7.11). Q is equal to (3 - D). The Schuhmann distribution K is the maximum particle 

size. 

A method has been developed to estimate quantitatively the effect of natural discontinuities 

in blasting using the concept of fractal geometry. The sizes of the in-situ blocks and the after blast 

fragments are measured from photographs. It is assumed that the third dimension of each block is 

always smaller than the size measured from the visible part. Both the in-situ block size and the blast 

fragments size show fractal behavior. The Schuhmann distribution parameter Q is calculated from 

the fractal dimension. K is the maximum block size measured in the photographs. Comparison 

of the Schuhmann curves provides the proportion of rock blocks formed due to opening up of 

pre-existing natural discontinuities. Schuhmann distribution curves also provide the information 

on block size distribution, especially the proportion of large boulders. Modifications of the blast 

design are needed to eliminate this problem. This method can also be used to estimate the effect 

of any change in blast design. 

The method developed here needs some improvements and verifications of the underlying 

assumption regarding the third dimension. The effect of the third dimension can be studied if data 

from two perpendicular faces are available at the same site. Limited data suggest that the fractal 

dimension does not vary over the whole face of a blest. Each photograph covers a small area of 

the face. A large number of samples from one face should be studied to determine whether the 

fractal dimension varies within the face. Even if the fractal dimension does not vary within the 

same geological structure, the maximum fragment size K can vary. A close look for variation of K 

is necessary for effective use of the method. 

The method of photographing the blasted muck pile needs improvement. The photographs 

should be taken making the film plane almost parallel to the surface of the muck pile. Use of a 

skylift could be extremely useful. It still would be required to measure the size of large blocks as 
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the error for non-parallel film plane and the maximum dimension of a particle is large for these 

blocks. 

Exploitation of the fractal characteristics of the particle size distribution eliminates several 

problems associated with the estimation of fragment size distribution, namely, inadequate number 

of small particles visible in the photographs and the determination of the equivalent diameter or 

the volume of irregular fragments. 

Although this method is inexpensive and relatively less time consuming than sieving 

and weighing of the entire blasted muck pile, at present it is quite labor intensive. Much of 

the data reduction can be automated to reduce human involvement in the process. Use of the 

stereo photography and the image processing techniques can become potentially very powerful with 

applications in routine blast monitoring to analyze the blast patterns 80 as to develop an optimum 

blast design for a particular site. 

8.11 Other Potential Applications of Fractal Descriptor of 
Particle Size 

The feasibility of describing the rock disintegration or fragmentation by fractal descriptor 

suggests promising application in many fields where size distribution of blocks is important, ranging 

from granulometric descriptions of concrete aggregate and dam rockfill, to drilling and tunnel boring, 

where particle size distributions are a strong indicator of excavation efficiency. On a much smaller 

scale, fractal descriptors may facilitate characterization of dust, an important health and safety 

concern. 

The fractal behavior of rock discontinuity patterns appears to be potentially useful for 

many applications concerning rock mass behavior, such as rock mass classification, support design, 

fluid flow etc. Fractal block size description can provide a complementary rational and coherent 

approach to presently used block size descriptors (International Society for Rock Mechanics, 1977, 

Section 10). In the NGI Thnnelling Quality Index Q (Hoek and Brown, 1980, pp. 27-34), the 

first quotier;tt (RQD/ I n ) is a crude estimate of the in-situ block size. The ratio between the block 

size and the excavation width has long been recognized as a critical factor with regard to the 

stability of underground openings (e.g. Lang, 1961). For relatively small excavations conservative 

analysis and design approaches can be based on the largest block that kinematically can move 
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into an excavation (Hoek and Brown, 1980, ch. 7). It is well recognized that such an approach 

would lead to unrealistically conservative design for large excavations. It is preferable to design 

large excavations on the basis of location specific discontinuity mapping (e.g. Hoek and Brown, 

1980, pp. 194-195; Goodman and Shi, 1985, ch. 7) rather than designing based on a hypothetical 

maximum block size. Fractal analysis of block size distribution can provide a realistic estimate 

of likely maximum block sizes, and thus provide a more realistic basis for underground opening 

design. The procedures developed in this study can be used to estimate the size distribution of 

the in-situ blocks. Incorporating the in-situ block size distribution in the classification scheme will 

give a better estimate of the rock mass quality. In-situ block size of a block caving mine (White, 

1977; Panek, 1981,1982; Stewart, 1986) can be estimated adopting the method developed here, and 

compared with the size of the blocks drawn during caving, e.g., as a function of caving progress. 

Alternatively, this method can be extended to estimate the size distribution of fragments after the 

application of some given load, e.g., in crushing and grinding. 

The fractal nature of discontinuities suggests a not so random distribution of the individual 

discontinuity planes. It suggests a relationship among the different discontinuities especially in terms 

of length, location, and orientation. This relationship should depend upon the history of loading 

acting on the rock mass and the subsequent fracturing process. When simulating the rock mass 

discontinuity pattern using statistical procedures this relationship should be preserved. 

8.12 Fractal Characteristics of Rock Fracturing Processes 

The fractal behavior of natural discontinuities suggests that the rock fracturing process may 

be a fractal phenomenon - formation and subsequent propagation of a crack is a scale invariant 

process with self-similar structure. It is expected that the presence of pre-existing microflaws and 

the heterogeneous material properties at the microlevel make the structure a stochastic fractal by 

incorporating some randomness in the growth process. The fractal behavior has been observed in 

other rock fracture processes - shear of rock surfaces on different scales (Tchalenko, 1970) and 

shear deformation of a strike-slip fault (Rispoli, 1981). Tchalenko (1970) has observed the formation 

of Riedel shear fractures at three different scales of shear experiments - microscopic scale in shear 

box tests, intermediate scale in Riedel experiments, and regional scale in earthquake faults and 
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landslides in clays. He has also observed that some of the individual structures show structures 

similar to the main structure at a smaller scale. Self similar structure has also been observed by 

Rispoli (1981) around a strike-slip fault. 

Microcrack formation in loaded rock shows a fractal structure (Yanagidani et al., 1985; 

Hirata et al., 1987). Yanagidani et al. (1985) have observed migration and clustering of microcracks 

before a macrocrack forms. Microcrack coalescence has also been observed by Hirata et al. (1987). 

They estimate the fracbl dimensions in a biaxial test in Oshima granite as 2.75, 2.66, and 2.55 for 

the primary, secondary, and tertiary creep stages respectively. Continued decrease of the fractal 

dimension indicates emergence of relatively planer fracture surfaces from the scattered distribution 

of microcracks. 

The microcrack formation ahead of the crack tip also shows a fractal structure. Kobayashi 

and Fourney (1978) have photographed the crack growth in westerly granite. The microcrack 

patterns ahead of the crack tip at stress intensity factors of 0.66 MPay'iii and 0.99 MPay'iii are 

shown in Figure 8.1. The fracture pattern at the stress intensity factor of 0.66 MPay'iii has a 

fractal dimension of 1.16. The dimension increases to 1.30 at stress intensity factor 0.99 MPay'iii 

when the ultimate fracture develops. The ultimate fracture plane has a dimension of 1.30, the same 

as the whole pattern. The remaining fracture pattern has a dimension of 1.22. Nolen-Hoeksema 

and Gordon (1987) have determined the microcrack formation ahead of a crack tip in Stockbridge 

dolomite marble in double cantilever beam tests. Successive stages in the development of crack 

pattern during fracturing are shown in Figure 8.2. The fractal dimensions using the data given in 

Figure 8.2 are given in Table 8.1. At each stage, only the new fractures are taken into account in the 

analysis. The fractal dimension of the pattern and the fracture density increases in the beginning 

(up to 93 % of the failure load). The fractal dimension decreases at 96 % of the failure load indicating 

the emergence of the ultimate fracture plane. At 100 %, it again increases by a small amount. A 

macrocrack has formed already at 100 % of the failure load accompanied by some microcracks away 

from the ultimate fracture plane. One possible reason may be the effect of mixed-mode loading. 

The ultimate fracture plane is not truly in mode I. Friction of the fracture plane may impede the 

sliding of the fracture surfaces resulting in some stress redistribution. The redistributed stress may 

produce microfractures in clusters away from the macrocrack. The microcrack coalescense to form 
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Figure 8.1 : Traces of micro-hairline cracks near the saw-cut crack tip a) at 0.66 MPa.jiii and b) at 
0.99 MPa.jiii (After Kobayashi and Fourney, 1978). 
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Figure 8.2 : Successive stages in the development of the crack pattern during the fracture of double 
cantilever beam test specimen of Stockbridge dolomite marble. Cracks formed in earlier 
loadings are shown with light times (After Nolen-Hoeksema and Gordon, 1987). 



Table 8.1 : Fractal dimension of the microcrack pattern and the micro crack density at 
different fraction load using data from Nolen-Hoeksema and Gordon (1987) 

Fraction of Failure Load 

64% 

82% 

93% 

96% 

100% 

Fractal Dimension 

Microcrack Pattern 

0.95 

1.14 

1.17 

1.09 

1.21 

Microcrack Density 

1.86 

2.14 

2.21 

2.08 

2.09 

452 
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a macrofracture needs further investigation. Due to the fractal structure of this process, there may 

be some sites which have not grown as big as the macrofracture plane or do not form a part of 

it. Discrete fracture simulation should take into account this fact. This is also true for continuum 

damage models of rock fracturing. 

Opening mode fracture experiments of Kobayashi and Fourney (1978) and Nolen-Hoeksema 

and Gordon (1987) employ relatively thin plate-shaped specimens. Therefore, the microcrack 

formation takes place almost in two dimensions. The micro crack formation in a biaxial specimen 

is in three dimensions. As the dimension of a planar section of a fractal set with dimension D in 

3-D space is generally (D - 1) (Mandelbrot, 1982), the fractal dimensions of the acoustic emission 

hypocenters in the experiments of Hirata et al. (1987) are between 1.25 and 1.75. Although both 

the opening mode fracture and the biaxial compression tests exhibit self-similar characteristics, the 

micro crack coalescence processes in these experiments do not have the same fractal dimension. The 

fractal dimensions of the microcrack patterns in the experiments of Kobayashi and Fourney (1978) 

and Nolen-Hoeksema and Gordon (1987) are generaJJy smaJJer than those reported by Hirata et aI. 

(1987). It is not clear why this is so. One possible explanation may be that in the opening mode 

fracture experiment the load is concentrated near the existing crack t.ip. In biaxial compression 

tests, the load is dispersed over the whole specimen producing a dispersed microcrack pattern 

(higher fractal dimension). This aspect of microfracture formation should be investigated. 

Fractal structure of the fracture system is not limited to the microcracks or joints in a face. 

The fault planes detected at the mine in which the four experimental blasts, reported in Chapter 

Seven, have been carried out also show fractal structure. At the same level in which these blasts 

are carried out, the fracture density of the fault planes has a fractal dimension of 2.40. The fracture 

pattern has a fractal dimension of 1.14. Fractal structures of joint and fault planes have also been 

reported by other researchers. Barton and Larsen (1985) have measured the fractal dimension of 

fracture traces having length greater than 0.2 m at three sites at Yucca Mountain, Nevada. Hirata 

(1989) has measured the fractal dimension of the faults in Japan having length of2 to 20km. Aviles 

et aI. (1987) have reported the fractal dimension of the San Andreas main fault. Okubo and Aki 

(1987) have measured the fractal dimension of San Andreas and associated fault systems in a 30 km 

wide band about the main fault. The results are given in Table 8.2. The San Andreas fault system 
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Table 8.2 : Fractal dimension of the fractures in rock 

Fracture Pattern Fracture Density 

Mine referred in Chapter Seven 1.14 2.40 

Yucca Mountain, Nevada 
(Barton and Larsen, 1985) 

Site 1 1.12 

Site 2 1.14 

Site 3 1.16 

Faults in Japan (Hirata, 1989) 

Faults in entire Japan 1.05-1.60 

Faults in central Japan 1.5-1.6 

Yamaguchi region 0.72 

North Izu fault group 1.49 

San Andreas Main Fault (Aviles et aI., 1987) 1.0008-1.0191 

San Andreas and associated faults 
(Okubo and Aki, 1987) 

30 Km wide band about main fault 1.3 

Near Parkfield 1.1 

Near San Bernardino 1.4 

San Andreas-San Juan near the point of 
arrest of 1966 Parkfield earthquake 1.2 

San Andreas Fault and nearby folds 
(Data from Stein and Yeats, 1989) 

Both faults and folds 1.04 2.43 

Only faults 0.91 

Only fold 0.97 
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with the traces of nearby folds are given by Stein and Yeats (1989). The fractal dimensions of the 

fracture (includes fold axis) pattern and the fracture density are calculated and are given in Table 

8.2. The fractal dimension of the San Andreas main fault is very low, indicating an almost planar 

structure. It is puzzling why the fault planes and also the fold axes in the figure of Stein and Yeats 

(1989) have the dimension less than one (line). Probably at the scale (1 inch = 50km) used in this 

figure, we are measuring the spatial distribution of the fractures rather than the geometry of the 

fracture systems. This is also true for the faults in Yamaguchi region of Japan (Hirata, 1989). The 

fractal dimension of the San Andreas fault system, calculated by Okubo and Aki (1987) is larger 

118 the associated branched faults are included in the analysis. 

Compared to the fractal dimension of the faults systems, results given in Table 7.4 show 

higher fractal dimensions, especially the photographs of Blast 1. This indicates a quite high degree 

of fracturing, which is also indicated by the smaller block size and higher fractal dimension (very 

low Schuhmann distribution Q) of the block size. The intensity of fracturing observed in these 

photographs is much higher than the fault systems when scaled appropriately. Many generations 

of fracture formation may be the reason for this intense fracturing. 

There is extensive evidence that the rock fracturing process is fractal. The self-similar 

structure of the fracture system has been observed at microscale ~o the scale of plate tectonics. It 

may be possible that the fractal dimension of the fracture system depends on the loading condition 

which has created it. Limited data indicate this but further study is surely required to confirm this 

conjecture. It is not sure why the fracturing process shows fractal character. Rispoli (1981) has 

speculated that the answer lies in Griffith's (1920) work. The maximum ta.ngential stress (1'88 at 

the tip of a crack from a far field stress P is -

(1'88 = 2P';; (8.1) 

where, a = half-length of the crack, 

p = radius of curvature of the crack. 

The size term Jf remains invariant if a and p are changed accordingly. Therefore, consistent 

features of rock fracturing process should be expected at different sca.les. 
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Figure A.I : Three dimensional surface plot of 0'1 from the no crack model for hole diameter 150 mm 
with applied pressure of 1000 MPa. 
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-i 

(7.0 m. 40.0 m) 

Figure A.2 : Three dimensional surface plot of 0'3 from the no crack model for hole diameter 150 mm 
with applied pressure of 1000 MPa. 
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Figure A.a : Contour plot of 0'1 when hole diameter is 150 mm with applied pressure of 1000 MPa. 
In the neighborhood of the pressurized hole, contour lines of 0'1 are concentric with 
the hole. 
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Figure A.4 : Contour plot of 0"3 when hole diameter is 150 mm with applied pressure of 1000 MPa. 
In the neighborhood of the pressurized hole, contour lines of 0"3 are concentric with 
the hole. 
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Hole (0.0 m. 33.0 m) 

Figure A.5 : Three dimensionl1l surface plot of 0'1 from the no crack model for hole diameter 300 mm 
with applied hole pressure of 1000 MPa. 
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(7.0 m. 33.0 m) 

(7.0 m. 40.0 m) 

Figure A.6 : Three dimensional surface plot of 0'3 from the no crack model for hole diameter 300 mm 
with applied hole pressure of 1000 MPa. 
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Figure A.7 : Contour plot of 0'3 when hole diameter is 300 mm with applied pressure of 1000 MPa. 
The contour lines are concentric in the neighborhood of the hole. 
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Figure A.8 : Three dimensional surface plot of 0'1 from the no crack model for hole diameter 1000 mm 
with applied hole pressure of 1000 MPa. 
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(7.0 m, 40.0 m) 

Figure A.9 : Three dimensiona1surface plot of D's from the no crack model for hole diameter 1000 mm 
with applied hole pressure of 1000 MPa. 
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Figure A.10 : Contour plot of 0"1 when hole diameter is 1000 mm with applied pressure of 1000 MPa. 
The contour lines are concentric with the hole except near the free face. The free face 
decreases compressive 0"1 than that in an infinite medium. 
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Figure A.l1 : Contour plot of O'a when hole diameter is 1000mm with applied pressure of 1000 MPa. 
The contour lines are concentric with the hole except neer the free face where they 
become almost normal to it. Free face increases tensile (7'a· 
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Figure A.12 : Three dimensional surface plot of 0'1 from the no crack model for hole diameter 
4000 mm with applied hole pressure of 1000 MPa. 0'1 is calculated at a relatively 
coarse grid near the hole boundary. Numerical inaccuracies introduced during 
interpolation of 0'1 at a much closer grid for plotting have produced several individual 
peaks instead of a wall of constant height. 
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Hole (0.0 m, 33.0 m) 

(7.0 m, 40.0 m) 

Figure A.13 Three dimensional surface plot of 0'3 from the no crack model for hole diameter 
4000 mm with applied hole pressure of 1000 MPa. 0'3 is calculated at a relatively 
coarse grid near the hole boundary. Numerical inaccuracies introduced during 
interpolation of 0'3 at a much closer grid for plotting have produced several individual 
peaks instead of a wall of constant height. 
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Figure A.14 : Contour plot of 0'1 when hole diameter is 4000mm with applied pressure of 1000 MPa. 
The contour lines are concentric with the hole except near the free face. The free face 
pushes the 0'1 contours towards the hole. 
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Hole 

Figure A.I5 : Contour plot of (T3 when hole diameter is 4000 mm with applied pressure of 1000 MPa. 
The contour lines are concentric with the hole except near the free face where they 
become almost normal to it. The free face increases tensile (T3. 
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