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Abstract

When a blast is set off inside a cavity in a rock mass, shock waves that emanate 

from the cavity are regarded as the primary mechanism for rock damage. To date the 

prediction of rock damage induced by blasting has been done mostly by models that are 

based on field measurements of particle velocity. Observation of the amount and extent 

of damage is then related to the particle velocities measured and the likelihood of damage 

is estimated within a range of particle velocity. A direct relationship between a specific 

value of Peak Particle Velocity and rock damage is not obvious in the literature.

The ultimate goal of this research is to predict blast induced damage to rock, based 

on shock wave theory and rock properties. Existing blasting-related literature was 

reviewed to find models that embodied one or both of these concepts for the single 

borehole geometry. The models found were compared against each other from an 

operational standpoint. They were also compared to the results obtained from a field test 

for checking accuracy of the predictions. The predictions are related to the radial stress 

induced in the adjacent rock mass by the blasting process. In addition, this research 

provided valuable insights into the key parameters for the development of a broader 

model to address multiple borehole blasting geometries.
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The first predictive model (model 1) is based on field measurements of particle 

velocity and charge weight and predicts rock damage at various distances from the blast. 

Rock damage is related to the value of particle velocity at which a given rock mass 

undergoes incipient failure. The stress at the wave front was calculated using Hooke’s law 

applied to the plane wave approximation.

The second predictive model (model 2) is purely theoretical, being based on the 

fact that after an explosion in a cavity inside a rock mass, shock waves that are either 

spherical or cylindrical are generated and propagate away from the cavity throughout that 

rock mass. The radial stress at a certain point inside the rock mass was derived in this 

study by applying Hooke’s law to spherical geometry. Table 1 summarizes the results 

produced by curve fitting of the stresses from both models and from the field test.

Table 1 - Peak radial stress vs distance from center of borehole (Exponential fitting)

Distance(x) Model 2 Model 1 Field test

ft psi psi psi

0.12 850,000 10,600 6,730

0.67 8,220 9,770 6,400

1.35 26.5 8,820 6,010

2.00 0.11 8,000 5,670

6.00 0.00 3,370 3,940

14.00 0.00 1,320 1,900

30.00 0.00 120 440
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The blasting geometry of the field test was applied to both model 1 and model 2.

The distance 0.12 ft in the table is the radius of the borehole used in the 

simulation for both models 1 and 2 and in the field test. By comparing the results it is 

apparent that model 1, that used the empirical observations to derive the site constants and 

the elastic plane wave theory, gave much better results than model 2. The borehole wall 

pressure for the explosive used in the field test and in the simulations is calculated to be 

approximately 1,100,000 psi. The much faster decay of the stress as predicted by model 

2, in relation to the field test and to model 1, reflects the use of a Dirac Delta function 

in the formulation of model 2 to represent the pressure pulse intensity at the borehole 

wall. Finally, this study indicates the physical phenomena that need to be modeled if an 

accurate model that simulates the blast induced stress distribution at close-in distances 

within a discontinuous rock medium is to be developed. These phenomena are (1) the 

borehole wall stress intensity; (2) the borehole loading mode from line and point initiated 

charges; (3) the action and interaction of the strain waves with flaws and discontinuities 

within the rock mass; (4) the inelastic attenuation of the stress at the wave front along the 

wave path; (5) the failure criteria used to characterize rock damage under different 

loading modes as the strain waves interact with the flaws, discontinuities and themselves 

within the rock mass; (6) the influence of the gas pressure expansion; and (7) the 

influence of multiple borehole blasting geometries with multiple delays. Only by 

understanding the interaction between these blasting-related phenomena will the prediction

v
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of the wave shape and, consequently, the stress distribution and the attenuation in a 

mining production environment be possible.
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Chapter 1 

Introduction

1.1) Background Review

Detonation of a contained explosive in rock produces three zones of 

progressively less destruction, damage, and deformation. The three zones that can be 

distinguished around the explosive source are: (1), a strong-shock zone where the rock 

undergoes hydrodynamic behavior; (2), a transitional non-linear zone; and (3), an elastic 

region. The destruction and deformation process in industrial blasting is basically caused 

by the detonation of a chemical explosive, an extremely fast chemical reaction that 

produces gases at very high temperature and pressure behind the detonation front. 

Laboratory tests have shown that this pressure is normally in the range of 290,000 psi to 

3,900,000 (Chiapetta and Mammele, Nd) psi and the temperature is in the range of 

3,000°F to 7,000°F depending on the explosive type. The magnitude of the pressure 

generated at the detonation front is a function of the detonation velocity of the shock front 

within the explosive charge.

Both during and after reaction of chemicals in the detonation front the molecules 

of the rapidly expanding, highly pressurized gases impact the borehole walls. The result 

is that an intense shock wave is imparted into the rock mass (Kutter and Fairhurst, 1971).
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There is great controversy between investigators as to the magnitude of the energy 

that goes into the shock wave. Some postulate that it is approximately 9% of the initial 

borehole explosion energy (Fogelson, Duvall and Atchison, 1959). Others say that the 

energy that goes into the shock wave is about 6% (Hustrulid, 1991) of the initial 

explosion energy. Still others contend that the final energy that goes into the shock wave 

in the rock is between approximately 5% to 15% (Langefors and Kihlstrom, 1963), while 

others (Antonioli et al. 1982) claim that this energy is only 0.03% of the initial explosion 

energy.

The changes in the rock structure within the first two zones cause a significant 

loss in the energy per unit volume (stress) transmitted from inside the borehole to the 

rock mass in the elastic zone. The magnitude of this loss is dependent upon the chemical 

characteristics of the explosive, the blasting geometry and the type of rock. An 

experimental determination of the energy loss at the boundary of the elastic zone is not 

yet possible. This is due to difficulties in measuring the pressure generated by the 

explosive inside the blasthole and in making measurements close to the borehole wall. 

Intense research by explosives manufacturers and companies dealing with the control of 

ground vibrations is currently being performed in an effort to address this problem. The 

formulas used in this thesis for estimating the values for the energy per unit volume or 

shock wave pressure give only approximations. However, the formulas give an idea about 

the magnitude and variation of shock wave pressure from the borehole wall into the rock 

mass.
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As an explosively generated shock wave passes through a rock mass the pressure 

or stress at the shock wave front is attenuated by mechanical losses. The mechanical 

losses are mainly caused by friction between the vibrating rock elements at the wave 

front, in all three dimensions, and the at-rest adjacent elements. In addition, reflections 

occurring at the inter-rock grain boundaries contribute to attenuation (Knopoff and 

MacDonald, 1958). The magnitude of the attenuation of the wave energy also varies with 

the geometric expansion of the wave front as it passes through the rock mass. The 

geometric attenuation (spreading) is inversely proportional to the square of the radial 

distance from the source for a spherical wave and it is inversely proportional to the radial 

distance from the source for a cylindrical wave (Research and Education Association, 

1988).

The blast-induced damage in uniform rock masses that maintain their directional 

and spatial distribution of properties has been the subject of major discussions between 

investigators. The main question is whether it is the shock wave that has the major 

responsibility for rock breakage in blasting or if it is the later jetting of high pressure 

gases into preexisting or generated fractures around the hole. Studies have indicated that 

peak particle velocities may increase on the other side of presplit, postsplit or smoothwall 

created lines between the last row of production holes and the backwall. However, the 

mechanism through which this happens is not well understood.

Numerous studies have been conducted since the 1940’s, and it is generally agreed 

that the stress wave functions not only to initiate radial fractures in all directions at or
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near the borehole wall but also to initiate fractures throughout the rock mass.

The pressure or shock wave passing through a rock mass causes the rock particles 

to vibrate about their rest position. The magnitude and frequency of the vibration 

determine the amount of stress at the wave front and, therefore, the potential for inducing 

change in the previous structure of the rock mass. The type and the magnitude of the 

stress at the wave front can start fracturing anywhere in the rock mass, be it towards the 

free face or away from it.

The quasi-static gas expansion pressure acts for a relatively longer time than the 

shock waves on the pre-existing fractures and on the new fractures created by the shock 

wave. The gases quickly start to jet into the pre-existing fractures and those created by 

the shock wave until the affected rock mass is in equilibrium with explosive products. 

Typically this last state is at pressures around O.IGPa (14,500 psi) (Kirby and Leiper, 

Nd). At this stage existing fractures could be arrested but new fractures would not be 

created because the gas expansion will happen through existing discontinuities already 

created by the shock wave. Then when the gas pressure intensity drops below the tensile 

strength of the rock at crack tips no further fracture extension will occur. These are 

probably the primary factors controlling the quality of rock fragmentation.

Other factors that contribute to additional fragmentation are collisions between 

rock fragments and the action of trapped stress waves in rock blocks following 

detachment. Chapter 2 sets forth the reasons why the shock wave is regarded as the main 

mechanism controlling the initiation of new fractures in rock. The radial gas expansion
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pressure from the borehole into the fractures (initiated by the shock wave and pre

existing) is probably one of the main factors determining the throw of the blasted material 

on the floor of the mining area.

The above stated importance of shock waves as a controlling factor in the final 

quality of the fragmentation process is valid for the single hole geometry but several other 

factors can influence the effectiveness of the shock wave as a fragmentation agent in 

production environments. For instance, poorly designed or executed rounds (e.g. too great 

or too short delays, mistakes in placing the delays in the round, borehole deviation) surely 

affect the quality of the final fragmentation for a multiple borehole geometry.

1.2) Current methodology

Prediction of rock damage induced by blasting is an important factor affecting the 

stability of rock masses be it in surface or underground operations in hard rock. Current 

predictors of blast induced rock damage involve empirical models based on field 

measurements of peak particle velocity and theoretical models based on strain wave 

theory.

The empirical models are based on field measurements of particle velocities and 

the likelihood of damage is estimated by observation of the pre and post-blasting state of 

the rock mass. Then ranges of particle velocity are defined to cover different types of 

damage. Also, these models are site specific, they have to be repeated for each site that 

needs to be investigated. As the determination of rock damage implies close-in 

measurements of peak particle velocities these methods are generally difficult to be
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implemented and the hardware for performing the measurements is sophisticated and 

expensive.

Peak particle velocity is not a physical measure of the relationship between the 

mechanical strength of a given rock mass and the load applied to that rock mass at 

failure. Besides, when one specifies a range of particle velocities for a given rock failure 

mode it is not clear when the rock mass will really start to fail.

After reviewing some theoretical and laboratory studies it appears that they 

underestimate the stress intensity distribution away from the source.

As mentioned earlier the shock waves that emanate from an explosion are regarded 

as the main agent for rock fragmentation. The dynamic stress at wave fronts will initiate 

fractures anywhere in the rock mass (not only towards the free face) whenever it is 

greater than the respective dynamic strength of the rock. Therefore it is felt that the 

dynamic stress is a much better indicator than it is peak particle velocity. As rock is much 

weaker in tension than it is either in shear or compression it is believed that the dynamic 

tensile strength of the rock should be the damage indicator. If to this is added the 

apparent underestimation of the damaged zone from theoretical studies and the difficulties 

associated with the implementation of empirical models, a better rock damage predictive 

model is clearly warranted.

1.3) Objectives

The present investigation is part of an ongoing research effort that ultimately aims 

to develop a model for the prediction of induced rock damage for a multiple borehole
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geometry typical of a blast production environment, be it on the surface or underground.

The existing literature on theoretical and empirical models that incorporate the 

shock wave theory in their formulation and/or depart from the notion of particle velocity 

as the only indicator of rock damage was reviewed. The aim was three fold; (1) to 

establish why theoretical models underestimate the stress intensity away from the 

borehole; (2) to evaluate empirical models that depart from the notion of peak particle 

velocity as a sole indicator of rock damage; and (3) to perform a comparison between 

simulations from a theoretical and an empirical model with actual field measurements of 

radial stress. The results of the simulations would then be compared to the results of the 

field test to infer why and which one would give the more accurate prediction.

It was expected also that this study would provide valuable insights into the 

parameters that need to be considered to develop a model that addresses multiple borehole 

blasting geometries.
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Chapter 2

Fragmentation Mechanisms: A Review of Results from Model 

Studies and Small-Scale Studies in Rock

Since 1970 the published literature on explosive rock fragmentation deals with 

studies performed with plexiglass, perspex or homolite models. Some work has been 

reported on studies performed in small rock plates or blocks, but these have been fairly 

restricted. Earlier works presented the idea that the stress wave radiating from the 

blasthole was predominantly responsible for rock explosive fragmentation. The main 

mechanism was thought to be spall-type failure in tension. Duvall and Atchison (Duvall 

and Atchison, 1957) described spalling as proceeding by successive reflections of the 

compressive pulse off the free-face. The stress-wave theory of fragmentation was favored 

until it ran into difficulty following measurements (Langefors and Kihlstrom, 1963) of the 

amount of the strain wave energy transmitted into the rock. In 1963, Langefors and 

Kihlstrom published their book on blasting technique and included a fragmentation 

mechanism involving gas pressurization of radial cracks emanating from the borehole. 

Quasi-static models describing this mechanism were further developed by Porter and 

Fairhurst in 1970 (Kutter and Fairhurst, 1971). One of their conclusions, that rock
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breakage could occur in the absence of a high-intensity stress pulse, was the opposite of 

that reached by earlier workers.

In 1971, Kutter and Fairhurst (Kutter and Fairhurst, 1971), and Field and 

Laadegard-Pederson (Field and Laadegarde-Pedersen, 1971) put forth more general 

theories, using the results of experiments done in homogeneous plexiglass models and 

small, nearly homogeneous rock models. The salient points raised by Kutter and Fairhurst 

in 1971 were as follows:

1) Both stress waves and gas pressure play a role in rock fragmentation by explosives.

2) The stress wave functions to precondition the rock by initiating radial tensile cracks 

at the borehole wall.

3) Expanding gases from detonation of the explosive pressurize and extend these cracks.

4) Preexisting radial cracks would be reinitiated under the stress caused by the jetting of 

the gases and the amount of crack extension would be inversely proportional to the length 

of the preexisting cracks.

5) No new cracks would form in the area occupied by an old crack.

6) Presence of a free surface favors extension of gas pressurized cracks parallel to the 

direction of that surface.

7) In situ stresses heavily influences the direction in which a radial crack will travel.

Field and Laadegard-Pederson (Field and Laadegarde-Pedersen, 1971) investigated 

the influence of the reflected stress wave on crack extension in homogeneous models. The
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salient points made by these authors were:

1) The reflected stress wave influences the direction of radial crack growth, as well as the 

length of the cracks.

2) Reflected wave interaction can explain the breakout angle resulting from concentrated 

charges in rock.

3) Control of stress wave interactions by the geometry of the free surface, or by 

positioning and time of firing of neighboring charges, could have practical significance.

Both of these studies, as well those by Langefors and Kihlstrom in 1963 are 

similar in that they used homogeneous plexiglass or small rock plates. This approach does 

not take into account the presence of discontinuities or different rock types present in rock 

in full-scale blasting situations.

Beginning in 1978, studies were undertaken to evaluate fragmentation mechanisms 

in flawed media, including homolite models with induced flaws and rock models (Barker 

, Foumey 1978; Foumey and Barker, 1979; Foumey, Barker, and Holloway, 1979; 

Holloway, Barker, and Foumey 1980); and in larger blocks and benches and full scale 

production blasting operations (Winzer, 1978; Winzer, Furth, and Ritter 1979; Winzer, 

Anderson, and Ritter 1980; Winzer and Ritter, 1979). The group at the University of 

Maryland (Barker, Foumey and Holloway) conducted studies in Homolite-100 models, 

both unflawed and containing flawsj simulating different types of macroflaws such as 

joints, bedding planes, and larger fractures found in a typical bench in a mine. The main
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conclusions were:

1) In unflawed models, radial cracks dominate fragmentation. Typically only 6-12 radial 

cracks forming pie shaped segments.propagate from the borehole

2) Stress waves reflected from the free faces of the model, running back towards the 

borehole, interact with the outgoing radial cracks, causing branching and arrest.

4) In flawed models, where flaws were routed in the surface of the homolite, new 

fractures are initiated at the preexisting flaws by the longitudinal-P or transverse-S waves. 

This could happen anywhere in the model.

5) In flawed models where joint or bedding planes were simulated, new fractures are 

formed circumferentially in a direction perpendicular to the radial direction by the tensile 

tail of the P wave in conjunction with the head of the S wave. This action causes further 

breakage in the pie shaped segments but in a direction perpendicular to the radial 

direction

6) In flawed models overall fragment size is smaller and the smallest average fragment 

size is achieved with shorter delay times than in unflawed models.

Production-scale studies conducted by Winzer and Ritter (Winzer and Ritter, 1979) 

in large blocks of Chambersburg Limestone established the following:

1) New fractures were seen to form at the free face at about twice the time it takes the 

P wave to traverse the burden distance.

2) Old fractures were the loci of new fractures or old fractures are re-initiated early in the
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event. The fractures (new or old) continue to propagate for several tens of milliseconds 

after the detonation of the explosive, possibly due to the action of the residual borehole 

gas pressure.

3) Fragmentation continued in blocks of rock following detachment from the main rock 

mass. This is analogous to continued fracture propagation observed in detached fragments 

of homolite 100 by trapped stress waves.

4) The fracture pattern on the free face was well developed prior to the expected time of 

arrival of radial cracks expanding outward from the borehole.

5) Gas venting occurred through already open cracks relatively late in the event, 

indicating that the majority of fractures observed on the free face are not gas pressurized 

when they develop.

6) In blasted faces from production-scale shots, fractures are observed to have initiated 

at and propagated from, or along, joint and bedding planes, suggesting the same operating 

mechanism(s) as those observed in Homolite models simulating these large-scale flaws.

7) Initiator firing times were observed to deviate considerably (and this is still a problem 

for explosives manufactures as well as for explosive users) from nominal firing times 

given by the manufacturers, up to and including reversals. Such scatter was correlated 

with production of oversize rock, flyrock, backbreak and tight muckpile.

Vital to an understanding of the fragmentation process is the knowledge of the 

relationship between the strain pulse generated by explosive loading and the resultant
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fragmentation. During the 1960’s a series of experiments were conducted in quarry floors 

(Atchison and Toumay,1959; Atchison and Roth, 1961; Atchison and Pugliese, 196426). 

The purpose of these experiments was to obtain relationships as a function of time and 

distance. Concurrently several studies produced computer models of the strain pulse (e.g., 

Plewman and Starfield, 1965; Favreau, 1969), extending the earlier work of Sharpe 

(Sharpe, 1942), Heelan (Heelan, 1953), and Jordan (Jordan, 1962). A comparison of the 

Plewman and Starfield model with the data produced by the Bureau of Mines was made 

by Starfield and Pugliese (Starfield and Pugliese, 1968). The waveforms and amplitudes 

of the computed strain pulses agreed very well with the initial pulses measured by 

borehole strain gages. The gages recorded later pulses than those indicated by the model, 

but Starfield and Pugliese explicitly stated that they did not consider the shear wave 

generated by the explosive column. As discussed by White and Sengbush (White and 

Sengbush, 1963), a shear component is always generated by explosive charges. Despite 

the clear indications for further research no subsequent research emerged from these 

studies.

The latter studies, and computational models of fragmentation in small-scale 

blasting experiments have helped clarify some of the issues surrounding the controversy 

over fragmentation mechanisms. It is now known that the stress wave functions not only 

to initiate fractures in all directions, at or near the borehole wall, but also to initiate 

fractures throughout the rock mass being blasted. The contribution of the stress wave



T-4145 14

induced fracturing at flaws and discontinuities at some distance remote from the borehole 

is considerably greater than either the spalling or borehole radial tensile failure described 

by earlier workers. Gas pressurized radial fracturing, in cases where a free face is present 

and the material contains flaws and discontinuities, is only a minor contributor to the 

overall fragmentation of the rock mass. This appears to be true even though the force 

exerted by expanding gases is probably the dominant factor in moving the rock, 

displacing it from its rest position and throwing it into the muckpile.

Computational models, using stress wave/flaw interaction as a mechanism of 

fracture nucleation and growth have been successful in predicting fragmentation in small- 

scale rock models. Computer models are being used with increasing success to predict 

fragmentation in larger-scale experiments, when blasting towards the free face. However, 

to date, computer based predictions have not been effective in estimating the extent of the 

backwall damage, which is normally considered to be only a function of the gas pressure 

expansion generated during the detonation of the explosive. The gas pressure is then 

combined with the fracture network that is simulated in the model and by using fracture 

mechanics theory a tentative picture of the final fracturing system is produced by the 

model. However, this picture is not representative of the real backwall damage conditions 

because the effects of the shock wave were not considered inside the rock mass away 

from the free face.

Other questions that still need to be answered are the effects of delay time within
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a blast, the effects of rock structure on shock wave attenuation and the relationship 

between the strain history of the blasting event and the amplitude decay of the shock 

wave with fragmentation. The latter two are intrinsically related to the way the shock 

wave is attenuated during propagation through the rock mass.

The difficulty of the solution resides in; (1) the interdisciplinary nature of the 

problem; (2) the great difficulty of measuring transient phenomena close to the hole and; 

(3) the fact that it is very complex to model the interaction of the strain waves and the 

failure of a discontinuous material such as it is a rock mass.
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Chapter 3 

Overview on Shock Waves in Rock

3.1) General

Several types of shock waves may be generated and propagated in rock, such as 

large-scale disturbances resulting from earthquakes and nuclear explosions or smaller- 

scale waves generated by the detonation of chemical explosives for seismic prospecting 

or for mining and quarrying operations. The time period during which an explosively 

generated shock wave is felt in a medium is determined by the energy in the shock wave 

front, the time required for the explosive charge to detonate, and the rock mass properties. 

In a broad classification, shock waves can be separated into transient and non-transient 

waves depending on the time duration they affect the medium, be it rock, air or other 

materials.

Shock waves generated by the detonation of chemical explosives confined in 

boreholes in rock are intense enough to cause important effects in the surrounding rock 

mass at considerable distances, as will be shown later. The intensity of shock wave fronts 

is dependent upon various factors such as (1) type of explosive, (2) type of initiation, and 

(3) blasting geometry. The description of shock waves is limited in this study to planar 

and spherical wave fronts.
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Most studies of waves in rock assume, for the sake of mathematical simplicity, 

they are planar after having traveled some distance from the blast Also, most studies 

assume that the rock is linearly elastic in character and that corresponding relationships 

between stress, strain, and the elastic constants can be applied to the study of transient 

phenomena in the elastic zone with reasonable accuracy.

3.2) Transient waves in rock

Transient wave motion is characteristic of the medium’s response to a sudden, 

pulse-like excitation that dies out rapidly with time (Clark, 1982). Transient waves are 

governed by the same basic wave equations that govern non-transient waves, all of which 

travel at a characteristic velocity. The wave velocity depends upon the characteristics of 

the rock mass in which the wave is propagating. Quantitative analysis of shock waves is 

based on the assumption that rock is a perfectly elastic and isotropic medium and the 

equations involved are determined from static rather than dynamic analysis. However, the 

static analysis can only be applied to the dynamic loading of rock under the influence of 

shock waves by the introduction of correction factors. Static rock properties, such as 

Young’s elastic modulus, bulk and shear modulus, Poisson’s ratio, compressive and 

tensile strengths, should be corrected when dealing with dynamic phenomena.

3.3) Classification of shock waves from the propagation standpoint

When a sudden disturbance (such as an explosion) occurs within a medium, shock 

waves are generated. The shock waves begin at the source point, and spread outward into 

the medium. Depending on the type of movement that a particle in the wave front
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develops in relation to the propagation direction, on the depth at which the wave travels 

in the medium and on the displacement pattern developed by the wave front itself, they 

are classified as:

a) Longitudinal Wave, Primary or "P"-Waves;

b) Transverse Wave, Secondary or "S "-Waves;

c) Rayleigh waves; or 

c) Love waves

The first two waves are also called body waves (so called because they travel in 

the interior of the medium) and the last two are surface waves, and they are caused by 

the reflection of the incident P and S waves at the surface of the medium.

3.4) Description of shock waves

3.4.1) General shock wave properties.

Physically, elastic waves are a travelling disturbance and represent the transfer of 

energy from one point in a medium to another (Clark, 1982). Thus, there must be an 

initial disturbance of the medium by some force or forces. These forces actually cause the 

medium to momentarily move out from its equilibrium position, and thereby introduce 

a new distortion energy into the medium. If the medium does not behave elastically in 

its response to the energy introduced, it absorbs energy through non-elastic deformation 

and only damped waves emanate from the disturbance area. If the medium behaves 

elastically, then the action of the forces causes the nearby portions of the medium to 

oscillate about their rest positions as a mass-spring system. Because of the medium’s
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assumed elasticity, the oscillatory disturbance is transmitted from one "element" of the 

medium to the next which causes a wave motion to progress through the medium. In the 

mathematical analysis the wave motion in the rock mass is considered to be perfectly 

elastic (completely recovering its original size and shape after the deforming forces have 

been removed), homogeneous (elastic modulus independent of position) and isotropic 

(elastic properties are identical in all directions). The important consideration here is that 

in order to perform a rock damage assessment it is necessary to consider the interaction 

of rock properties with shock wave properties that can enhance or reduce the damaging 

effect of explosion-produced shock waves.

There are several important aspects of the wave process (Clark, 1982) to consider. 

First of all there is no bulk transport of matter during wave motion. The constituent 

particles of the medium oscillate only about very space-limited paths and do not go 

travelling off through the medium. This fact does, however, introduce the necessity for 

considering two different velocities: a "wave" or "phase" velocity to describe the rate with 

which the disturbance propagates through the medium, and a "particle" velocity to 

describe the small oscillations that the particle executes about its equilibrium position 

when excited by wave energy.

Another aspect is that time and spatially dependent stresses act on the medium and 

cause the wave motion. Their temporal and spatial behavior are specified by the 

elastic/plastic properties of the medium and the instantaneous behavior of incident and 

reflected waves. The energy per unit volume introduced by the explosion travels as kinetic
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energy of particle motion and potential energy of particle displacement in the wave front 

and the sum of these energies is proportional to the square of the amplitude of the wave 

motion.

As the wave front propagates, it tends to spread out, introducing a geometrical 

effect that reduces the stress at the wave front (Bollinger, 1980). To illustrate this 

consider an infinite perfectly elastic medium. A point source in such a medium would 

produce spherical waves. The surface area of these wave fronts increase as r2 where "r" 

is the distance from the source, and thus the stress, force per unit area or energy per unit 

volume (stress) in the medium would decrease as r2. A line source of energy (such as a 

column of explosive being initiated by detonating cord) would produce cylindrical waves 

whose area increases as r. The stress would then decrease by r'1.

If a location in the medium is remotely located from the source, the waves can be 

approximated as planar. In the planar approximation the wave front does not change its 

dimensions and no further geometric spreading occurs. However, due to attenuation 

mechanisms, other than the geometric spreading of the wave train, the stress at the wave 

front continues to decay. This decrease is detected as a reduction in magnitude of the 

peak amplitude of the wave stress pulse.

Since the medium is not perfectly elastic, there are additional losses of energy as 

the wave propagates outward from the source. Absorptive losses which attenuate wave 

amplitude with distance and time occur throughout the wave path. These absorptive losses 

are difficult to quantify because they are dependent on geologic rock features and on the
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crystalline fabric of the rock which are very difficult to model theoretically. The departure 

of measured attenuation values when compared to calculated values may be explained by 

these absorptive losses.

Another characteristic that is important is the fact that shock wave velocities in 

the earth normally increase with depth, and the propagation effect (Bollinger effect or 

geometric spreading) of dispersion spreads the wave train out with the faster travelling 

wave lengths getting continually further ahead of the slower moving ones thereby, 

increasing the possibility for wave interference. The Bollinger effect together with either 

tighter confinement or a heavier explosive or both at the bottom of the hole, also may 

enhance the damage to the rock mass surrounding a blasthole from the bottom up.

3.4.1.1) Energy delivery to the rock around the borehole

For many years it has been common practice to rate commercial explosives in 

terms of the energy released as they expand isoentropically from the ideal detonation or 

explosion state to a lower pressure and density state. Non-ideal models, however, provide 

realistic analysis and description of the energy delivered to the rock mass around the 

borehole. This energy is partitioned into three types, (1) the shock energy delivered to the 

rock, (2) the strain energy stored in the rock when the borehole has expanded, and (3) the 

gas energy released by the gases produced during the detonation while jetting into the 

crack network of the rock mass. The shock energy per unit mass of explosive is obtained 

by integrating the product of expansion pressure and specific volume from the shock state 

to the steady state behind the Chapman-Jouguet (CJ) plane in the zone immediately
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behind the detonation front.(Kirby and Leiper, Nd). See Figure 1. The strain energy per 

unit mass of explosive stored in the rock is proportional to the borehole expansion during 

the quasi-static phase of the explosion process. The shock energy is always greater than 

the strain energy, the difference corresponding to the energy lost by irreversible processes, 

such as rock fracturing and plastic deformation or flow in the rock and radiation of elastic 

waves from the borehole. Some investigators have tried to determine this energy 

partitioning, especially the energy that goes into the shock wave. Using ideal gas laws the 

value found for the shock energy that goes into the shock wave is of the order of 3% of 

the total energy available from the explosive (Hustrulid, 1991). Others state, from field 

experiments that this value may vary from 5% to 15% (Langefors and Kihlstrom, 1963) 

of the initial total available energy.

Due to the complexity of the thermo-physic-mechanical phenomena happening 

behind the Chapman-Jouguet plane, the energy partitioning of the explosive between 

shock, strain and gas energies cannot be achieved simply by applying elementary physics 

(Cunningham, 1991). It is more appropriate to use non-ideal detonation codes that 

describe more accurately the formation of the explosive products and the energies released 

during the process until a certain temperature, where an equilibrium pressure with the 

surrounding rock mass is achieved inside the borehole. Table 2 displays some values for 

the shock, strain and gas energies, as calculated by a non-ideal detonation code named 

CPeX, an in-house development of the ICI Explosive Group. As seen from this table, the 

energy partitioning of the explosive is dependent on the rock characteristics, the hole
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Figure 1 - Illustration of a detonation. (Atlas Powder Co., 1987)
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Table 2 - Typical output from CPeX (non-ideal detonation code)

Explosive:ANFEX(Pour loaded) Density:0.8 g/cm3

Young’s Modulus of the rock (GPa):8.00 Condition: fully confined

Pressure Energy

Hole
diameter VOD Pcj Peq Eshock Egas Estrain

mm ' km/s GPa Gpa MJ/Kg MJ/Kg MJ/Kg

845 4.60 4.60 1.16 1.08 1.29 0.24

180 3.97 3.37 1.15 0.96 1.36 0.21

100 3.52 2.54 1.19 0.85 1.42 0.27

70 3.12 1.90 1.22 0.75 1.49 0.29

54 2.75 1.38 1.25 0.64 1.55 0.31

44 2.33 0.90 1.29 0.50 1.62 0.32

Note: Above output will be valid for the rock type in question, with ANFO of 

particular sensitivity, and at stated density. Any change will require new figures. The code 

generates additional data not shown here.

Pcj = Pressure immediately behind the Chapman-Jouguet plane 

Peq = Equilibrium pressure of explosive products 

Source: Cunningham, 1991
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diameter, and the VOD (velocity of detonation of the explosive). For a hole diameter of 

845mm (33in.) the shock energy is approximately 4.46 times bigger than the strain 

energy, and for a hole of 43.6mm(1.7") the shock energy is approximately 1.55 times 

bigger than the strain energy. Also, the shock energy is approximately 41% of the total 

energy available for the 845mm (33") hole and approximately 20% for the 43.6mm(1.7") 

diameter hole.

3.4.1.2) Shapes of shockwaves

The shapes that shock waves attain are largely dependent on the charge initiation 

mode and on the distance from the source. Close to the charge the shock waves can be 

cylindrical or spherical depending upon the initiation mode. Point initiation (Figure2) of 

a long cylindrical charge generates a spherical shock wave that is more realistic than 

either cylindrical or planar specially close to the bottom of the hole. Line initiation of a 

column of explosives by detonating cord generates a cylindrical wave shape, see Figure 

3. Distance of wave travel determines the radius of curvature of the wave front, 

consequentely, the more distant the wave front is from the source the more planar the 

wave front shape will be reflecting the spread of the wave and its consequent attenuation. 

Within the rock mass and at the wave front the intensities of particle displacement and 

particle velocity are attenuated and consequently the particle acceleration and radial and 

tangential stresses at the wave front are also attenuated.

3.4.2) Particle displacement profile at the wave front (Atlas Powder Co., 1987).

Each type of shock wave causes a momentary displacement of the earth mass as
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Figure 2 - Wave train spreading from a point initiated source. This wave may be treated 
mathematically as a sphere. (Atlas Powder Co., 1987)
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Figure 3 - Theoretical positions of the outbound disturbance from a line initiated column 
charge. This wave type may be treated as a cylinder. (Atlas Powder Co., 1987)
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the shock wave passes through it. P-waves cause a back-and-forth (compressional) motion 

that is parallel to the direction the wave travels. S-waves cause a to-and-ffo (shear) 

motion that is perpendicular to the direction the wave is travelling. Rayleigh or R-surface 

waves cause an elliptical kind of motion, part of which is parallel and part of which is 

perpendicular to the surface of the earth. Finally, the Love waves are surface waves that 

have only particle vibration of the shear type and only in the horizontal transverse 

direction. Rayleigh waves are not a new type of wave, but rather they are formed by the 

superposition of longitudinal and transverse waves. They are a combination of oscillations 

in the same longitudinal and transverse directions. Love Waves or L-waves have a zig-zag 

motion along the surface. Figure 4 shows diagrams with the four main types of waves; 

the longitudinal or compressional wave, the transverse or shear wave, the Rayleigh wave 

and the Love wave. Also the particle displacement profiles at the wave front are shown 

as the wave moves through the medium. Shear wave velocity is 0.5-0.75 of the P-wave 

velocity and the surface waves velocity is 0.8-0.95 of the Shear wave velocity.

3.4.3) The concept of particle velocity (Savarenski, 1972)

Imagine an infinite, absolutely rigid board in an elastic solid medium. When a 

shock wave or disturbance passes through it, the board will move forward, see Figure 5, 

with a certain velocity. Take the yz-plane along the board (the hatched plane in Figure

5) and the x-axis normal to the plane of the board. If the board is moved sufficiently 

rapidly, parallel to itself (plane-parallel motion), all its points are displaced by the same 

amount at any given time. The displacement vector U is thus independent of y and z, or
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Figure 4 - Charactcteristics of elastic waves in a solid medium. (Chiapetta, Nd.)
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Figure 5 - Infinite, absolutely rigid plate in an elastic solid medium. (Savarenski, 1972)
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in other words the displacement of points A, O, and B depend only on the forces acting 

on the x direction. At the same time the medium ahead of the board is compressed; this 

compression happens in a very short period of time. The relationship between the amount 

of compression (or strain) in the x-direction and the time in which it happens is the 

particle velocity. For a constant force, particles on the board move forward until the 

medium ahead of the board is compressed by an amount defined by the Elastic Modulus 

of the medium. Meanwhile, however, the disturbance or wave front moves along through 

the medium at its propagation velocity. This reasoning is applied to plane waves.

For spherical waves the calculation is more complicated, because the wave front 

is curved and the points of the medium along the curved surface undergo different 

intensities of displacements. However, it involves the same principle of finding the 

particle displacements at the wave front first and then to differentiate them with respect 

to time to find the values for the particle velocities.

As will be shown later, the concept of particle velocity has been the most widely 

used concept for evaluating blast induced damage on man-made structures and on 

excavations in rock.

3.4.4) Shapes of shock waves and shock wave equations

3.4.4.1) Notation

Shock wave fronts can be planar, spherical or cylindrical in shape. The 

relationships between stress and strain at these wave fronts vary with the geometry of the 

fronts. However, the definition of the velocity of the waves, regardless of the shape of the
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wave fronts, is the same for all geometries, as the wave speed through a medium is a 

function of the medium characteristics only.

The notations from the general elastic wave theory used for describing the various 

parameters used in the wave equations are described as follows: 

a = Cavity radius 

a  = Pressure pulse parameter 

A = Radial acceleration 

K,L,M = Constants 

e = Napierian or natural logarithm 

E = Modulus of elasticity (Young’s elastic modulus) 

k = Scale factor

p = Subscript indicating peak value 

P(t) = Pressure pulse function

P(t=0) = Initial or constant pressure at the borehole wall 

r = Radial distance from the center of the borehole 

c, VL = Longitudinal wave front velocity 

b, VS = Shear wave velocity 

VR = Raleigh wave velocity 

LW = Love wave velocity 

s = Laplace transform variable 

t = Time
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u = Radial displacement 

v = Radial particle velocity 

e = Normal radial strain 

X = Lame’s constant 

|i = G = Elastic shear modulus 

v = Poisson’s ratio 

p = Density 

a  = Radial stress

T = Time elapsed after the detonation = t - (r-a)/c 

(r-a)/c = Arrival time of the wave at the observation point 

<E> = Displacement potential 

co = Circular frequency

The following equations describe the parameters mentioned above for planar and 

spherical waves. For ease of dealing with a spherical wave, a single input radial pulse or 

pressure pulse is assumed as propagating from the source or cavity. The input radial 

pulse, i.e the forcing function simulating the interaction between rock and explosive, is 

assumed to be of the form (Kutter and Fairhurst, 1971):

P i t )  = PQe  l~at) ( 3 . 1 )
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3.4.4.2) Plane waves

Plane waves in rock can be considered as travelling in the (x) direction in an 

infinite medium in which the material is constrained in the (y) and (z) directions so that 

the displacement and strain in these directions is zero. They are the dilatational waves and 

the wave front velocity, particle velocity, radial strain and radial stress are interrelated by 

the following equations:

3.4.4.2.1) Primary or longitudinal waves (Savarenski, 1972)

(1—v ) (3.2)
(1+v) . ( l - 2 v )

3.4.4.2.2) Transverse waves (Savarenski, 1972)

VS  = JL
P

(3.3)

3.4.4.2.3) Rayleigh waves (Savarenski, 1972)

£6- 8 ? 4+ ( 2 4 - 1 6 j e )  £2- 1 6  ( I - * 2) =0 < 3 .4 )

where:

5 = VR/VS 

k = VS/VL
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3.4.4.2.4) Love waves (Savarenski, 1972)

LN  = b
„ (2 /3+1)2 . U * ) 2). 1 -   ----^ i h 2

( 3 . 5 )

and

/3 2A (sini) ( 3 . 6 )

where:

h = Depth of propagation under consideration

sin i = Angle of incidence of the SH (Shear or transverse) wave at the bottom of the layer 

= Wavelength of the Love wave 

n = Wave mode number taken as 1 (one) for calculating the maximum value for the wave 

velocity. Also known as the fundamental mode.

The radial stress at plane longitudinal wave fronts can be defined as:

a) Radial stress (Clark, 1987): c x

o x = [A. + 2p] ex ( 3 . 7 )

where:

ex = Radial strain in the x direction

b) P-wave front velocity (Clark, 1987): c
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c 2 = X + 2\l ( 3 . 8 )

c) Radial particle velocity at the P-wave front (Clark, 1987):

v  -  co  x E  ( 3 . 9 )

As long as the wave front curvature for these waves is not appreciable, there is 

only compressive stresses at the wave front in the radial direction.

Equations (3.7) and (3.9) should not be applied to the study of shock waves close 

to boreholes because the shapes of these waves at such distances can never be regarded 

as planar, and, therefore, there will be more than one single component of stress at the 

wave front. Equation 3.8 defines the speed of the P-wave travelling inside the medium 

and is dependent only upon the medium properties and not on the shock wave front 

shape. Therefore it can be applied for both geometries.

3.4.4.3) Spherical waves

This is the type of wave front shape generated from the type of blasting geometry 

being investigated in this study for a P-wave. Considering the pressure pulse function in 

equation (3.1), the particle displacement potential generated by the stress at the wave front 

in terms of the frequency, time and wave propagation velocity is:
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---------------- -C O T

$  = -----— — { - e _fltT + e ^  [ ( ( ——- — ) s in o ji)  +
-  a 2 y[2 05

2

+ c o s q x ] } ( 3 . 1 0 )

where:

G> = -2 Jl£ . ( 3 . 1 1 )
3 a

.   ̂ r - a ( 3 . 1 2 )
T = C -  ------------

C  = \
X+2\x

P
( 3 . 1 3 )

From this equation, in consecutive derivations, the particle displacement at the 

wave front, the particle velocity, wave acceleration, radial strain and the radial stress 

caused in the rock by the wave are found as follows. Note that all the equations are 

calculated as a function of the radial distance from the source and time since the 

beginning of the event:

a) Particle displacement (Clark, 1987):
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where:

u ( r , t )  -  -£ - { e~ar -  e  ** [ c o s c o t  + Lsincox]}  r 2

+ { a e Bt + e~m [ ( M -  coL) c o s c o t  + 
r c

+ (ML + c o ) s i n c o T ]  } ( 3 . 1 4 )

a P oK  = °
p [a2 -  __________________ ^ ____]

a ( X  + 2\i)  3 2 (X + 2\i)

b) Radial particle velocity (Clark, 1987):

( 3 . 1 5 )

L  = [ -r— ^---- ] 1/2 -  —  ( 3 . 1 6 )
X + 2 |i co

u =  , . 2 c P— r  ( 3 . 1 7 )
a  ( X +  2p)

M _ 2 c [  (A. * >x) n l 1/2 (3 .18 )
a(A.+ +2p)

y ( r ,  t )  = —  {e"“T -  e~m  [ (M -  coL) c o s c o t  + (ML + co)s incoT]}
r 2

+ —— la2 e ~*T + e -A#r[(co2 + 2McoL -  M2) c o s c o t  + 
r c
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+ (co2L -  2Mco -  M2L) sincoT]} ( 3 . 1 9 )

c) Radial particle acceleration (Clark, 1987):

a ( r , t )  = - ^ { « 2e~aT + e _wr[(co2 + 2AfcoL -  Af2) c o s c o t  +
-r  3

+ (co2L -  2Afco -  Af2) s i n c o T ]  + — { - « t  + e~m  [ (M3 -
r c

-  3Af2coL -  3Afco2 + co3L) c o s c o t  +

+ Af3 -  3Af2co -  L)  sincoT]) ( 3 . 2 0 )

d) Radial Strain (Clark, 1987):

2  Jc  r  ie ( r , f c )  =  \ - e _aT + e~m  [ c o s c o t  + L s in co T ]; -
r 3

— { - a e ‘at + e~m [ ( M -  coL) c o s c o t  + (ML + co) s i n c o T ] }  
r 2c

{«2e~gT + e _Aft[(co2 + 2McoL -  AT2) c o s c o t  +
r c 2

+ (co2L -  2Afco -  Af2L) sincoT]} ( 3 . 2 1 )
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e) Normal radial stress (Clark, 1987; Savarenski, 1972):

o(r, t )  = (A. + 2| i )€ + (3 .22)r

3.5) Shock waves and rock damage

3.5.1) Shock wave attenuation

The mechanism of shock wave attenuation is not completely understood, but it is 

believed (Knopoff and MacDonald, 1958) that the following factors are determinant:

a) Loss of energy from the wave front as it encounters discontinuities or flaws in the rock 

mass. This loss occurs through reflection, refraction and diffraction (scattering) across 

these discontinuity planes.

b) Absorption, for which mechanical (potential and kinetic) energy is converted into heat 

by internal friction within the rock mass along the wave path.

Using Sharpe’s solution (Sharpe, 1942) for an exponential pulse emitted from a 

spherical cavity, Kutter (Kutter and Fairhurst, 1971) determined numerically the 

attenuation of the peak tangential tensile stress for various pulse parameters and material 

properties. Equation 3.1 was assumed in his analysis. The results are plotted in Figure 6.

The analysis of Figure 6 reveals that the originally exponential pulse rapidly 

develops a tensile tail that attenuates very rapidly for both the radial and for the tangential 

stresses. The tensile tail from the radial stress is regarded as being able to arrest the 

fracture initiated by compressive wave front. This stress reversal is particularly
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Figure 6 - Tangential (a) and radial (b) stress of a spherical exponential pulse at
various time intervals after emission. The numbers on the curves denote time 
in microseconds. (Kutter and Fairhurst, 1971)
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pronounced for the tangential stress component, but only closer to the charge and this 

might be the reason why the tangential stress does not play a important role in the shock 

wave fragmentation mechanism. The values of the stresses are not normalized in the 

graphs in Figure 6.

Kutter computed and plotted the results from the attenuation of the tensile 

tangential peak of a spherical pulse in a single forcing function in normalized form(Figure 

7) and found that in the region immediately around the cavity the tensile peak of a 

spherical pulse attenuates approximately as r'2, and that of a cylindrical pulse as r 15 

distance from the source. For a step-rise pulse the peak amplitude of the radial stress 

component is theoretically proportional to r'1 for the spherical case and to r 1/2 to the 

cylindrical case, where r is the radial distance from the charge. Also, as the geometric 

spreading for the cylindrical case is slower than it is for the spherical case the damage 

from cylindrical shock waves in rock is to be expected at longer distances from the 

blasting areas than it is for spherical waves. Typical rock coefficient of inelastic 

attenuation values are shown in Table 3.

3.5.2) Rock damage associated with shock waves

3.5.2.1) Extent of the damage zone

When an explosion is detonated the expanding gases behind the C-J plane (Atlas 

Powder Co., 1987) impact the borehole wall, and, depending on the initiation mode, 

spherical or cylindrical waves are imparted into the rock mass. Different damage zones 

are then formed in the rock mass as the shock wave moves outward and is attenuated.



T-4145 43

=0*25 [SEUBERG tl5j] J -
* 0 5  [ASO MO I  CYU^ AL-

^  —  »s O-23}°8sSts1/^6p*

\
\  -X.,

* 0 5
0*025
[0*005

_ SPHERICAL PULSE 
v«0-32 

 --------»0-23

7 8 9 30

Figure 7 - Peak stress of the tangential tensile tail for an exponential pressure pulse, 
P = P0e'm. (Kutter and Fairhurst, 1971)
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Table 3 - Attenuation coefficients for 50-Hz seismic waves.

Materials and source of sample
VelocityCkm/sec'1) Attenuation(km'1)

Granite

Quincy, MA 5.0 0.21-0.32

Rockport, ME 5.1 0.24

Westerly, RI 5.0 0.38

Basalt

Painesdale, MA 5.5 0.41

Diorite 5.8 0.21

Limestone

Solenhofen, Bavaria 6.0 0.04

Hunton, OK 6.0 0.37

Sandstone

Amherst 4.3 0.71

Navajo 4.0 1.77

Shale

Pierre, CO 2.15 2.32

Sylvan, OK 3.3 0.68

Source: Atlas Powder Co., 1987
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Refer to Figure 8.

Zone 1 is the hydrodynamic zone where the rock is completely crushed. The 

pressure generated by the explosion within this zone is several times greater than the 

compressive strength of the rock, and the behavior of the rock is more like a fluid rather 

than a solid material. That is why hydrodynamic equations apply to the analysis of this 

zone.

Zones 2 and 3 constitute a transitional, non-linear zone where the stresses at the 

wave front are still substantially above the compressive strength of the rock. The fracture 

phenomena in this zone ranges from severe crushing, through plastic deformation, to 

partial fracturing at the end of the zone 3.

Zone 4 exhibits predominantly radial fracturing initiated by the tangential strain 

aided by the radial compressive strain generated by the radial stress in the P-wave front. 

The fracturing process is then continued by the tensile tail of the P-wave (Foumey and 

Barker, 1979).

Zone 5 is the elastic zone; it is the largest and does not theoretically have an outer 

limit. In this region the linearity of oscillatory models is valid and this is also the zone 

where a rock mass may be damaged by the shock wave, especially where flaws and 

discontinuities are present. Fractures can be formed or extended in the rock mass at 

distances remote from the borehole, thereby causing the local weakening of the rock mass 

and potentially leading to stability problems.

Failure may occur in rock in this region in either of two modes, depending on
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Legend
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Borehole 
Radius f

1 Crushed Zone

2 Severely Fractured Zone

3 Moderately Fractured Zone

4 Least Fractured Zone

5 Rock Undamaged

Figure 8 - Zones of rupture radius around a blasthole. (Atlas Powder CO, 1987)
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whether or not there are flaws or discontinuities and depending on the stress level at the 

wave front. If there are no flaws or discontinuities the rock can only fail under 

compression in shear mode (Foumey and Barker, 1979). However, if there are flaws, the 

mechanism for rock failure may also be subdivided in two modes. First the rock would 

fail in tension through the P-wave mechanism described in zone 4 mentioned above and 

then radial fracturing would occur. The second mechanism is also in tension but through 

the interaction between reflected P-waves and incident shear waves. If these waves 

interact constructively the overall tension produced might be able to cause the rock to fail. 

In this case the rock would fracture but in the tangential direction as the stress field 

would be now perpendicular to the radial direction. The question is how far into the 

elastic zone from the borehole can fracturing occur due solely to the stresses generated 

by the explosive shock waves.

The question results from the differences between laboratory studies using 

homogeneous models where the prediction of the damage zone around an explosive 

charge may substantially disagree with field test results. For instance, based on laboratory 

studies in disks of plexiglass, Kutter and Fairhurst (Kutter and Fairhurst, 1971) defined 

the shock wave damaged zone outside cylindrical or spherical cavities as being between 

5 and 6 cavity radius for spherical charges and 8 to 9 cavity radii for cylindrical cavities 

for any hole diameter. Their experiments were for a single pressure pulse (such as the one 

defined in equation 3.1) in plexiglass with a Poisson’s ratio of 0.26. Comparison of the 

dynamic values for the tensile strain at failure from Table 6, with the radial strains from
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actual field tests shown in Table 4, shows that the intensity of the radial stresses is 

sufficient to radially damage the rock, in tension, at distances of 48 hole radii for a 

sherical wave front (Obert and Duvall, 1951) and from 66 to 72 cavity radii for a 

cylindrical line initiated charge producing cylindrical wave fronts (Petykopf, 1961).

The range of 8 to 9 and 8 fold differences between laboratory and field test results 

for spherical and cylindrical wave geometries can be explained by the fact that 

simplifying assumptions had to be made by Kutter and Fairhurst for the laboratory 

models. These assumptions reduce rock masses to a material similar to the almost 

perfectly isotropic, homogeneous and elastic plexiglass. The results from the field tests 

used for this comparison are shown in Table 4. While qualitatively this might be 

acceptable, quantitatively it might lead to deviations from reality that may be misleading 

if taken literally when designing blasting rounds in rock or assessing rock damage 

induced by blasting.

3.5.2.2) The distinction between static and dynamic elastic rock constants

From the rock damage standpoint, it is important to make a distinction between 

static and dynamic stress and strain. The static situation occurs when a load is 

continuously applied to a surface for a relatively long period of time. On the other hand, 

dynamic stress or strain develops when loading is applied as a discontinuous pulse of very 

short duration. Watstein (Watstein, 1953) made tests with concrete and estimated an 

average ratio between the dynamic and static compressive strength of the concrete of 

1.85. Wuerker (Wuerker, 1954) made studies comparing the values between dynamic and
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Table 4 - Dynamic strains recorded at two different 
field tests

(1) Field test in GREENSTONE at Mount Weather experimental mine (described 
in chapter 4)*

Hole
diameter

Distance
from
source

Dynamic
Young’s
Modulus

Radial
stress

Radial
strain

Explosive type

inches feet psi psi microstrain -

3 6 11,700,000 7,300 620 Ammonia 
Gelatin 60%

14 11,700,000 750 60 f t

(2) Field test in GRANITE, after Petykopf, 1961“

Hole
diameter

Distance
from
source

Dynamic
Young’s
Modulus

Radial
stress

Radial
strain

Explosive type

inches ft psi psi microstrain -

3 8 11,500,000 11,500 1,000 Semi-gelatin

3 9 11,500,000“* 8630 750 ii

Note: * One shot with 64 1 1/4" x 8" sticks of ammonia-gelatin 60%. Dynamic 

tensile strains developed in the radial direction

“ Two different shots with approximately 3.0 lbs/ft of Semi-gelatin. Dynamic 

tensile strains developed in the radial direction.

“* From Vutukuri (Lama and Vutukuri, 1978)

Source: (1) Obert and Duvall (Obert and Duvall, 1951) and (2) Petykopf (Petykopf, 

1961)
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static elastic moduli for a variety of rocks and concrete and concluded that the dynamic 

modulus exceeded the static modulus by an average factor of 2 (see Table 5). Studies by 

Rinehart (Rinehart, 1965) indicated that the dynamic tensile strength of rocks is 6-10 times 

greater than the static values. The probable reason for very high dynamic tensile strength 

is that with the increase in the rate of loading, the weakest link in the rock may not 

necessarily have an opportunity to participate in the fracturing process. The stress regime 

that causes spalling is highly localized and the strength measured may be magnified 

because the actual volume of rock subjected to the maximum tensile stress is much 

smaller than in a bending test or ring test.

Tincelin, Weber and De Montille (Tincelin, Weber and De Montille, 1970) 

published data on the comparative static and dynamic strengths of rocks. The principle 

of their device for measuring the dynamic strengths of rocks is based on the propagation 

of an impulse along a cylindrical rod. The ratio of the dynamic to static values of the 

tensile strength varies from 1.0 to 2.5. In Table 5, Es is the static modulus and Ed is the 

dynamic modulus. Assuming; (1) 1.85 as the ratio between dynamic and static 

compressive strengths; (2) 2.5 as the ratio between the dynamic and static tensile strength; 

(3) 2.0 as the ratio between the dynamic and static Elastic modulus, (4) that Hooke’s Law 

is valid when applied to a spherical elastic wave; and (5) some values for static tensile 

and compressive strengths for typical rock types (Abel Jr, 1990) Table 6 can be 

constructed. This table shows that the maximum allowable dynamic tensile strains at 

failure using the factor from Tincellin, Weber and De Montille are invariably lower than
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Table 5 - Ratio of dynamic modulus of elasticity (from sonic tests) to static modulus of 
elasticity of some rocks and concrete. (Wuerker, 1954)

Rock tvoe E„xl06 Dsi E,,xl06 Dsi EVE.
Diabase (Michigan) 10.0 10.2 1.02

Diorite 4.2 4.4 1.05
Gravwacke 1.8 3.8 2.12
Gravwacke 1.5 3.8 2.56
Gravwacke 1.8 3.7 2.05
Gravwacke 1.9 3.8 2.0
Gravwacke 1.5 3.6 2.4
Hematite 15.1 20.6 1.37

Limestone 9.9 10.3 1.04
Limestone 5.2 7.6 1.46
Limestone 3.0 4.1 1.37
Limestone 8.8 6.8 0.7(?)

Limestone Stvlolitic 6.5 8.2 1.26
Marlstone 0.51 2.7 4.5
Marlstone 5.0 5.0 1.0
Monzonite 6.4 8.2 1.32

Phvllite 1.4 2.7 2.8
Phvllite 1.3 2.7 2.08

Sandstone 1.4 1.9 1.36
Schist 6.0 8.6 1.43
Schist 1.3 2.6 2.0
Shale 1.8 3.6 2.0
Shale 2.0 3.2 1.6

Siltstone 1.9 3.9 2.06
Concrete 2.21 3.81 1.73
Concrete 2.12 4.40 2.08
Concrete 2.29 4.38 1.92
Concrete 3.8 5.32 1.4
Concrete 3.68 5.2 1.41
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Table 6 - Relationship between static and dynamic tensile strains at failure 
for various rocks

Rock type Young’s 
Modulus (psi) 

(X106)

Tensile Strength 
(psi) 

(X103)

Tensile strain at failure 
(microstrain)

ST** DYN ST*‘ DYN DYN ST DYN DYN

1* 2 1 2.5 6.5 1 2.5 6.5

Granite 5.75 11.50 2.30 5.80 15.00 400 500 1,300

Dolerite 13.5 27.00 3.90 9.80 25.40 290 360 940

Basalt 11.25 22.50 2.50 6.25 16.30 220 280 720

Sandstone 6.00 12.00 2.05 5.13 13.30 340 430 1,100

Limestone 6.5 13.00 2.15 5.40 14.00 330 420 1,080

Coal 2.25 5.00 0.49 1.20 3.20 220 250 640

Diorite 14.00 28.00 3.15 7.90 20.50 230 280 730

Gabro 12.75 25.50 3.15 7.85 20.50 250 310 800

Dolomite 8.75 17.50 3.15 7.85 20.50 360 450 1,170

Greenstone 5.00 11.70 2.30 5.84 15.00 460 500 1,280

Note: * The numbers are the multiplying factor "M" between static and 

dynamic values. M = 2, after Wuerker, 1954; M = 2.5, (upper limit for 1 - 2.5 

range) after Tincellin, Weber and De Montille, 1970; M = 6.5 (lower limit for 6.5 

-1 0  range), after Rinehart, 1965.

** The values are mid ranges of the intervals presented by Abel, 1990.
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the values registered in the field tests presented in the Table 4, at 6 feet from the borehole 

for greenstone and 8 and 9 feet for the granite. Rock failure in tension could occur at 

those distances if flaws or cracks were already present. The results from Tincellin, et al68 

were derived using the Hopkinson Bar and the ones by Rinehart were derived using the 

Pellet technique (Rinehart, 1965).

3.5.2.3) Existing criteria for the prediction of blasting-induced damage in rock

(Atlas Powder Co, 1987).

The materials with which the investigators have historically been concerned from 

the blast-induced damage standpoint are rock materials, man-made structures and the 

interface between structures and the rocks or soils upon which these structures are built.

Criteria for prediction of blast-induced damage were first developed for the 

assessment of the damage to man-made structures (See Appendix D). Damage criteria, 

based on vibration energy, were established and used between 1939 and 1960. However, 

due to the variation between predictions and actual observations and to the escalation of 

law suits against mine and quarry operators, better criteria were sought. In 1960 a 

criterion based on the particle velocity at the wave front was developed. Among the first 

investigators to propose this criterion were Langefors and Kihlstrom (1948) and 

Westerberg (1957). The first criterion for predicting blasting damage in rocks, by 

Langefors and Kihlstrom, appeared in Sweden in 1948, This criterion was an empirical 

relation based on ranges of particle velocity that were related to observations of damage 

under different explosive charge sizes. Langefors and Kihlstrom predicted rock falls
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underground at peak particle velocities exceeding 12 in/s and rock fracturing at 24 in/s. 

Other researchers have subsequently proposed different criteria.

Oriard suggested that most rock masses suffer damage at peak particle velocities 

above 25 in/s. Bauer and Calder’s damage prediction criteria for rock masses were based 

on the ground motion induced stresses produced by the particle velocity. These criteria 

are shown in Table 7.

Table 7 - Bauer and Calder’s Criteria

PEAK PARTICLE VELOCITY (in/s) EFFECTS ON ROCK MASSES

<10.0 No fracturing of intact rock

10.0-25.0 Minor tensile slabbing will occur

25.0-100.0 Strong tensile and some radial cracking

>100.0 Complete breakup of rock masses

In 1977, Bauer developed a peak particle velocity prediction equation based on the 

assumption that the first and most common type of blasting damage that results to 

underground openings is slabbing or spalling. The equation is defined as:

v  =
17285^

P npL
( 3 . 2 3 )

where

v = Peak particle velocity (in/sec
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Sx = Dynamic Tensile Strength of the Rock Mass (psi) 

pm = Mass density of the rock (lb sec2/ft4)

CL = Longitudinal wave velocity in the rock (ft/sec)

Bauer estimated the dynamic tensile strength of the rock as 1/15 of the static 

compressive strength measured in the laboratory at high confining pressure by means of 

a triaxial test.

The empirical damage prediction methods are dependent on obtaining sufficient 

seismic field measurements to statistically infer the site anisotropy and homogeneity 

constants. Bauer’s method is the first attempt to produce a blast damage predictive model 

based on laboratory testing. However, it is deficient because:

a) It does not consider the attenuation of the shock wave with distance.

b) It does not consider the initial explosive source conditions.

c) It does not consider that the longitudinal wave velocity alone is not representative of

the actual magnitude of the perturbation imposed on the rock mass by the shock wave.

Bauer’s and other similar methods work with ranges of particle velocity. This has 

the potential of being disastrous for a mine operator. The boundaries between these zones 

are never well-defined. The average of the ranges might not be the safest and most cost 

effective position. The average number might mean a significant imbalance between 

productivity and economy. Therefore, there is a likelihood of being either too conservative 

or too optimistic when doing blast design. Empirical methods also require that the mine 

be in operation in order to make a seismic assessment to generate actual particle velocity
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values to come up with the site specific constants that represent the anisotropy of the site. 

These constants are then applied to the equations that relate the particle velocity, the 

charge size and the distance from the charge to produce a damage envelope around the 

charge.

The information from this Chapter indicates that both pure theoretical or laboratory 

models and pure empirical models have drawbacks that can be costly to the mine 

operator. Theoretical models, because of the simplifications that have to be assumed for 

the rock material, normally underestimate the stress intensity away from the borehole 

wall. Pure empirical models relate the rock damage to ranges of particle velocity that is 

not a direct load-failure criterion for rock and have other operational difficulties or high 

costs associated with field measurements, and they are not portable.

A model that departs from the ranges of particle velocity, that is portable, that is 

of lower operational cost relative to present practices and that considers rock as a 

discontinuum is warranted. The present investigation should indicate what such a model 

should incorporate in order to achieve these three objectives for single and multiple 

borehole geometries.

The most important benefit of such a model would be to enable a mining operator 

or contractor to perform a great number of simulations for predicting rock damage from 

a variety of blasting geometries without the need for a blast monitoring program.
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Chapter 4 

Field Experiment Used for Evaluation 

of Models Simulations

The field investigation (Obert and Duvall, 1950) described herein was concerned 

with the generation of high-explosive detonation-produced strain waves and their 

propagation in rock. The problem studied was concerned with how certain characteristics 

of the strain wave, such as the maximum compressive and tensile (radial and tangential) 

stresses and other measurable characteristics, vary with the size of the charge and the 

distance from the detonation point to the point of measurement.

4.1) Experimental procedure

The experimental procedure was performed in the experimental mine shown in 

Figure 9 and on the detail plan of the test area shown in Figure 10. Dynamite shots, 

ranging in size from 1 to 64 sticks were fired in the bottom of each of five shot holes Sj 

through S5. The strain waves generated by the explosions were picked up by the dynamic 

strain gauges mounted in holes Gj and G2 and subsequently recorded. Thus, the 

characteristics of the strain waves generated by the 1 to 64 stick shots and travelling 

distances from 2 to 54 feet could be measured. Shot holes and gauge holes G12, 

shown in Figure 10 were 2-3/8 in.(BX) and 2-15/16 in.(NX) in diameter, respectively. The
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holes were drilled so that the bottom of the holes lay in the same plane. To measure the 

radial strain, i.e. the strain along the line connecting the gauge and the shot points, a 

single element type strain gauge was cemented radially in hole Gj. A three - element 

rosette type gauge was cemented in hole G2 to measure the strain components, tangential 

to the face of drift L4-1. The cables for the gauges were run through hole Hj to the 

recording apparatus in drift L4-2. Construction details of the gauges, the recording 

equipment and the procedure of mounting the gauges was described by Obert and Duvall 

(Obert and Duvall, 1949).

The geology of the test area was not mapped in detail. However, the rock is 

principally a greenstone with stringers of epidote at irregular intervals. The physical 

properties of the rock are presented at the end of this chapter.

A total of 51 shots was fired during the test. The sequence of firing was arranged 

so that in each of the holes the smaller shots were fired first to chamber or spring the 

hole enough to admit the larger charges. In order to prevent contamination of the results 

no shots were fired in close in holes until all the more distant holes were fired.

The dynamite used in the tests was 1-1/4 in. diameter by 8 in. long (approx. 1/2 

pound each) sticks of 60 percent ammonia gelatin. The desired number of sticks, primed 

with a seismic-type detonator, was tamped into the bottom of the hole and stemmed with 

two 1-pound bags of sand - stemming. Occasionally some difficulty was encountered in 

placing the dynamite in the toe (end) of the hole, particularly when loading large shots 

and when the hole had been damaged for some distance from the shot point by the
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previous blasts. This difficulty may also explain some of the spread in the data obtained.

4.2) Description of the results

This research compares the dynamic strain wave values produced with those 

predicted by two different blasting predictive models, one using spherical wave theory and 

the other using plane wave theory for calculating the stresses along the radial directions 

at the wave front. The comparisons were performed as a function of the radial stress 

calculated from the radial and tensile strains measured in the test. The rock elastic 

constants and the measured strains are used in equation 3.22 for the spherical geometry 

to calculate the radial stress at the spherical wave front for all the tests shots.

All the curve fitting exercise for the field test and both models were based on 

exponential fitting. The function that defines the attenuation of the peak amplitudes at a 

wave front is:

A  = A (Q)e x p -gr
i

where:

A = Peak amplitude of wave motion at a given time

A(0) = Initial peak amplitude (in our case at the borehole wall)

r = Distance from the borehole wall

a  = Wave coefficient of inelastic attenuation
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This is justified because the stress at the wave front is directly proportional to the 

amplitude of the particle displacements at the wave front. The computed model values 

were then compared with the field measurements.

The data sets for the average radial and tangential strains obtained from the radial 

and tangential gauges for shot sizes of 1, 2, 4, 16, and 64 sticks per shot are shown on 

Tables 8, 9, 10, 11, and 12 respectively. The calculated values for the radial stress at the 

wave front (based on equation 3.22 from model 2) is also presented in the following 

tables. The values for the total radial stress were computed using equation 3.22. These 

tables will be used in the analysis of the results of both models. In these tables the 

maximum tangential tensile strain is the sum of the latitudinal and longitudinal 

components or 2u/r. See equation 3.22 (Chapter 3) and Appendix B.

Table 8 - Charge size, 1 stick

Distance Maximum radial 
compressive strain

Maximum tangential 
tensile strain

Total radial stress at 
the wave front

ft in/in x 10'6 in/in x 10'6 psi

2 159.00 200.00 2,404.40

6 12.00 14.70 180.61

14 3.00 3.88 45.60

30 2.10 1.55 29.37

54 0.39 0.83 6.64

The attenuation factor extracted from the Figure 11 is a  = -0.091
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Table 9 - Charge size. 2 sticks

Distance Maximum radial 
compressive strain

Maximum tangential 
tensile strain

Total radial stress at 
the wave front

ft in/in x 10'6 in/in x 10'6 psi

2 135.0 327.00 2,386.86

6 15.0 17.50 223.85

14 7.3 5.10 101.49

54 1.1 1.28 16.41

The attenuation factor here is a  = -0.075

Table 10 - Charge size. 4 sticks

Distance Maximum radial 
compressive strain

Maximum tangential 
tensile strain

Total radial stress at 
the wave front

ft in/in x 10'6 in/in x 10'6 psi

2 255.0 557.00 4,371.16

6 37.0 22.80 507.76

14 8.6 9.69 127.59

30 4.1 3.88 59.22

54 0.9 1.11 16.41

The attenuation factor here is a  = -0.090.
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Table 11 - Charge size. 16 sticks

Distance Maximum radial 
compressive strain

Maximum tangential 
tensile strain

Total radial stress

ft in/in x 10'6 in/in x 10'6 psi

6 219.0 153.00 3,044.76

14 70.0 75.00 1,030.10

30 11.5 13.80 172.45

54 4.0 4.50 59.33

The attenuation factor is a  = -0.081.

Table 12 - Charge size. 64 sticks

Distance Maximum radial 
compressive strain

Maximum tangential 
tensile strain

Total radial stress at 
the wave front

ft in/in x 10‘6 in/in x 10'6 psi

6 547.0 253.00 7,323.40

14 52.3 44.90 745.36

30 43.1 30.30 599.63

The attenuation factor is a  = -0.091.

The graph on Figure 11 displays the various stresses for each charge size against 

distance. The average attenuation factor for the greenstone is a  = -0.086

Possible sources of error were considered to be reflections at the end of the 

cemented column in the gauge hole and reflections at the face of the drift. To assist in
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the interpretation of the results six measurements were made on each of the strain wave 

records. They are:

a) The maximum tensile strain for both tangential and radial gauges,

b) The maximum compressive strain for both tangential and radial gauges,

c) The rise time, that is, the time required for the wave to reach the first compression 

peak,

d) The half period, that is, the time corresponding to the period from the start of the wave 

to the point where the strain again reached zero,

e) The major frequency, that is, the frequency corresponding to the period of the first 

complete wave,

f) The propagation velocity, and

g) The maximum strain rate change.

The current research is primarily interested in the radial and tangential strains 

which are required for calculating the total radial stress at the wave front.

The radial strain was always measured at the first wave front arrival, although in 

some instances where strong internal reflections in the gauge were present, there were 

other points on the wave record where the measured radial strain was greater than in the 

first front. The dynamic tensile strain at failure was estimated to be 530 microstrains, 

while the static value was estimated at 390 microstrains.

4.3) Rock and Explosive Characteristics

4.3.1) Rock Characteristics
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Figure 11 - Radial stress at a spherical wave front for different charge sizes.
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Table 13 describes the elastic dynamic properties of the predominant type of rock 

in the test area.

Table 13 - Physical properties of predominant rock type (Greenstone)

Rock Property Average
value

a(Standard
Deviation)

Number of 
observations

Specific Gravity 2.96 0.4 12

Apparent Porosity(%) 0.49 - 4

Compressive Strength (lbs/in2) 44,200 19 28

Modulus of Rupture (lbs/in2) 4,550 12 15

Elastic Constants Dynamic Method

Young’s elastic modulus (lbs/in2) 11.7 x 106 2.9 11

Mod. of Rigidity (lbs/in2) 5.1 x 106 2.9 11

Poisson’s ratio 0.15 8.9 11

Long, bar velocity (ft./sec) 17,100 1.4 11

4.3.2) The explosive used had these characteristics:

a) Density: 1.48 g/cm3

b) Relative weight strength: 0.972

c) Velocity of detonation: 15,000 ft/sec.

d) Explosive type: 60% Ammonia Gelatin

e) Stick size: 1-1/4 in. x 8 in.

A comparison was made between the results presented here and the theoretical
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results as calculated from both models. The set of test results using 64 sticks was selected 

for comparison because it presented the greatest values for the calculated radial stress. 

However, provided that adequate adjustment is made to the blasting geometry the 

comparison could have been performed with any other of the sets.

As the holes were progressively being chambered from shot to shot (to keep the 

approximate shape to a spherical or point charge) the effective loaded length has to be 

decreased by a certain amount to accommodate the 64 sticks and consequently the 

diameter has been enlarged. Based on experience the loaded length of hole was reduced 

in half and the diameter recalculated using the same amount of explosive.

It is difficult to estimate the effect on the 64 stick shot results from the previous 

shots. It was reported that it was difficult to maintain the confinement of this shot because 

of the progressive enlargement of the hole through chambering. Therefore, it can be said 

that there was a certain (not measured) decoupling in this shot. Therefore the stress 

measured was probably less than if the same shot had been fully coupled.

The graph in Figure 12 shows the radial stress distribution for the 64 sticks shot. 

The exponential fitting could have provided a better fit but only three points of 

measurement were established for this shot. The coefficient of determination (R2) was 

calculated at 65%.
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Figure 12 - Radial stress vs distance for the 64 sticks shot.
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Chapter 5

Research Results for Prediction Models 

Found in The Literature

The literature related to blast induced rock damage is extensive but quite often 

qualitative. Theories (Atlas Powder Co., 1987) explaining the mechanism in rock breakage 

have been under development since the late 1940s. To date all these investigations can 

be grouped in 9 different classes, according to the breaking agent or combination of 

breaking agents that were favored by the various investigators. The main agents or 

mechanisms regarded as responsible for rock breakage have been described as (1) tensile 

reflected waves, (2) compressional stress waves, (3) gas pressure expansion, (4) flexural 

rupture and (5) nuclei stress/flaw. The last, proposed in 1983, seems to be the only one 

to consider that rock fragmentation or damage can take place not only towards the free 

face and also anywhere in the rock mass. The only limiting factor is that flaws or 

discontinuities must be present. The last mechanism seems to be the only one that 

explains certain phenomena observed in high speed-filming of bench blasting operations, 

such as very long cracks propagating into the backwall very early in the event. The 

subject is still controversial and no definitive predictive model as yet is generally 

satisfactory. The state of stress around the borehole created by the detonation is of
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particular interest to this investigation. It is also believed from the nuclei-stress wave 

theory that the stress at shock wave fronts is the main fragmentation agent. Two 

predictive models that use strain wave theory and stress at strain wave fronts were found 

in the literature and are compared and evaluated.

As already stated in Chapter 1 the driving motivation for this ongoing research 

effort is to find models that depart from empirical measurements of particle velocity as 

an indicator of the extent of the blast induced damage in rock. The idea is to produce a 

model that uses the blasting geometry and rock dynamic elastic constants and relates them 

to the stresses imparted into the rock mass by the explosion.

Two models were found which relate stress and strain for a specific shock wave 

and various blasting parameters for the single hole geometry. These models, authored 

respectively by Holmberg (Holmberg, 1978) and by Clark (Clark, 1987), were reviewed 

and evaluated. The first predictive model examined was proposed in Sweden by 

Holmberg. This model is partially empirical and partially theoretical, and, while it allows 

for different blasting geometries it uses the plane wave approximation for relating stress 

and particle velocity (although the model generates values of particle velocities, it does 

not express these particle velocities with the stress at the plane wave front). The model 

also does not explicitly incorporate any rock dynamic elastic constants. The second 

predictive model, proposed by Clark, incorporates the borehole wall pressure, rock 

dynamic elastic constants, and utilizes the spherical elastic wave theory to derive the 

relationships for the strains and stresses at the wave front.
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The comparison of two such different models with actual field test measurements 

should provide a valuable insight into the factors that must have to be taken in account 

in order to achieve a more realistic prediction of blast effects in rock masses.

5.1) Criteria for evaluation and comparison

The criteria for evaluation and comparison are both qualitative and quantitative. 

The qualitative criteria are; (1) flexibility for application; (2) elastic wave theory; (3) rock 

dynamic elastic properties; (4) explosive properties; (5) single hole blasting geometry 

simulated; (6) and ease of field application.

The quantitative criterion is the comparison between the results of the simulation 

using the model with the results of the field test described in Chapter 4.

5.2) Assumptions for evaluation and comparison

For the purposes of this study some basic assumptions were made. For model 1, 

it was assumed:

a) The column of explosive was regarded as the sum of elements that contribute to the 

overall energy yield from the explosion.

b) The borehole is a long cylindrical cavity completely filled with explosive.

c) The constants calculated from the field measurements are indicators of the mechanical 

and geological properties of the site.

d) The explosive column is point initiated at the bottom of the borehole.

e) The material is isotropic, homogeneous and elastic.

For model 2, it was assumed:
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a) The charge is point initiated at the bottom of the borehole.

b) The shape of the outgoing shock wave is approximately spherical.

c) The material is isotropic, homogeneous and elastic.

d) The explosive is fully confined

5.3) Description of Holmberg’s predictive model or model 1

5.3.1) Introduction

Model 1 allows the calculation of the required charge concentration per meter of 

borehole if the minimum acceptable damage zone for a certain rock as a function of 

particle velocity is stated.

5.3.2) Theoretical basis

The evaluation of the stresses at the shock wave front for model 1 is based on 

Hooke’s Law. The relationship between stress and strain is the Young’s Elastic Modulus 

of the material being considered. Plane wave theory provides a means of calculating the 

relationship between the stress and strain, particle velocity at the shock wave front, and 

P-wave propagation velocity. This relationship applies to an elastic medium and employs 

the plane sine wave approximation.

e v
c

( 5 . 1 )

where:

e = Radial strain at the plane wave front
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v = Peak particle velocity at any time 

c = Dilatational or P-wave velocity (ft/s)

The radial stress at the shock wave front is calculated by multiplying the strain by 

the dynamic Young’s modulus. Plane wave theory provides another way of calculating 

the radial stress using this method. The derived relationship is

where

G = Radial stress at the plane wave front (psi) 

p = Rock mass density (lbs/ft3) 

v = Peak particle velocity (ft/s)

144 = Conversion factor from lbs/ft2 to lbs/in.2 

Both relationships are discussed in Appendix A.

5.3.3) The predictive model 1

In order to apply model 1 it is first necessary to estimate the minimum value of 

peak particle velocity at which the rock mass begins to suffer incipient damage. The 

model considers this value as being 850mm/s (33.5 in/s). This value was used for the 

simulation carried out with model 1. The other inputs required are the site specific 

constants k, a, B (see equation 5.3) that are calculated by a statistical best fit. This 

statistical best fit is achieved through a least squares analysis of a data from a blasting-
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seismic, site-specific monitoring program. In order for a site specific monitoring program 

to be representative of the site, seismic monitoring must be performed in various 

directions around the point of interest and the number of replications in each direction 

must be statistically adequate. The constants will be representative of the anisotropy of 

the site only if sufficient measurements are made. The equation used as the basis for the 

method is the empirical relationship:

where

v = Peak particle velocity at a certain location (mm/sec)

R = Radial distance from the charge (m)

k, a, (3 = Site specific constants derived from least squares fitting of the peak 

particle velocities recorded for various charge sizes and distances from the blast.

W = Explosive charge per delay (kg)

Three computer programs implement this method and are described in Appendix

E.

5.3.4) The concept of particle velocity as applied to rock damage assessment 

Four types of waves are generated inside a given rock mass from a sudden impact 

or release of energy to the medium. These waves are the so called body waves (namely
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P and S waves) and the surface waves (namely the Rayleigh and Love waves) caused by 

the superposition of incident and refleted P and S-waves. The first are so called because 

they travel in the interior of the rock mass and the latter two travel along the rock/air 

interface.

As seen in Figure 4 on page 29, in any position inside the medium a particle at 

the wave front follows a specific oscillatory movement about its rest position when the 

wave front excites that position while passing through it.

The velocity of vibration that the particle develops at the wave front is called the 

particle velocity, and it is different than the propagation velocity of the wave. The particle 

velocity decreases in intensity along with the attenuation of the wave amplitude and the 

increase in the period as the high frequencies are damped along the wave path. The wave 

propagation velocity is a characteristic of the medium and is not attenuated. The stress 

in the medium ceases to exist when the particle velocity decreases to zero.

5.3.5) Rock damage as described by model 1

The rock mass surrounding a blasthole has a number of potential weakness planes, 

each of which is able to withstand a particular level of peak particle velocity without 

damage. The damage zone here is defined as the radial distance at which new cracks are 

induced or preexisting cracks enlarged.

This model assumes that rock damage starts when an explosive charge detonates 

in a borehole and the expansion of the high pressure gases sets the borehole walls in 

motion outward, generating a stress field in the surrounding rock. The initial effect in the
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nearby rock is a high frequency, high amplitude shock wave that quickly decays. 

Continued gas expansion leads to further outward motion of the borehole wall into the 

nearby rock and sets up an expanding compressive stress field in the rock mass. The rock 

damage mechanism is strongly dependent on the presence of free surfaces. Where the free 

surface is close enough to the blast, the rock breaks loose.

In other directions the same situation develops but with a lower intensity, because 

as the angle of incidence of the shock wave is not perpendicular to the free face, the 

overall tensile stress is smaller. In this experiment the extent of the damage zone has been 

determined by a comparison of the crack intensity before and after the blast by using 

either core logging or a borehole periscope.

5.3.6) The mathematics of model 1

Theoretically, the assessment of particle velocity with equation 5.3 is valid only 

for large distances from the charge (where the charge can be treated as spherical or 

concentrated charge) and the wave front at the point of measurement can be considered 

as approximately planar (Atlas Powder Co., 1987).

The method implies a modification of equation 5.3 to describe the result for an 

extended charge. This modification is accomplished by integrating the charge along the 

borehole. It is assumed that the elemental waves from each element along the charge 

arrive at the same time (see Figure 13) at the point of observation or measurement A. 

Therefore, the difference in the arrival times can be neglected and the explosive source 

can be treated as spherical and the integral over the length applies. The
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Figure 13 - Single hole geometry for model 1. (Holmberg, 1978)
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calculated distance from the borehole to the point of observation A is

R /  = R 2 + (Rota n 0  -  x ±) 2 ( 5 . 4 )

Equation 5.4 can be integrated over the charge height, H, the peak particle velocity 

can be calculated from

where

Rj = Distance from the element in the charge to the point A (m)

R0 = Perpendicular distance from the charge to the point of observation A (m)

0 = Elevation angle to point A (radians) from base of explosive charge, 

a, p, k = Constants meant to represent the mechanical properties and geological 

features of the site.

X; = Distance from the end of the charge to the elemental charge (m)

Wj = ldx

H
( 5 . 5 )

where

1 = Linear charge concentration (kg/m)

dx = height of the element(m)
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The linear charge concentration "1" in the above equation, for an arbitrary 

explosive or blasting agent, must be normalized to an explosive with the weight strength 

of ammonium nitrate fuel oil of 1.00. The weight strength relative to ANFO is given by

Sanfo

( c + o < 5 ‘ 6 )

ANFO 5  _ Q 4

where

Q = Heat of explosion, MJ/kg

Vg = Released gas volume at STP(Standard Temperature and Pressure), in m3/kg 

S A n f o  = Relative weight strength to ANFO

Another computer program has been written for calculating the constants a, k and 

P from any given set of data including the distance, charge weight per delay and particle 

velocities recorded.

This model can also handle horizontal holes, but the value of the hole inclination 

cannot be set absolutely equal to zero because of computational limitations.

5.3.7) Conversion of calculated particle velocity values into radial stress at the 

shock wave front

Model 1 relates the calculated particle velocities with the radial stress at the wave 

front according to plane wave theory using Equation 5.2. This approach is straightforward 

except that it uses plane elastic wave theory as the theory underlying the relationship
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between stress and strain at the wave front. The use of this relationship is inapprpriate as 

it is stated in this model because the wave front generated by an explosion in rock is 

never planar in shape at close-in distances. Therefore, the stress values calculated by this 

model cannot be expected to reflect their true intensity in the rock mass.

For planar wave geometries there is only one compressive stress acting on the rock 

mass. Shock waves that emanate from a blasthole are never planar, they are eother 

cylindrical or spherical. Therefore, there must be at least two components of stress at the 

shock wave front and the resultant stress should be greater than that calculated for the 

plane wave front. Therefore, this method may underestimate the stress values at the wave 

front. The comparison against the field test results may indicate the amount of this 

discrepancy. The actual conversion of the values of particle velocity, produced by the 

model 1 simulation to radial stresses at the wave front is shown at the end of the 

description of model 1, in section 5.3.9.7.

5.3.8) Experimental observation of rock damage (Holmberg, 1978)

The correlation between the computed and the measured rock damage was 

obtained using core drilling7. The results were presented in a probabilistic manner. It was 

found that for a 250 mm(10 in.) blasthole there was a 50% probability of damage at 22.5 

m(74 ft) from nearest hole and a 5% probability for damage at 32 m(105 ft).

It was hard to determine, however, if the new cracks observed were present but 

invisible before the blast and subsequentely were merely enlarged, or if they were formed 

during the blasting process. In gneisses and granites with similar properties the observed
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results are in good agreement with experimental and calculated particle velocities.

Other studies in Sweden indicate coincidence with the criterion peak particle 

velocity of 700mm/s (27.6in./s) - lOOOmm/s (39.4in./s) that was used for the prediction 

of the extent of the rock mass damage zone. This conclusion is valid for charge 

concentrations that vary from 0.2 kg/m (0.13 lb/ft) to 75 kg/m (50 lbs/ft).

5.3.9) Evaluation

5.3.9.1) Flexibility of application

This model as any other empirical model is site specific. The results from one site 

cannot be applied to a different site hence the procedure has to be repeated each time a 

rock damage assessment is warranted. In addition, the minimum value of particle velocity 

at which the rock starts failing has to be estimated. Dynamic testing of rock samples is 

recommended in order to estimate this initial value. The published paper (Holmberg, 

1978) describing this model does not indicate how to make this initial estimate. The value 

used in the computations was taken as the average between the upper and lower boundary 

of the range of 700mm/s (27.6in./s) and lOOOmm/s (39.4in./s) or 850mm/s (33.46in./s).

5.3.9.2) Use of elastic plane wave theory

This method uses plane wave theory to establish the relationships between stress, 

strain and particle velocity. As previously stated, this cannot be accurate for close-in, first 

because plane waves are not generated by explosions within rock masses and second 

because at close-in distances the spherical or cylindrical wave fronts will not have reached 

an approximately planar shape (Atlas Powder Co., 1987). The spherical wave spreads
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from the explosive source and it gradually assumes a planar shape. Therefore, there is a 

distance from the blast whithin which the plane wave approximation (equation 5.2) cannot 

be used to evaluate the stresses at the wave front. This distance, however, has yet to be 

determined.

This model demonstrates the tendency in the mining industry to relate damage to 

rock or structure in close-in with the plane wave approximation theory and particle 

velocity. This statement has been reinforced by the recent Society of Explosive Engineers 

Conference (SEE, 1991) where all papers but one (Reamer and Hinzen, 1991) dealing 

with blast induced damage in the near field used scale distance methods and the plane 

wave theory for determining vibration, strain and damage levels.

5.3.9.3) Use of rock properties

Rock properties, such as Young’s modulus, shear modulus and Poisson’s ratio, are 

neither explicitly determined nor used. They are implicitly inferred in the statistical 

determination of the site constants k, a  and (3. In order to obtain values which represent 

possible anisotropy of a site, a large number of measurements would have to be made. 

In addition, the distribution of the measurements should be such that there is confidence 

that the constants obtained are representative for the entire site. The reliability of the 

model may be jeopardized if measurements are not made at a number of locations at the 

site. Measurements also have to be made in the near field so that the constants will reflect 

the behavior of the rock mass under the influence of the shock wave front intensity and 

within the zone of interest for the study of blast-induced damage in the rock.



5.3.9.4) Use of the explosive properties

The use of a correction factor for the explosive energy in relation to ANFO and 

the linear charge concentration accounts for the possibility of using different explosives 

inside the borehole and using different loading distributions. A correction factor provides 

flexibility to model 1 and for the operator who decides to use it. Different loading 

configurations will give different results for the stresses at any certain distance in the near 

field.

5.3.9.5) Use of blasting geometry

Hole diameter, degree of confinement and coupling, mode of initiation, explosive 

distribution in the blasthole, and the amount of explosive in the hole are the most 

important parameters when analyzing the generation of shock waves from a single charge.

The hole diameter determines the total amount of explosive that can be loaded into 

the hole. The confinement, represented by the elastic modulus of the surrounding rock and 

the stemming determines the duration of the quasi-static pressure phenomenon inside the 

borehole after the entire explosive column has detonated. The explosive type will define 

the amount of energy inside the hole and the amount and rate of pressure against the 

borehole wall. The coupling of the charge also determines the borehole wall pressure and 

consequently the pressure drop between the region behind the C-J plane and the borehole 

wall for decoupled charges. The amount of explosive determines the volume of rock 

affected by the expanding stress field at the wave front. The mode of initiation affects the 

shape of the shock wave leaving the hole and travelling outward into the rock mass. The
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shape is going to be either cylindrical (line initiation) or approximately spherical (point 

initiation) but never planar when close-in.

Of the parameters mentioned above, model 1 considers the hole diameter and the 

length of the hole and also allows for different loading modes between column and 

bottom charge. It does not consider the initiation mode of the charge. Therefore it treats 

similarly charges that are point and line initiated, which is not truly correct. The reason, 

as already stated, is that charge initiation determines whether spherical or cylindrical 

waves will be generated. Different wave shapes will produce a different stress field 

configuration around the blasthole.

5.3.9.6) Ease of field application

The method appears to be easy to apply in the field. However, near field 

measurements are required and the velocity transducers normally used for a peak particle 

velocity measurement program cannot be employed because of the economics of 

transducer destruction at the magnitudes of the particle velocities and frequencies 

involved. Therefore, due to the necessity of using appropriate equipment, such as 

accelerometers for determining particle velocities, the cost for an extensive blast 

monitoring program, may be prohibitive. It is also imperative that these measurements be 

made at depth and not on the surface, as is usually the case for velocity measurements. 

Only by placement of the measurement devices at depth will they be in the same horizon 

as the detonating column of explosive inside the borehole. Therefore, the close-in features 

of the body waves that are emanating from the borehole and the resulting stresses will be
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better evaluated. The hardware for this kind of measurement involves the use of 

accelerometers, charge amplifiers and data acquisition systems. A typical system today 

is estimated to cost $4,650.00 (a 16 channel data acquisition board, a charge amplifier and 

a three component 3 kHz accelerometer cost respectively $1,000.00, $2,000.00 and $ 

1,650.00). One accelerometer is 35% of the total cost.

5.3.9.7) Model 1 simulation using field test modified blasting geometry 

This model was originally tested in the field in Sweden,in 1971, in granite and the 

field test to which it is to be compared was in Mount Weather greenstone in the USA. 

The blasting geometries of the two tests were entirely different. Therefore, in this research 

the input data for model 1 were modified to include the same scale as the field test. 

Therefore the following table depicts the parameters for the simulation using model 1.
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Table 14 - Parameters for simulation with model 1

Hole diameter 0.066 m (2 3/5")

Hole depth 4.0 m (13 feet)

Stemming height 1.0 m (3 feet)

Column charge height NA

Bottom charge height 3.0 m

Hole inclination 90°

Explosive density NA

1. Column charge NA

2. Bottom charge 1,480 kg/m3 (92.41b/ft3)

Linear charge concentration NA

1. Column charge NA

2. Bottom charge 5,06 kg/m (3.41b/ft)

Relative weight strength Sanfo

1. Column charge NA

2. Bottom charge 0.972

In the field test it was desired to create a crater at the bottom of each hole in order 

to preserve the sphericity of the charge. Thus, consecutive charges of increasing sizes 

were fired in the same hole. It is assumed that for the biggest charge of explosive (64 

sticks) the loaded part of the hole equaled half of the length of the shot hole or about 3 

m (the shothole was 20 feet long or approximately 6 m). The stemming was assumed to 

be 1 meter in length and the charge was fully coupled with the borehole. This seems to 

be reasonable when based on the hole lengths in the field test in the USA. Also, no 

column charge was considered, as there was only one explosive type in the hole.
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The above input in the computer program DAMAGE1.BAS (see Appendix E), 

will generate a set of particle velocities. The particle velocities generated by the 

simulation is shown in Table 15.

Table 15 - Peak particle velocities generated by model 1 simulation

Distance from center of borehole (ft) Peak particle velocty (in./sec)

1.8 157.6

3.4 88.4

5.1 60.1

6.7 44.6

8.4 34.7

10.0 28.0

11.7 23.2

13.3 19.5

14.9 16.7

16.6 14.5

18.2 12.8

19.9 11.3

21.5 10.1

As the rock to which the results will be compared is not a granite the values for 

the particle velocities were normalized to the greenstone. By using the ratio of Young’s 

modulus between the Swedish granite and the greenstone the stresses were multiplied by 

this correction factor (calculated as being 1.5).

The assumed damage level is of no importance at this point, because the calculated



T-4145 89

values for the particle velocity will be applied to the plane wave stress equation 5.7 for 

calculating the stress levels at the wave front.The equation for calculating the radial stress 

is:

a i r )  = 0 . 0 0 6 9  ( P P ^  . RMD.C.CF) ( 5 . 7 )
304  .8

where:

o(r) = Radial compressive stress at the wave front 

PPV = Peak particle velocity (mm/s)

RMD = Rock mass density equal to the rock density in lbs/ft3 divided by the 

acceleration of gravity in ft/sec2.

C = Sonic velocity(ft/sec)

CF = Correction Factor for the Young’s modulus (1.5 between the Swedish granite 

and the greenstone)

The values 0.0069 and 304.8 are conversion factors from lbs/ft2 to lbs/in2 and from 

mm/s to ft/s. By fitting an exponential function with these results Table 16 is generated. 

The results on this table will be used as a means of comparison with model 2 simulation.
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Table 16 - Results of simulation of radial stress using model 1

Distance from the center of the charge(ft) Peak radial compressive stress (psi)

1.8 11,700

3.5 6,560

5.1 4,470

6.7 3,310

8.4 2,580

10.0 2,080

11.7 1,720

13.3 1,450

15.0 1,240

16.6 1,080

The exponentially fitted results are shown in Table 17. All results are shown in 

Figure 14. The attenuation factor for this model is -0.15.

Table 17 - Exponential fitting of model 1 results

Distance from the borehole wall (ft) Peak radial stress (psi)

1.8 8,200

3.5 6,400

5.1 5,000

6.7 3,900

8.4 3,070

10.0 2,400

11.7 1,880

13.3 1,470

15.0 1,150
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Figure 14 - Radial stress vs distance for model 1.
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5.4) Clark’s Model or Model 2 (Clark, 1987)

5.4.1) Introduction and theoretical basis

The second blast damage predictor is based on elastic wave theory for spherically- 

fronted waves. Appendix B describes the theoretical basis for arriving at the set of 

equations used in this evaluation.

5.4.2) Background and justification

When an explosive charge is detonated in a cavity in rock, the impact of the 

expanding gases behind the C-J plane (or detonation front) with the walls of the hole 

generates shock waves that propagate away from the cavity. Measurement of shock and 

free surface particle velocities generated by contact explosions in various types of rocks 

permit the development of pressure-density relations and the estimation of transient 

pressure distribution adjacent to the cavity. These pressure distributions have been 

calculated for such diverse rock types as marble, limestone, granite, basalt, gabbro, tuff, 

greywacke and shale. The pressures calculated vary from 0.78 x 106 psi for limestone to 

5.15 x 106 psi for granite (Goldsmith,1966).

This transient shock wave pressure is imposed on the rock at the wave front. As 

previously mentioned, the shape of the shock wave fronts will be either spherical or 

cylindrical and in order to analyze and describe the stress distribution around a borehole, 

spherical or cylindrical elastic wave theories should be utilized. This study is restricted 

to spherical wave fronts.

5.4.3) The predictive model 2
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Model 2 is based on the spherical elastic wave equation put forth by Clark (Clark, 

1987) to simulate the action of a spherical shock wave in a rock mass around a borehole. 

The equation of motion for a symmetrical spherical wave in terms of stress and 

displacement potential is derived and used to calculate the radial stress variation with 

distance from a cavity or borehole. A unit impulse, step or Dirac function is used to 

simulate the sharp pressure pulse at the wall of the cavity. A pressure pulse decay 

parameter is calculated (Obert and Duvall, 1953) to account for the attenuation or decay 

of amplitude in the pressure pulse with distance. The rock and explosive data tabulated 

in section 5.4.8.7, Table 17 at the end of this description can be used to calculate the 

stress intensity with respect to distance away from the borehole wall into the rock mass.

5.4.4) Nomenclature

The nomenclature or notation used in the analysis and calculations of this method 

is that presented in section 3.4.4.1 and it is not repeated here.

5.4.5) Rock damage

The dynamic mechanism through which rock fails is visualized here as the 

combined effect of the tangential and radial stresses in the incident P-wave front. When 

the combined stress exceeds the tensile strength of the rock at existing flaws and 

discontinuities and existing cracks (Foumey and Barker, 1978), the rock will fail in 

tension. This mechanism would initiate radial fracturing that is continued by the tensile 

tail of the P-wave. This is the case that is analyzed by model 2.

5.4.6) The mathematics of the method
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Figure 15 shows the element at the spherical wave front at which point the stress 

analysis is made. The simplifying assumption here is that there is no rotation in the 

element. Application of a spherical symmetry is the same as saying that the strains in the 

longitudinal and latitudinal directions and normal to the radial direction are the same. The 

first cracks to be formed in the detonation event are in the radial direction and are caused 

by the total state of tension at the wave front consisting of the compressive radial strain 

and the tangential tensile strains (along the latitudinal and longitudinal directions). Hence 

the total radial stress that is responsible for the failure of the rock in tension may be 

calculated (See equation 5.8). The radial stress at the spherical wave front in the direction 

of motion is defined by equation 3.22, reproduced here:

o(r,t) = (A. + 2p)e + 2k —  ( 5 . 8 )r

where

o(r,t) = Radial stress as a function of time and radial distance 

X = Lame’s Constant

p = Modulus of Rigidity or Shear Modulus

u = Peak Particle displacement at the wave front

r = Radial distance

e = Radial strain

2u/r = Total tangential strain
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Figure 15 - Spherical symmetry applied to model 2. (Clark, 1987)
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With the equations listed in Chapter 3 applied to spherical waves, it is possible to 

develop a computer program for calculating the distribution of radial stress that will be 

generated at the spherical shock wave front departing from the borehole wall. The change 

from the equilibrium position at the borehole wall is simulated with a Dirac delta function 

applied to a single exponential pressure pulse of the form

P i t )  = PQe~at ( 5 . 9 )

where

P(t) = Pressure at the pressure pulse front at the time t 

P0 = Pressure at the borehole wall at time t = 0 

t = Time

a  = Pressure pulse parameter defined as (Obert and Duvall, 1953)

a = —  ( 5 . 1 0 )
i / 2

where

CO = Angular frequency

The value of P0 is calculated from the explosive characteristics and the borehole 

geometry, a  defines the equation 5.9 like a Dirac (impulsive) function with almost

instantaneous rise time and extremely sharp decay, see Appendix G. The application of
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this pressure pulse to the analysis will yield the initial peak value for stress, amplitude 

and radial strain. These values are needed for later analysis of the propagation of the 

spherical wave away from the borehole during the following phases of this research. The 

boundary conditions and the description of the mathematical analysis for this model are 

presented in Appendix B. As can be seen from the equations in Appendix B, a 

fundamental input for calculating the stress values is the borehole wall pressure.

The assumption was made that the pressure at the borehole wall is the same as the 

explosive detonation pressure for a fully coupled explosive; therefore, the equation for 

calculating approximate borehole pressure was used. The expanding gases impact the 

borehole wall and the energy of this impact is converted into the shock wave emanating 

from the hole. However, a common value for the energy per unit volume at the shock 

wave front cannot be found in the literature. The reason may lie in the different 

approaches the investigators have taken for the calculation. Some researchers say the 

shock energy is generated when the hole expands under quasi-static expansion (Hustrulid, 

1991). Others state that the shock wave is the product of the dynamic interaction of the 

expanding gases with the borehole wall (Kirby and Leiper, Nd.).

The outgoing shock wave is probably generated before the expansion of the hole 

under the quasi-static pressure exerted by the gases inside the hole. It is caused by the 

collision of the high pressure, high temperature gas generated by the chemical reaction 

of the explosive components with the walls. The rate of transfer of energy to the borehole 

walls would be directly proportional to the square of the travel velocity of the gas
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molecules and to the mean molecular mass per unit volume of borehole involved. It is 

therefore a dynamic shock that develops rather than a quasi-static action.

The quasi-static expansion of the gases happens later than the initial shock wave 

and causes the borehole to expand to a certain diameter that is dictated by the decay in 

pressure inside the borehole. Theoretically the borehole will expand till the pressure inside 

it equals the compressive strength of the surrounding rock.

The energy expended in expanding the borehole is partitioned between strain 

energy stored into the rock as potential energy and gas energy that is carried into the new 

or pre-existing fractures around the borehole. The quasi-static expansion of the borehole 

may reactivate cracks that have just been formed by the main initial shock wave. The 

subsequent jetting of gases into the resulting crack network may also cause extension of 

pre-existing cracks, but it is very unlikely that new fractures are formed at this time in 

the detonation process. The gases jetting into the fractures start the whole rock mass into 

movement and this action determines the final distribution of the blasted material for a 

single hole geometry.

5.4.7) Computing the stress values from the pressure pulse 

A computer program was written using spherical geometry (See Appendix E) to 

calculate the radial stress magnitude with distance from the center of the borehole. The 

algorithm is based on the equations for spherical wave fronts presented in Chapter 3. The 

outputs of the program are the distance from the borehole wall to the point of analysis, 

and the radial stress at a spherical wave front.
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5.4.8) Evaluation

5.4.8.1) Generalization for various sites

Predictive model 2 probably needs to be modified to more accurately reflect the 

distribution of stress in rock around a borehole and at the front of a propagating shock 

wave. However, while not reflecting the real nature of the shock wave propagation (due 

to the inherent difficulties of accounting for wave attenuation), the model produces an 

insight into the use of the correct mathematics for analyzing the problem. Once modified 

it may be possible to use this model for predicting rock damage at various sites, as long 

as the necessary input information is available. The input for the simulation is given in 

section 5.4.8.7, Table 16 at the end of this description.

The data supplied were also used in a simulation to produce the variation of radial 

stress at the spherical wave front. It should be remembered that the values for the rock 

parameters must be dynamic and not static values.

Verification that the model is predicting the values of stress correctly would 

require the operator to instrument the mining site in a manner such that actual blasting 

induced stresses are measured for comparison with the calculated results. The sensors 

needed would have to be strain gages or accelerometers due to the proximity of the 

measuring devices to the blasts and these would be placed in boreholes at carefully 

selected points around the site. The boreholes should be located at predetermined 

distances along the direction in which the blasting operation will progress towards the 

final excavation line e.g. the pit wall in case of open pit operation. Following the same



T-4145 100

reasoning in an underground operation where the heading or stope is progressing towards 

sensitive areas of the operation where rock damage induced by blasting is a concern, the 

instrumented boreholes should be between the blast and the facility or excavation to be 

protected.

5.4.8.2) Elastic wave theory

Dynamic stress prediction models are intrinsically related to elastic wave theory. 

The assumptions made concerning the shape of the outgoing shock wave led to the use 

of spherical elastic wave theory to describe the state of stress at the wave front. Wave 

motion parameters such as; (1) particle displacement; (2) Radial strain; and (3) tangential 

strain (composed of latitudinal and longitudinal strains which are considered to be equal 

because non-rotation of an element or particle at the wave front) should be calculated and 

used for deriving the radial and tangential stress at the wave front. The most important 

input parameters for this model are the radial and the tangential strains at the wave front 

(see Equation 5.8).

The method employs a Dirac Delta function to define a single exponential pressure 

pulse to simulate the conditions of a nearly instantaneous increase in pressure at the 

borehole wall followed by a sharp decay of the pressure pulse. From this reasoning and 

using the expression for the spherical wave motion, the parameters (1), (2), and (3) 

mentioned above can be calculated, and the radial and tangential stress can be calculated. 

However, because of the use of the Dirac function, the model fails to provide an adequate 

estimate of the distribution of the stress values at distances of 6 hole radii from the center
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of the charge in the present simulation. The reason may be an improper assessment of the 

attenuation actually occurring within the shock wave front using the initial frequency to 

calculate the attenuation factor for the wave. This might be appropriate but only during 

a very short period of time that takes the shock wave to progress from the borehole wall 

to the elastic zone where the attenuation coefficient is necessarily different. The Delta 

function, which falls as rapidly as it rises, produces larger values for the energy decay in 

the wave front compared to the field test results.

5.4.8.3) Use of rock properties

Rock properties are essential to dynamic stress wave front prediction. Statistically 

determined constants are not used to account for the influences of the rock mass on the 

attenuation of energy at the wave front. The model assumes that the Poisson’s ratio is 

equal to 0.25 for arriving at the set of equations that describe the spherical symmetry. 

However, Young’s elastic modulus, modulus of rigidity and Poisson’s ratio of the rock 

to be tested should be dynamically estimated and applied to equation (3.22) when 

predicting the radial stress adjacent to the blasthole.

5.4.8.4) Use of explosive properties

It is known that the calculation of the borehole wall pressure or energy release 

from the explosive as the gases expand is not just a simple exercise of applying the ideal 

gas laws from elementary physics. The reasons behind this statement are (Cunningham, 

1991); (1) gases compressed to densities of the same order as solids do not obey ideal 

laws; neither is the compressibility of detonation gases uniform; (2) the products of
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detonation take different stable forms at different temperatures and pressures, and form 

different product species as they cool; and (3) the solid products of the detonation 

(molecules of aluminiun, calcium and sodium compounds, amongst others) are themselves 

compressed and exert influence on the pressure profile.

For our purposes, the simplifying assumption is that the borehole wall pressure is 

equal to the detonation pressure of the explosive for a fully confined explosive. For 

decoupled charges the borehole wall pressure is calculated by applying the relationship 

between the squares of the diameters of the explosive charge and the hole into the 

equation for calculating the borehole pressure. This assumption seems valid since the 

scope of this project does not require a precise value for the borehole wall pressure, but 

it does need an approximatly correct value for that pressure for the purposes of 

comparison of the orders of magnitude of the differences between the results of model 

1, the model 2, and the field test.

However, the equation that stands behind this assumption, Equation 5.11, does 

not account for different amounts of explosive in a single hole. For instance Table 18 

shows that explosives with the same density and detonation pressures may have different 

energies per unit volume for example Powermax 420 and 440 and Apex 220 and 240. 

This means that the same weight distribution of explosive within the hole will produce 

different energy outputs along the explosive column depending on the particular explosive 

used. Obviously such differences cannot be disregarded. The relative weight strength 

(RWS) has been employed to partially compensate for the explosive energy variation.
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Table 18 - Emulsion explosive systems technical data.

Emulsion Density
Velocity of 
Detonation

Detonation
Pressure

Absolute
Bulk
Strength

Relative
Bulk
Strength

(g/cm3) (ft/sec) (kbar) (cal/cm3) ANFO=100

Powermax 120 1.15 16,000 100 775 105

Powermax 140 1.16 15,000 100 1,100 148

Powermax 420 1.19 19,000 100 820 111

Powermax 440 1.19 18,500 100 1,140 154

Powermax 460 1.21 17,500 90 1,310 177

Powermax 840 1.35 19,000 a 1,280 172

PowerSeis 1.45 16,000 93 1,255 170

Atlas 7/D 1.18 16,500 a 890 120

Apex 220/320 1.25 19,000 105 850 115

Apex 240/340 1.25 18,500 100 960 130

Apex 260/360 1.25 18,000 a 1,070 145

Apex Plus 1.30 14,000 a 985 135

Apex 1220/1320 1.25 19,000 a 850 115

Apex 1240/1340 1.25 18,500 a 960 130

Apex 1260/2360 1.25 18,000 a 1,070 145

PowerAn 300 1.18 13,000 a 1,035 140

PowerAn 2500 1.15 12,000 a 1,035 140

PowerAn 5000 1.30 16,000 a 1,035 140

PowerAn 7500 1.26 18,000 a 902 122

Source: Atlas Powder Co., 1987. (a Not used as a primer)
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This computer model currently uses only the following parameters of the 

explosive:

a) Density

b) RWS (relative weight strength)

c) Velocity of detonation

The following equation defines the value of the borehole wall pressure developed 

by model 2:

n»r>2
DP = 2 . 3 2 5 x l O '1 x  p x  VOD2 x  RWS x  x  1 4 504  ( 5 . 1 1 )

HD2

where:

BP = Borehole wall pressure (psi)

RWS = Relative weight strength of the explosive 

ED = Explosive column diameter(ft)

HD = Hole diameter(ft)

VOD = Velocity of detonation of the explosive in ft/sec 

14,504 is a conversion factor from kilobars to psi

For ED = HD the explosive is fully confined and the borehole wall pressure 

approximates the detonation pressure of the explosive. This equation has been adapted 

from the Atlas Powder Co. Blasting Handbook.

Two correcting factors were added to the original equation. Firstly, a correcting
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factor for the differences in energy for explosives that have the same density and same 

velocity of detonation. The second correction factor is the ratio between the diameters of 

the explosive and of the hole for account for decoupling. The exponents of these 

diameters have been kept as 2 for being consistent with the relationship between the areas 

of the explosive and borehole that define the decoupling ratio.

5.4.8.5) Blasting Geometry

The parameter used to describe the blasting geometry for a single hole in Model 

2 is the hole diameter. This allows for calculation of the degree of coupling between the 

hole and the explosive charge. However, more study is required to include the complete 

hole geometry, diameter and length necessary to calculate the overall explosive energy 

available within the hole, to convert this energy to pressure and then to use this input 

pressure in the expressions for calculating the strains.

Multiple hole blasting parameters such as; (1) hole spacing; (2) Inter-hole delays; 

(3) decked charges with different delays in the same hole; (4) delay pattern; (5) hole 

burden; (6) amount of subdrilling; and (7) type of stemming that are part of blasting 

round geometry greatly influence the interaction between shock waves from individual 

holes. The dynamic stress distribution from a blasting round is necessarily going to be 

very different from one generated from a single charge.

5.4.8.6) Ease of field application

The spherical approximation model must be a simple, relatively cheap and user 

friendly rock damage analysis tool. Its final form is a computer package that will simulate
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the stress field generated in the rock mass by a certain blasting geometry that may be a 

single or a multiple shot round. Based on this information the operator will be able to 

design or modify the blast in order to keep the stress in the rock mass at appropriate 

levels. Instrumentation of the site will be needed to verify that the actual stress levels 

match those calculated.

Instrumentation of the mining site must be sufficiently straightforward for the mine 

operator to perform so that site monitoring is an operator function. The use of strain 

gauges in boreholes to measure actual strains in the radial and tangential directions is a 

cheaper solution than using accelerometers. A typical system for monitoring using strain 

gauges would require apprximately the same hardware as for a system that uses 

accelerometers as sensors. As already seen, the main difference in cost is in the sensor. 

A set of three strain gauges (for measuring the three principal directions of strain) that 

is equivalent to a three component accelerometer would cost $300.00 (Paulson, 1992) 

compared to the cost of a three component accelerometer that can be as high as $1,650.00 

(Paulson, 1992). Also, strain gages should not pose problems because of the high 

frequencies associated with these measurements. In the field test described in Chapter 4 

the highest frequency measured was approximately 3 kHz. The real limitation for these 

measurements is in the signal pick up equipment which is similar in both cases.

The placement of instrumentation in the holes is a permanent, non retrievable 

installation, the use of relatively cheap strain gauges appears to be the most economic 

option. With the improved resins being used for coupling strain gauges to cores and cores
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to boreholes, previous problems with recording and impedance mismatch should be 

greatly reduced. However, the use of strain gauges in such measurements can present 

operational problems such as several wires need to hooked to the acquisition system, 

proper bonding of the gauges to cores, and proper core cementing in the borehole.

5.4.8.7) Model 2 simulation using field test modified blasting geometry

This model can simulate the radial stress in any type of rock regardless of elastic 

constants. As the elastic constants are laboratory-defined, those for greenstone as 

described in Chapter 4, Table 13 were used. Table 19 presents the input data for the 

simulation using model 2.

Table 19 - Input data for simulation with model 2

Rock constants (Greenstone) Value

Dynamic Elastic Modulus(psf) 1,648,800,000

Dynamic Modulus of Rigidity (psf) 734,400,000

Poisson’s ratio 0.15

Rock Density(pcf) 185

Sonic Velocity(ft/s) 17,100

Explosive data (Ammonia dynamite 60%)

Explosive density (gr/cm3) 1.48

Velocity of detonation(ft/sec) 15,000

Hole diameter(ft) 0.236

Diameter of the explosive column(ft) 0.236

Relative weight strength of the explosive (RWS) 0.972

The results of the model 2 simulation are shown in Table 20.
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Table 20 - Results of simulation of radial stress using model 2

Distance from center of charge (ft) Radial stress (psi)

0.118 1,100,000.00

0.668 5,300.00

1.348 30.00

Application of exponential fitting to this data set yields Table 21

Table 21 - Exponential fitting of model 2 simulation results

Distance from the borehole wall (ft) Peak radial compressive stress (psi)

0.118 850,000.00

0.668 8,200.00

1.348 26.50

The plot of all the results can be seen in Figure 16. The attenuation factor for this 

model is -8.43.

The shape of the actual stress curve represents the fall part of the compressive 

stress pulse and the tensile part of the pulse. Due to the Dirac Delta function the pulse 

is symmetric. The coefficient of determination (R2) is 99% and it is explained by the fact 

that the decay of the compressive peaks is already defined as an exponential function as 

shown in Equation 3.1.
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Figure 16 - Radial stress vs distance for model 2
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Chapter 6 

Summary and Analysis of the Results

6.1) Summary of the results

6.1.1) Radial stress simulations

Tables 22, 23 and 24 summarize the results of the simulations for both model 1 

and model 2 and the measurements from the field test for the 64 sticks shot.

Table 22 - Simulated peak radial stress - Model 1

Distance from center of borehole (ft) Peak radial stress (psi)
3.4 5,920
5.0 4,100
6.7 3,070
8.3 2,400
9.9 1,950

11.6 1,600
13.2 1,370
14.8 1,180
16.5 1,020
18.1 900
19.7 800
21.4 720
23.0 650
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Table 23 - Simulated peak radial stress - Model 2

Distance from center of borehole (ft) Peak radial stress (psi)

0.12 1,100,000

0.67 5,300

1.35 30

Table 24 - Peak radial stress calculated from peak strains measured in the field test

Distance from center of borehole (ft) Peak radial stress (psi)

6.0 7,300

14.0 750

30.0 600

To compare the results from the models simulations with the field test, at the same 

distances, and to estimate the coefficient of inelastic attenuation (a) the data sets were 

normalized using exponential fitting. The results are shown in Table 25.

Table 25 - Fitted peak radial stress (in psi) from models 1 and 2 and the field test.

Distance (ft) Model 2 Model 1 Field test

0.12 850,000 10,600 6,700

0.67 8,200 9,800 6,400

1.35 30 8,800 6,000

2.00 0 8,000 5,700

6.00 0 3,400 3,900

14.00 0 1,300 1,900

30.00 0 120 440
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The coefficients of determination (R2) of the exponential curve fitting exercise for 

model 1, model 2 and the field test were respectively 95%, 99% and 65%. The low r2 for 

the field test may be explained by the small number of points that were generated from 

the field measurements. Model 2 did not present a low R2, despite having three points in 

its data set because the peak pressure pulse decay is defined as an exponential function.

The distances that were chosen for comparison of the stress values estimated by 

the fitting equations were taken from the data sets of model 2 and the field test. 

Extrapolation is unreliable beyond the limits of any data set but it was intended to see 

what values the fitting equations would predict for the borehole wall pressure and for the 

distances from the center of the charge where the radial stresses were measured by the 

field test. The estimated values for the coefficient of inelastic attenuation (a) for model 

1, model 2 and the field test are respectively -0.15, -8.435, and -0.091.

6.1.2) Results of the qualitative comparison between model and model 2 

Table 26 shows the results of the qualitative evaluation.



T-4145 113

Table 26 - Comparison between models 1 and 2 using qualitative criteria

CRITERIA MODEL 1 MODEL 2

Field application 
flexibility

Low because the model is 
site specific 
The particle velocity at 
which the rock starts 
failing has to be stated

Easy but the model is not 
of practical use in its 
present formulation.

Use of elastic wave 
theory

Plane wave approximation Spherical wave theory

Rock properties Embodied in the field 
measurements and are not 
explicitly used

Poisson’s ratio, Young’s 
modulus (Dynamically 
estimated from laboratory 
testing)

Explosive properties Density, linear charge 
concentration, corrects 
energy to ANFO, does 
not automatically include 
decoupling

Density, automatically 
includes the possibility of 
charge decoupling, 
corrects energy to ANFO

Ease of application in the 
field

Non-retrievable 
installation of 
accelerometers. 
Approximate cost for a 
three component 
accelerometer and data 
acquisition system for 16 
channels ($4,650.00)

Non-retrievable 
installation of strain 
gages. Approximate cost 
for a three strain gages 
and data acquisition 
system for 16 channels 
($3,300.00)

Blasting geometry Single hole, cylindrical 
charge, point initiated at 
the bottom

Single hole,
approximately spherical 
charge

6.2) Analysis of the results

6.2.1) Fitted radial stress simulations compared to field test results
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It is apparent from Table 25 that model 1 outperformed the pressure pulse used 

in model 2. The reason might be the fact that model 1 because of the empirical 

measurements of particle velocity produce constants that actually model all the 

phenomena happening at that particular location between the blast and the sensors. 

However, if that location is changed to a different site a new blast monitoring program 

is necessary to produce a new set of constants that will be specific for the new site.

On the other hand, the pressure at the borehole wall is obviously not being well 

estimated by the fitting of model 1. The correct order of magnitude for this value is 

shown in Table 19 for the borehole radius. The fitting of the data set produced by model 

2 (Table 25) generated a value of 850,000 psi for the borehole wall pressure which is 

much closer to the calculated borehole wall pressure generated by the explosive used in 

the field test and in the simulations.

The explanation is that in empirical measurements at the near field the gages must 

be put at a safe distance from the nearest blasthole to avoid the destruction of the gage 

or the failure of the gagehole. Normally these distances are beyond the non-linear 

deformation zones mentioned in Chapter 3 and therefore the stress measured by the gages 

is far less than the stress at the borehole wall. The very high attenuation or loss of energy 

at the wave front in the non-linear deformation zones is responsible for this attenuation.

The coefficient of inelastic attenuation of model 2 is approximately 80 times 

bigger in model 2 than it is for model 1. The use of a Dirac delta function to simulate the 

sharp rise and decay of a pressure pulse is responsible to this sharp decay.
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Comparing the value of the radial stress measured by the field test at 6 feet (from 

Table 24) with the stress at the borehole wall from the simulation of model 2 (from Table 

23) it can be said that the fraction of the latter that goes into the elastic linear zone is at 

least 0.67%.

Despite giving the best approximation for the borehole wall pressure, model 2 has 

to undergo some modifications in its formulation if it is to produce results that 

approximate the results of the field test at distances greater than 5 hole radii. Some of 

these modifications are (1) to incorporate mathematical functions that will represent the 

attenuation of the pressure pulse away from the borehole wall through the plastic and 

elastic zones; (2) to allow for the use of long cylindrical charges being line initiated 

(which would generate cylindrical wave fronts); and (3) to allow for different explosive 

combinations along the charge. If these modifications are successfully incorporated, model 

2 can be used as a building block for developing a model to predict rock damage within 

a given rock mass.

6.2.2) Operational aspects of model 1 and model 2

The analysis of Table 26 shows advantages and disadvantages for both models.

Positive for model 1:

a) The model embodies all the physical phenomena that are actually happening between 

the blasting round and the measurement devices. Therefore, the study of the physical 

phenomena causing the damage is not a concern for the model.

b) The model permits the use of a larger suite of blasting parameters
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c) It is ready to be used for single hole blasting geometry 

Negative for model 1 :

a) The hardware for applying this model is more expensive than for model 2,

b) As the model is site specific, the site blasting monitoring has to be repeated at each 

time for a new site,

c) The peak particle velocity at which the rock shows signs of failure has to be 

determined by laboratory testing,

d) It does not model line initiated cylindrical charges,

e) The plane wave approximation is only valid beyond a certain distance from the 

borehole. From the borehole to that point the model may underestimate the radial stresses.

Positive for model 2, assuming that the modifications cited earlier can be 

implemented into the model:

a) It is not site specific

b) It does not need a blast monitoring program in order to be applied to a given mining 

site

c) It allows for different blasting geometries including line and point initiated cylindrical 

charges for single hole blasting geometry

d) If desired, the site where the model is to be applied will need instrumentation for 

checking the accuracy of the predictions of the model but the cost should be lower than 

it is for model 1 because of the use of strain gages instead of accelerometers

Negative for model 2
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a) The site may need to be instrumented in order to check the accuracy of the model 

predictions.

b) Dynamic testing of a sufficient number of core samples has to be performed in order 

to produce statistically reliable values for the dynamic elastic constants of the rock.

6.2.3) Other qualitative observations derived from this study

a) As the attenuation for cylindrical shock waves is lower than for spherical shock waves 

a larger damage radius should be expected from long cylindrical charges being initiated 

by detonating cord. This charge geometry produces approximately cylindrical shock 

waves.

b) Existing theoretical models should be used with caution. They may underestimate the 

stresses away from the borehole due to the need for incorporating mathematical 

simplifications in the physical models when dealing with the wave propagation problem.
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Chapter 7 

Conclusions

This study is part of an ongoing effort to develop a blast induced rock damage 

predictor that can handle multiple borehole blasting geometries.

A blast induced damage predictor is being sought that departs from the notion of 

particle velocity as a damage indicator and that incorporates explicitly the physical 

phenomena happening when a chemical explosive charge is detonated in a cavity within 

a rock mass. Also this study should indicate the physical phenomena that must be 

modeled if a theoretical model is to be developed to handle the multiple borehole 

geometry and to be of practical use.

Existing predictive models rely on empirical observations of particle velocity to 

establish the likelihood of blasting-induced damage to the rock mass. The probable 

damage is established within broad ranges of particle velocity that do not indicate with 

reasonable accuracy where the rock actually starts to undergo damage. Another problem 

is that existing models must perform field blast monitoring programs to develop these 

ranges of particle velocities. Because these measurements must be performed at close-in 

distances they require expensive and sophisticated equipment like accelerometers. 

Moreover, as the results of such field measurements are site specific, the monitoring



program has to be repeated for every site where a blast induced rock damage 

determination is required.

It is believed that the shock wave generated from the explosion is the main agent 

for inducing new fragmentation in rock. Therefore the basis for this study was to find 

models in the existing blasting literature that departed from the notion of particle velocity 

as a blast damage indicator and/or that embodied the necessary shock wave theory.

Two models were found in the literature that incorporate one or both of the 

concepts listed above. They were reviewed and a simulation was performed with each 

model and the results of these simulations were compared to the results of a field test for 

the measurement of strains generated from explosions.

The comparison of the radial stress predictions shows that model 1 that uses the 

plane wave approximation as the basis for the prediction of the radial stress provides a 

much better result than model 2. Model 2 includes the correct elastic wave theory but 

fails twice, firstly by considering the charge as a point energy source and by not allowing 

for extended charges, therefore configuring the analysis of a truly spherical or point 

charge and secondly by using a Delta function with a very sharp rise and decay time to 

simulate the attenuation of the energy per unit volume at the shock wave front as the 

wave moves away from the borehole. Thus, the coefficient of inelastic attenuation for 

model 2 is approximately 56 times bigger than model 1 and 93 times bigger than the field 

test.

This study indicates that the fraction of the original pressure at the borehole wall
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that goes into the elastic linear zone is approximately 0.67% and that to date there is no 

model dealing with multiple borehole geometries.

Additional findings were (1) that line initiated charges should cause damage at 

longer distances from the borehole (due to lower attenuation than spherical waves), and 

(2) that existing theoretical models, due to the mathematical simplifications they have to 

incorporate to deal with the physical problem (for instance the assumption of perfectly 

isotropic, elastic and homogeneous rock masses) will tend to underestimate the stresses 

away from the borehole.

Finally, this study indicated the physical phenomena that need to be modeled if 

an accurate model is to be built that will simulate the blast induced stress distribution at 

close-in distances within a discontinuous rock medium. These phenomena are (1) the 

borehole wall stress intensity, (2) the borehole loading mode from line and point initiated 

charges, (3) the action and interaction of the strain waves with flaws and discontinuities 

within the rock mass, (4) the inelastic attenuation of the stress at the wave front along the 

wave path, (5) the failure criteria to be used to characterize rock damage under different 

loading modes as the strain waves interact with the flaws and discontinuities and with 

themselves within the rock mass, (6) the influence of the gas pressure expansion, and (7) 

the influence of multiple borehole blasting geometries with multiple delays. Only 

understanding the interaction between these blasting related phenomena will permit the 

prediction of the wave shape and consequently the stress distribution, and the attenuation 

in a mining production environment.
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Appendix A 

Brief Explanation of Plane Wave Theory 

as Applied to Model l 1

A plane wave is a dynamic disturbance in a medium that has particle movement 

at the wave front in only one direction, that is, in the direction of movement of the wave. 

For this reason plane waves, as the name implies, are planes travelling through a medium 

at a specific velocity, or wave velocity that is a characteristic of that medium.

The wave equation for the motion of a plane wave may be developed by 

considering an element of an infinite elastic material, here assumed as being the rock 

mass, through which the wave is travelling. Considering that the lateral effects of a 

longitudinal wave may be neglected; that is the Poisson’s ratio effects due to lateral 

extension caused by longitudinal stress are negligible this element can be regarded as part 

of a small diameter rod or bar (see Figure 17). A small longitudinal section of this 

element when subjected to a plane stress wave will move in accordance with Newton’s 

law of motion F = ma (see Figure 18). The mass of a unit cross section is equal to the 

volume times the density, or:

1 Clark, 1987
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( A . 1 )

or

777 = p dx ( A . 2)

where

p = Density of the rod material

m = Mass of the rod element

dx = Length of the rod element

dl = Lateral length of the unit cross section

The summation of the forces in the x direction is

( A . 3)

Applying Newton’s law gives

( A . 4)
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Figure 17 - Shock wave in a rod. (Clark, 1987)
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Ox
dx

Figure 18 - Stresses on an infinitesimal section, rod wave. After Clark, 1987
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where:

u = Displacement in the x direction.

The previous equation holds for any solid material. If the material is assumed to 

be elastic, Hooke’s law relating stress and strain may be applied, that is,

E = —  ( A . 5)e

where

E = Young’s elastic modulus

g = Longitudinal strain

o  = Radial stress at the plane wave front

In terms of infinitesimals, the strain in the x direction is defined as

e = du
dx ( A . 6)

and
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O = F ( - f H )  ( A . 7)ox

Combining Equations (A.6) and (A.7) as expressed in Equation A.5 yields

d2u _ j> d2u 
dx2 E dt2

This equation is the equation for a plane wave in a bar. 

It can also be written in the form,

d2u 1 02u
dx2 c2 dt'‘

where

c -

( A . 8)

( A . 9)

E_ ( A . 10)
P

and c is the rod or bar velocity of the wave.

When the stress is first applied to the end of the bar, the face of the bar will move 

forward with a velocity v, which is the particle velocity. For a constant force the particles 

at the face of the bar will move forward until the material is compressed an amount
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determined by the dynamic Young’s elastic modulus. Meanwhile, however, the wave front 

will move down the bar with a velocity c. The particle velocity can thus be determined 

from the fact that the compressed zone shortens an amount (a/E)ct that is, the unit strain 

multiplied by the length ct. The particle velocity, or the distance moved by the end of the 

bar divided by the time t, is

v  = —  (A.  11)
E

The wave velocity is determined from the considerations of momentum - that is 

mass times velocity. The shaded portion of the bar (see Figure 17) that can be defined as 

the length ct times l2 where 1 is the width of the bar that is accelerated to a velocity v in 

a time t. The momentum M is, per unit cross section area, equal to

M =  9.£t l 2 :^L't  ( A . 12)
l 2

by eliminating the terms in 1 and the acceleration with the time produces the equation:

M = p c v t ( A . 13)
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This momentum has been caused by the impulsive force per unit cross section 

applied at the end of the bar, as shown in Figure 17. Therefore, it has to be equated to 

that force or the force multiplied by the time of application. Hence we arrive at the 

equation used in the first method that relates the particle velocity at the wave front with 

the material density, the propagation velocity of the wave through the medium and the 

stress that has caused that particle movement (or displacement) at the plane wave front. 

The following equation shows this relationship per unit cross section:

a t  -  p c v t  (A. 14)

and canceling the factor time on both sides of the equation we have

o = p c v  ( A . 15)

where

a  = Longitudinal stress in the x direction in each cross section 

p = Material or rock density 

c = Wave propagation velocity

v = Particle velocity at each cross section as the longitudinal wave passes through

it.
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Appendix B 

Brief Explanation of the Spherical Wave 

Equation Applied to Model 21

Consider the element in Figure 15, in which the sum of the forces in the radial(r) 

direction is equal to the mass times the acceleration, A. Newton’s law of motion is then:

a _
( o r + - g p )  (*■ + d r ) d t y ( r  + d r )  dQ -  o r ( r d i | 0  ( rd d )  -  

2 o ^ s i n  ( )  ( r  + d r )  dQdr  -

do es i n ( - ^ - )  ( r  + d r )  d ty d r  -  mA ( B . l )
2

where the terms on the left hand side of the equation represent the various products of

Clark, 1987
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the stresses at the faces of the element times the respective areas. The summation of these 

forces produces the resultant force acting on the element.

Second order terms are neglected, and Equation B.l is simplified to yield:

3 o ,  + 2 0 ,  _ Cj  o ,  = (B 2)
dr r r r d t2

This is the equation of motion for a symmetrical spherical wave in terms of stress and 

displacement. For a dilatational wave where there is no rotation of the element at the 

wave front, ae = av and the Equation B.2 becomes

3 o ,  2 ( o ,  -  o.) = (B>3)
dr r * d t2

which is the equation of motion for a spherical wave in terms of stress and displacement, 

but for an elastic material

o r = Ae + 2 p e r (B. 4)

o0 = Ae + 2pee ( B . 5)
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where

and

X = Lame’s constant

i = Modulus of rigidity of the rock or material

e r = -|H (b . 6)r or

ueA = — e r ( B . 7 )

e = er + e r + 2ee = du
dr

2u
r ( B . 8 )

Substitution of Equations B.4 to B.8 in Equation B.3 yields

, B ' 9 ’

d2u
dr2

du
dr

2 u
t-2

1 dzu 
c2 d t2

( B . 1 0 )
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where

c = X +  2 \i  
P

The displacement u in terms of the displacement potential <J) is

U = Mor

Equation (B.10) becomes

9 (- |£ >or
dr2

3 (4 ^ )dr _ 2 6<f) _
dr 2 dr

32 ( | ^ )or
d t2

or by differentiating with respect to r

d2̂  + _2 Jty _ 1
dr2 r dr c2 d t2

(B .1 2 )

( B . 1 3 )

that yields the equation of motion of a spherical wave as a function of the radial distance
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from the wall of the borehole and the potential for displacement of an element at the 

wave front

d2 (*4>) = 1 d2 (r<j)) (B 14)
dr2 c2 d t2

The borehole explosion is simulated with a unit impulse (Delta function) pressure 

at an internal spherical surface r = r0 and the boundary conditions that are applied to the 

problem are as follows:

U  + 2 n ) - g |  + = Poo r = - p 05 ( t )  (B. 15)

for r = rQ, t = 0

= 0. for K r 0, t  = 0 (B. 16)

(r<|>) = 0 , for r<rof t  = 0 (B.17)

and
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(B - 18) ;̂™(r<|>) = f ° r r>ro’ t ~ 0

For a pressure pulse of the form P(t) = P„ e'at, the application of Laplace 

transforms to these boundary conditions and the solution of the transformed equations 

yields the final form for the expressions of the displacement potential, the displacement 

u, velocity v, acceleration A, radial strain, e and the radial stress <rr at the spherical wave 

front. These expressions are presented in Chapter 3, section 3.4.4.3.

The explosive properties used in the simulation using the model 2 were:

a) Density: 1.48 gg/cc

b) RWS: 0.972

c) Velocity of detonation: 15,000 ft/s

d) Hole diameter: 0.236 ft

e) Explosive diameter: 0.236 ft

In this simulation due to the fact that the shot holes were chambered between 

shots to accomodate the larger charges, no decoupling was considered, although the 

explosive diameter was initially, before tamping, smaller than the hole diameter.
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Appendix C 

The Relationship between Stress and Strain 

as Applied to Spherical Coordinates1

The different mechanisms of wave propagation in a medium are based on the 

relationship between stress and strain. For example, if this relation is dependent on the 

duration (time) of the mechanical processes involved, the significant properties of the 

medium are viscosity, elastic after effects, etc. On the other hand, if the relation depends 

on the magnitude of stress or strain, the significant property is the plasticity of the 

medium. The analysis will be confined to an examination of the stress-strain relationship 

in purely elastic processes, which correspond to small stresses and strains. Under classical 

conditions of elasticity, Hooke’s Law applies. This empirical law states that the 

stress-strain relationship is linear for small strains. Considering an isotropic parallellepiped 

(See Figures 19.a and 19.b), free, i.e., not attached to the surrounding medium as in the 

case of a rock stretched along the x-axis, the relationship between the stress Txx and the 

tensile strain yxx would be:

1 Savarenski, 1972
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Figure 19 - Diagrams for analyzing the relation between stress and strain. Savarenski, 
1972
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t x x = £ V JOf ( C . l )

The proportionality factor E is Young’s elastic modulus. In the parallelepiped the 

lateral faces are attached to the medium, so that the relation between the tensile strain yxx

and the stresses Xxx, xyy and xzz is:

- 2. (x + x ) (C. 2)E E^yy

If all the principal stresses have the same sign, the resulting strain yxx is smaller 

than that obtained in the analogous case of a rod with free lateral faces. The same 

equations hold for the y and z - axes:

y  =  ~yy — —  ( t  + t  ) ( c . 3 )I W  171 T7I X X  Z Z  •

* z z
E -  ( T ^  + X y y )

( C . 4 )

Adding these three equations, we obtain:
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1 -  2v
yy (txx + ^ y y  + ^ zz') (C . 5)

The sum on the left is the volume strain aV/V or 0 of the parallelepiped, i. e., the 

dilatation of the medium at the point at the front of the propagating wave. The condition 

xxx=tyy=xzz= -t, is hydrostatic compression (the pressure P in any face of the 

parallelepiped ). In this case since the tensile stress is taken as positive, then

x  =  —P  -  — -— —— r e  ( c . 6 )
3 ( 1 -  2v)

k  = — ;— - ----- r  ( C . 7)
3 ( 1 -  2v)

where the coefficient k is called the bulk modulus. The relationship between the x - 

component Txx of the stress on the face perpendicular to the y - axis (Figure 19.a) and the 

corresponding deformation of the right angle Tyx is given by

x y z  =  V’l y x  ( C ‘ 8 >

where ji is the shear modulus. In the case of a rod (Figure 19b), inside of which there is
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a prism with square cross section, the diagonals lie parallel to the coordinate axes. If the 

rod is stretched vertically and compressed by stresses of equal absolute value, then

x  < C ' 9 >

There is no stress at right angles to the plane of the figure or Tzz = 0. It follows 

that the magnitudes of the strains yyy (tensile) and yxx (compressive) are the same. Before 

deformation, the angles between the diagonals and the faces are 7t/4. As at 45° the 

tangential stress is a maximum at the inclined area AB. Under these conditions, for small 

Yyx, the deformation is,

4 2 1 + yy y

Elementary trigonometry yields tan Yyx=Yyy/2. Since the deformation is small, the 

tangent and sine are nearly equal to the angle (in radians), and so Yyy=Yyx/2 and at the 

same time, yyy=x/[i. By Equation C.2 if xzz= 0,

x = — + —  ( C . l l )
yy e  e

and this yields the relationship between the shear modulus |i, Young’s elastic modulus 

E and Poisson’s ratio v,



T-4145 140

H = -TTT^ r  (C . 12)2 (1  + v)

To express the stress components as functions of the strain components, the value 

(v/E)txx is added and subtracted from Equation C.2 obtaining:

Y x x  = ~ l * x x +  t y y + O  ( C . 1 3 )

Analogous equations can be generated for yyy and yZ2. Replacing the sum of the 

three stress components by the volume strain (Equation C.5) produces

y = 1 + ?  x  -  6 ( C . 1 4 )Jxx E  X X  1 -  2v

and

v E
(1 + v) (1 + 2 v ) 0 1 + v

( C . 1 5 )

Analogous equations hold for xyy and i zz. To make these equations more compact, Lame 

introduced the Lame’s constant or X:

X = - r - ---------- ^ ---------- — r  (C.16)(1 + v ) (1 + 2 v )
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Using the relationship between p. and E, the following equations express the strain 

components

du 1 , du du i . 1 v
( a J + a ^ ) ' e t c  (C- 17)

and the stresses

Tyy = A.0 + 2 \i dv
By' =  A .0  +  2 \i

dw
dz

xy
dv
dx

du
By 'yz = | l (

dw
By

dv^
dz

and

E q s  . ( C . 19)

in terms of the derivatives of the displacement components. These linear relations embody 

the generalized Hooke’s Law. In the special case that the strains and stresses are referred 

to the principal axes xl5 x2,and x3, Hooke’s Law becomes
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x1 = (A. + 2| i)X1 + A.y2 + A.y3,

x2 = U  + 2p) y2 + A-Yi + A.y3,

t 3 = (A. + 2 p )  y 3 + ky± + ky2 E q s . ( C . 2 0 )

In certain problems, however, as the one that is the subject of the present research, 

it is necesary to express the strains and stresses in spherical coordinates. For the spherical 

system, in the case of central symmetry, when the displacements occur only in the 

components u,. and ud which depend only on r, the tensile strains are denoted by yn; yM; 

and y^ and are associated with the radial (r), latitudinal (ft), and longitudinal (a) 

directions. In another words:

Y . «  =  - ^ C O t i p  +  y „ B =  Y a r  =  Y r »  =  0 (C. 21)

In this case the stress of interest is the normal radial stress. It is assumed that there
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is no rotation of the element at the wave front and therefore, the strains at the longitudinal 

and latitudinal directions are the same in order to satisfy the condition of no rotation, and 

they are independent of the angle Thus the volume strain or dilation is

e  = (C . 22)
dr r

in which the first term on the right side of the equation is the normal radial stress and the 

second term are the normal tangential stresses. The relation between the normal radial 

stress and normal strain components in the radial direction is thus:

x„ = (A. * 2 n ) - ^  + 2 * - ^  ( C . 23 )rr dr r



T-4145 144

Appendix D 

Damage Criteria for Structures1

The evolution of criteria devised by the mining industry to access the blasting 

induced damage to structures is relatively recent. In 1934, Rockwell indicated that the 

vibration energy released by blasting was proportional to f/A2 where f is the frequency 

and A is the amplitude of the shock wave propagating away from a blasthole. In 1942, 

the Bureau of Mines, RI 442 (1942) combined the effect of charge quantity, ground 

character and distance from the charge in the following equation.

2

A = — -  [0 . 07e"°-00143d + 0 .001]  (D-1 )
10 0

where

A = Amplitude of ground vibration (in) 

C = Charge quantity (lbs) 

e = Natural log base 

d = Distance (ft)

1 Atlas Powder Co., 1987
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Although the amplitude calculation was always conservative, the equation was 

found to be inadequate for more complex blast designs. The values calculated for the 

amplitude were then converted to accleration which was considered as the blast induced 

damage criterion. An acceleration of less than 0.1 g is generally considered safe, 0.1 - 

l.Og cautionary, and greater than 1.0 g indicates that damage is probable.

In 1949 Crandell developed the concept of Energy Ratio, defined as the ratio of 

the square of the acceleration to the square of the frequency, or ER = a2/f2. He proposed 

that the damage caused by vibrations was related to the energy in the disturbance. For 

simple harmonic motion, this can be related to the frequency and acceleration in the 

wave. Therefore, the displacement S is defined as:

S - A sirwfc (D . 2)

where:

A = Maximum amplitude 

w = Angular frequency = 2nf 

f = Wave frequency 

The velocity and the acceleration are:

v  = A s i n ( w t  (D.3)
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a -  A  w2 s i n ( t / t  + 7u) (D.4)

When only maximum values are considered the kinetic energy is defined as KE

KE = - ^ - v 2 = — ----- -   (D . 5)
2 g  2g  4 n2f 2

or

KE  = k-
f 2

(D.6)

which is identical to the energy ratio where 

W = Weight

g = Acceleration due to gravity

Crandell’s damage criteria were based on pre and postblast investigations of over 

1,000 residential structures. Recommendations and conclusions were as follows:

ENERGY RATIO ESTIMATED DAMAGE

Below 3.0 No damage, safe

3.0-6.0 Some damage;use caution

Above 6.0 Damage will occur

Between 1949 and 1960, damage criteria based on displacement, velocity and 

acceleration were established. In addition, complaints and law suits escalated, and it
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became apparent that the damage criteria varied considerably. At this time another 

criterion for predicting blast damage on structures was developed based on particle 

velocity and it was generally agreed that due to the consistency of the results that this 

criterion was the best. Hence, attempts were made to convert past damage criteria in 

terms of particle velocity.

The following are the criteria that were then developed as a function of the 

particle velocity:

1) Langefors, Kihlstrom and Westerberg (1957)

PARTICLE VELOCITY (in/s) DAMAGE

2.8 No noticeable damage

4.3 Fine cracks and fall of plaster

6.3 Cracking of plaster and masonry walls

9.1 Serious cracking

2) Edwards and North wood (1959)

PARTICLE VELOCITY (in/s) DAMAGE

<2.0 Safe, no damage

2.0-4.0 Caution

> 4.0 Damage

3) USBM - United States Bureau of Mines (1971)
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PARTICLE VELOCITY (in/s) TYPE OF DAMAGE

<2.0 No damage

2.0-4.0 Plaster cracking

4.0-7.0 Minor damage

>7.0 Major damage to structures

4) The CanMet and Bauer and Caldwell (1977) established PPV damage predictions for 

equipment and structures:

TYPE OF STRUCTURE TYPE OF DAMAGE PPV(in/s)

Rigid mounted mercury 
switches

Trip out 0.5

Houses Plaster Cracking 2.0

Concrete blocks in a new 
home

Cracks in block 8.0

Cased drill holes Horizontal offset 15.0

Mechanical equipment, 
pumps and compressors

Shafts misaligned 40.0

Prefabricated metal building 
on concrete pads

Cracked pads, building twisted and 
distorted

60.0

All these damage criteria when plotted together appear in Figure 20. The common 

denominator for damage became 2.0 in./s because the probability for structural damage 

to residential dwellings was low.

This damage criterion was also assumed to be independent of the frequency, which 

ranged from 1 cps to 500 cps.
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Figure 20 - Particle velocity vs frequency with recommended safe blasting criterion 
(USBM Bulletin 656, 1971). (72)
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The concept of Scaled Distance was introduced in 1971. Scaling is the designation 

of relationships correlating ground motion levels at various distances from blasts. A 

scaling factor based on a dimensionless parameter for distance is used. The scaled 

distance is derived as a combination of distance and charge weight influencing the 

generation of seismic or air blast energy. The empirical equation derived from numerous 

measurements is as follows:

(D . 7)
w 2

where

V = Maximum peak particle velocity (in/s) 

d = Slope distance between the shot and the nearest dwelling(ft) 

w = Total weight of explosives per a minimum of 8-msec delay 

K,M = Site factors

d/w1/2 = Scaled distance for a cylindrical charge

Figure 21 shows a plot with the empirical derivation of curves for the calculation 

of the scaled distance for a cylindrical charge.

This method is based on the determination, through statistical fitting, of the site 

factors so that the peak particle velocities can be predicted. There is need for a great 

number of measurements in various directions in order to gain confidence on this method 

for an entire site. Normally this can be done through a broad blasting monitoring
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program.

After a large number of blasts were monitored for recording the PPV in many 

areas of the United States, and the data were combined, two scaled distances were agreed 

as safe and regulated for field use. The blast design equations developed are:

D/w172 > 50 ft/lb1/2 (D.8)

D/w1/2 > 20 ft/lb1/2 (D.9)

Equation D.8 was recommended for sites where no blast monitoring was made and 

Equation D.9 was recommended for sites that were actually monitored.

In 1976, Medearis reported that specifying a maximum ground particle velocity

alone, did not take into account two very significant parameters, namely the predominant

frequencies of the ground motion and the structure being excited. Some of his conclusions 

were:

1) The frequencies observed in 63 structures measured were between 4 - 1 8  Hz.

2) Taller structures have lower frequencies

3) There was no correlation of frequency with plan dimension.

4) Neither peak ground velocity nor peak ground acceleration are optimum predictors of 

damage to residences.

5) Additional research is highly desirable.

In 1974, the USBM began to reanalyze the blast induced damage to structures and
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in 1980, Siskind et al. published the RI (Report of Investigations) 8507 with the results 

of a comprehensive study of ground vibration produced by blasting adjacent to 76 homes 

with 219 production blasts. The main conclusions of this study were:

1) The amplitude, frequencies and durations of the ground vibrations change as the wave 

propagate, because of:

a) Interactions with various geologic media and structural interfaces

b) Spreading out of the wave train through dispersion(Bollinger effect)

c) Absorption of the wave energy through the media that is greater for the higher 

frequencies

2) The analysis doesn’t hold for the near field when blasting because of the influences 

of the blast geometry.

3) At large distances from the charge the blasting geometry is a less critical factor

3) Vibration, frequency, displacement and acceleration amplitudes depend strongly on the 

propagating media.

4) Normally, ground motion measurements above 45 Hz produce little or no amplification 

in structure comers and/or midwalls.

On March, 1983, the United States Office of Surface Mining (OSM) published its 

final regulations concerning the use of explosives for the control of ground vibrations and 

air blast. These regulations, however, apply only to surface coal mining. These regulations 

were designed to give the operator more flexibility in the blasting design. Many 

organizations in the aggregate, crushed stone and other non coal operations have opted
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to comply with these new regulations as operating guidelines.

The OSM regulations were derived in part from the RI 8507. They did not 

incorporate all of the USBM recommendations, but were designed to offer more flexibility 

in meeting performance standards and to prevent property damage. The operator is now 

given a choice of employing any one of three methods to satisfy the OSM regulations. 

The three methods are as follows.

1) Limiting particle velocity criterion

2) Scaled distance equation criterion

3) Blast level chart criterion

Figure 22 displays the graph that is currently being used as the regulation for 

scaled distance for surface coal mines in the United States.
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Figure 22 - Peak particle velocity vs frequency as a blast damage indicator. OSM, 1983
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Appendix E 

Computer Programs

156

1) Applied to Model 1

1.1) Gaussel.for: calculation of the constants from a given set of data from a blast 

monitoring program.

1.2) Input.bas: chained program from the main program for calculating the damage 

zones. This program gives the input data for the main program

1.3) Damagel.bas: this is the main program for calculating the damage zone and 

plotting the results for model 1.

2) Applied to model 2

2.1) Pwave.for: this program converts wave velocities from the metric to SI system.

2.2) Spherica.for: this program calculates the stresses at the spherical wave front.
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* Gaussel.for
*

* This program calculates the site specific constants a, B and k for
* a given set of data collected from a blasting seismic monitoring
* program. It uses Gaussian Elimination to produce the results from the
* matrix assembled with the normal equations from the Least Squares
* Method.
* This program was written by Paulo Roberto Pereira in 3/16/91

CHARACTER ANS*1 
CHARACTERS FNAME, OUTFILE*20 
INTEGER LIMIT,LIMAUG 
PARAMETER (LIMIT = 10,LIMAUG=LIMIT+1)
REAL AUG(LIMIT,LIMAUG),X(LIMIT),MULT 
INTEGER I,J,K,PIVOT,M,COUNT
REAL SUMY,SUMX,SUMZ,SUMX2,SUMY2,SUMXY,SUMN,SUMXZ,SUMYZ 
REAL KAY,ALFA,BETA,VCALC 
REAL R(100),Q(100),V(100)

C open the file where the values of r,w and v are 
C perform the logarithm calculations
C set all the sums to zero

PRINT*,’ENTER NAME OF DATA FILE’
READ ’(A)’, FNAME
OPEN (UNIT = 1,FILE = FNAME ,STATUS = ’OLD’) 
PRINT*,’ENTER NAME OF THE OUTPUT FILE’ 
READ ’(A)’, OUTFILE
OPEN (UNIT =2, FILE = OUTFILE, STATUS = ’NEW’)

C set all the sums to zero

SUMY = 0 
SUMX = 0 
SUMZ = 0 
SUMX2 = 0
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SUMY2 = 0 
SUMXY = 0 
SUMXZ = 0 
SUMYZ = 0 
COUNT = 0 
DO 30 M=l,40

READ (1,*) R(M),Q(M),V(M)
PRINT*, R(M),Q(M),V(M)
SUMN= M + 1
SUMY=SUM Y+ALOG10(R(M))
SUMX=SUMX+ALOG10(Q(M))
SUMZ=SUMZ+ALOG10( V (M))
SUMX2=SUMX2+( ALOG 10(Q(M)))**2 
SUMY2=SUMY2+(ALOG 10(R(M)))**2 
SUMXY=SUMX Y+(ALOG 10(Q(M)) * ALOG 10(R(M))) 
SUMXZ=SUMXZ+( ALOG 10(Q(M))* ALOG 10(V (M))) 
SUMYZ=SUM YZ+( ALOG 10(R(M)) * ALOG 10( V (M)))

30 CONTINUE
PRINT*,’SUMN=’,SUMN
PRINT*,’SUMX2=’,SUMX2,’SUMXY=’,SUMXY,’SUMY2=’,SUMY2 
WRITE (*,40) SUMN,SUMX,SUMY,SUMZ 

40 FORMAT(4(2X,F12.5))
WRITE (*,50) SUMX,SUMX2,SUMXY,SUMXZ 

50 FORMAT(4(2X,F12.5))
WRITE (*,60) SUMY,SUMXY,SUMY2,SUMYZ

60 FORMAT(4(2X,F12.5))
PRINT *, ’DO YOU WANT TO CONTINUE EXECUTION? Y OR N’ 
READ ’(A)’,ANS 
IF (ANS.EQ.’Y’) THEN 

GO TO 62 
ELSE

IF (ANS.EQ.’N’) THEN 
GO TO 61 

END IF 
END IF

61 STOP

C Read Coefficient Matrix and constant vector

62 PRINT*, ’ENTER THE NUMBER OF EQUATIONS’
READ*,N
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PRINT*, ’ENTER THE COEFFICIENT MATRIX ROWWISE’ 
READ*, ((AUG(I,J),J=1,N),I=1,N)
PRINT*, ’ENTER CONSTANT VECTOR’ 
READ*,(AUG(I,N+1),I= 1,N)

* GAUSSIAN ELIMINATION

DO 1101 = 1,N

* locate nonzero diagonal entry

IF (AUG(I,I) .EQ.O) THEN 
PIVOT = 0 
J = I+  1

70 IF ((PIVOT .EQ. 0) .AND. (J .LE. N)) THEN 
IF (AUG(J,I) .NE. 0) PIVOT = J 
J = J+  1 
GO TO 70 

END IF
IF (PIVOT .EQ. 0) THEN 

STOP ’MATRIX IS SINGULAR’
ELSE

* INTERCHANGE ROWS I AND PIVOT

DO 80 J = 1, N+l 
TEMP = AUG(I,J)
AUG(I,J)=AUG(PIVOT,J)
AUG(PI V OT, J)=TEMP 

80 CONTINUE
END IF 

END IF

* ELIMINATE ITH UNKNOWN FROM EQUATIONS I+1,...,N

DO 100 J = I +1,N 
MULT = -AUG(J,I)/AUG(I,I)
DO 90 K= I, N+l

AUG(J,K) = AUG(J,K) + MULT * AUG(I,K)
90 CONTINUE
100 CONTINUE
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110 CONTINUE 
* FIND THE SOLUTIONS

X(N) = AUG(N, N+1 )/AUG(N,N)
DO 130 J = N-1,1,-1 

X(J) = AUG(J, N+l)
DO 120 K= J+1.N

X(J) = X(J) - AUG(J,K)*X(K)
120 CONTINUE

X(J)= X(J)/AUG(J,J)
130 CONTINUE 

PRINT*
PRINT*, ’SOLUTION VECTOR IS’
DO 150 1= 1,N

PRINT 140, I, X(I)
140 FORMAT (IX, ’X(’, 12, ’) =’, FI 1.8)
150 CONTINUE 

X1=X(1)
X2=X(2)
X3=X(3)
KAY =10**X1 
ALFA = X2 
BETA = X3

C Calculate the Standard Deviation
S2 = (SUMZ-X1-(ALFA*SUMX)+(BETA*SUMY))
SI = SI + S2**2
SI = SQRT(Sl/SUMN-2)
PRINT*,’THE STANDARD DEVIATION OF THIS DISTRIBUTION ’ 
PRINT*,’WITH K = 3 DEGREES OF FREEDOM IS = ’,S1 
SUMV = 0 
SST = 0 
SSR = 0

C Calculate the Multiple Correlation Coefficient 
DO 160 M=l,40 

C Calculate the mean of the Velocities 
SUMV = SUMV + V(M)
SVMEAN= SUMV/SUMN 

C Calculate the Total Sum of the Squares
SST = SST + (V(M) - SVMEAN)**2 

C Calculate the Regression Sum of the Squares
VCALC = KA Y* (Q(M) * * ALFA/R(M)* *BET A)
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PRINT*, ,VCALC=’,VCALC
SSR = SSR + (VCALC - SVMEAN)**2
R2 = SSR/SST

C Calculate the new velocities. Transfer the calculated 
C and fitted velocities to a file

WRITE (2, FMT = *) R(M),V(M),VCALC

160 CONTINUE
PRINT*,’THE CORRELATION COEFFICIENT IS=\ R2 
CLOSE (1)
CLOSE (2)
END



T-4145 162

INPUT.BAS

10 COMMON DA()
20 REM this routine inputs the hole details and explosive details
30 REM for calculating the damage zone
40 INPUT "enter filename"; FILENAMES
50 OPEN "I",#1,FILENAMES
70 FOR 1=1 TO 10
80 INPUT# 1,DA(I)
90 PRINT I,DA (I)
100 NEXT I
110 PRINT "hole details"
120 PRINT USING "1. hole diam. ###.### \  \";DA(1);"M"
130 PRINT USING ”2. hole inclination ###.# \  \";DA(2)
140 PRINT USING "3. stemming ###.#\ \";DA(3);"m"
150 PRINT
160 PRINT "explosive details"
170 PRINT USING "4. rws, bottom charge ###.#\ \";DA(4)
180 PRINT USING "5. rws, column charge ###.#\ \";DA(5)
190 PRINT USING "6. height, b. charge ###.#V \";DA(6);"m"
200 PRINT USING "7. height, c. charge ###.#\ \";DA(7);"m"
210 PRINT USING "8. packing,b.charge ####.#v \";DA(8);"kg/mA3" 
220 PRINT USING "9. packing,c.charge ###.#\ \";DA(9);"kg/mA3"
230 PRINT USING "10. damage zone, PPV ###.#\ \";DA(10);"mm/s"
231 PRINT "enter the filename where to chain to"
232 INPUT CHAINFILS 
240 CHAIN CHAINFILS, 135
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* Damage l.bas
* This routine calculates the isolines of particle velocities away
* from a single hole with depth and it also calculates the variation of
* the particle radially away from the borehole. This routine has been
* written Mr. Roger Holmberg from Nitro-Nobel, Sweden and kindly supplied
* for the pursuance of this study. It has been modified according to his
* instructions. These modifications are for adequating the routine to the
* present study.

10 REM ROUTINE DAMAGE1.BAS 
90 DIM HAS T (60), A VS T (60)
130 CHAIN "INPUT", 10
135 REM the program input continues from this line on 
140 DIM HAST(60),AVST(60)
150 PRINT CHR$(12)
160 F=DA(3)
170 A2=DA(2)
180 P1=DA(9)
190 P2=DA(8)
200 S1=DA(5)
210 S2=DA(4)
220 H1=DA(7)
230 H2=DA(6)
240 D1=DA(1)
250 VEL=DA(10)
260 IF V E L o 0 GOTO 290
270 PRINT "DAMAGE ZONE PARTICLE VELOCITY (MM/S) ?"
280 INPUT VEL 
290 PRINT CHR$(12)
300 PRINT
310 PRINT "DAMAGE ZONE CALCULATION "
320 PRINT
330 PRINT "1 : CALCULATE ISOLINE FOR GIVEN VELOCITY "
340 PRINT "2 : CALCULATE PARTICLE VELOCITY AS A FUNCTION OF 
DISTANCE"
350 PRINT "3 : BACK TO MAIN MENUE "
360 PRINT 
370 INPUT FUNC
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380 PRINT CHR$(12)
390 IF (FUNC=3) THEN CHAIN "NEWMAIN’',430 
400 IF (FUNC<1) OR (FUNC>3) GOTO 290 
410 IF (FUNOl) THEN GOSUB 450 
420 IF (FUNC=2) THEN GOSUB 1490 
430 GOTO 290
440 REM ********* H3 is hole depth = HI column + H2 bottom charge + F stemming 
450 H3=H1+H2+F 
460 PRINT
470 PRINT MAINHEAD$
480 PRINT
490 PRINT "DAMAGE ZONE"
500 GOSUB 1620 
510 PRINT CHR$(12)
520 PRINT
530 PRINT "DISTANCE (M) PARTICLE VELOCITY (MM/S) X-COORD 
Y-COORD "
540 REM ********* L3 is column linear charge weight. L4 is bottom (rel.ANFO)
550 L3=PI*D 1 A2/4*P1 *S 1/1.02 
560 L4=PI*D 1 A2/4*P2*S2/1.02 
570 V0=.000178 
580 A=2.624 
590 B=. 175
600 REM *********Calculate velocity at 5 depths 
610 1=1
620 FOR D=F TO H3 STEP (H3-F)/4
630 REM ********* Guess initial distance R for iteration
640 R=(700*(L3*H1+L4*H2)A.7/VEL)A.66
650 GOSUB 1240
660 V1=V
670 R1=R
680 R=Rl/2
690 REM ***** Call sub for isoline calculation 
700 GOSUB 1220 
710 R2=R 
720 V2=V
730 REM ********* Determine y=k*(l/x) through the points 
740 K=(R1/V1 +R2/V2)/( 1/V1A2+1/V2A2)
750 R=K/VEL
760 REM ***** Call sub for isoline calculation 
770 GOSUB 1220
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780 R3=R 
790 V3=V
800 REM ********* is iteration finished ?
810 IF ABS(V3-VEL)<(VEL/ 50) GOTO 890
820 REM ********* Rearrange to best points
830 R1=R2
840 V1=V2
850 R2=R3
860 V2=V3
870 GOTO 740
880 REM ********* Found is R,D for the expected damage zone.Calculate coordinat. 
890 Y=-(R*COS(Al)+D*SIN(Al))
900 IF Al=PI/2! GOTO 920
910 GOTO 940
920 X=R
930 GOTO 950
940 X=R*SIN(A 1 )-D*COS(A 1)
950 PRINT USING " ##.## ### ###.## ###.## ";R;V3;X;Y
960 REM ******* x,y are isoline coordinates
970 PLX(I)=X
980 PLY(I)=Y
990 1=1+1
1000 NEXT D
1010 HOLEBOTX=-H3*COS(Al)
1020 HOLEBOTY=-H3*SIN( A1)
1030 BOTX=-(H 1 +F)*COS (A 1)
1040 BOTY=-(Hl+F)*SIN(Al)
1050 COLX=-F*COS(Al)
1060 COLY=-F*SIN(Al)
1070 PRINT 
1080 PRINT 
1090 PRINT
1100 PRINT USING "HOLE COORD. START-END = 0.0- ###.## 
###.##" ;HOLEBOTX;HOLEBOTY
1110 PRINT USING "HOLE COORD. BOTTOM CHARGE ###.##
###.##";BOTX;BOTY
1120 PRINT USING "HOLE COORD. COLUMN CHARGE ###.## ###.## 
";COLX;COLY
1130 REM ******* Back to degrees for A1 
1140 A1=A1*( 1801/PI)
1150 PRINT
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1160 PRINT 
1170 PRINT 
1180 STOP
1190 REM ******* go to sub for plot of isoline velocity 
1200 GOSUB 2840 
1210 RETURN
1220 REM ***************** SUB FOR ISOLINE CALCULATION *************** 
1230 REM ******* Contribution from bottom charge 
1240 IF H2=0 GOTO 1370 
1250 Y=0
1260 T=ATN((H3-D)/R)
1270 DX=H2/50 
1280 K7=.5*B/A 
1290 K6=R*TAN(T)
1300 K5=RA2 
1310 K4=L4*DX
1320 FOR X=DX/2 TO H2 STEP DX 
1330 Y=Y+K4/(K5+(K6-X)A2)AK7 
1340 NEXT X
1350 REM ******* Contribution from column charge 
1360 IF H1=0 THEN 1460 
1370 T=ATN((H1+F-D)/R)
1380 DX=Hl/50 
1390 K7=.5*B/A 
1400 K6=R*TAN(T)
1410 K5=RA2 
1420 K4=L4*DX
1430 FOR X=DX/2 TO HI STEP DX 
1440 Y=Y+K4/(K5+(K6-X)A2)AK7 
1450 NEXT X 
1460 V=V0*YAA 
1470 RETURN
1480 REM ***************** End of sub for isoline calculation *************
1490 REM ************** SUBROUTINE VELDISTANCE ********************
1500 IF D1 <=2! THEN XMAX=50
1510 IF D1 <= .25 THEN XMAX=30
1520 IF D ie. 125 THEN XMAX=15
1530 IF Dl<.05 THEN XMAX= 5
1540 H3=H1+H2+F
1550 PRINT CHR$(12)
1560 PRINT MAINHEAD$
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1570 PRINT
1580 PRINT "PEAK PARTICLE VELOCITY VERSUS DISTANCE"
1590 REM ******* Go sub text 
1600 GOSUB 1620 
1610 GOTO 1910 
1620 REM *************; §GB TEXT **********************************
1630 PRINT
1640 REM ******* A2 is the inclination 
1650 IF A2=0 GOTO 1670 ELSE GOTO 1690 
1670 A1=90 
1680 GOTO 1695 
1690 A1=ATN(1/A2)
1695 PI=3.1416 
1700 A1=A1* (PI/180)
1710 PRINT USING "HOLE DIAMETER 
1720 PRINT USING "HOLE DEPTH 
1730 PRINT USING "STEMMING 
1740 PRINT USING "COLUMN CHARGE 
1750 PRINT USING "BOTTOM CHARGE 
1760 PRINT USING "HOLE INCLINATION 
DEGREES "
1770 PRINT USING " ###.## \  \";A2;" M/M "
1780 PRINT USING "DEGREE OF PACKING, COLUMN CHARGE ####.# \  
\";P1;" KG/MA3 "
1790 PRINT USING "DEGREE OF PACKING, BOTTOM CHARGE ####.# \  
\";P2;" KG/MA3 " *
1800 PRINT USING "CHARGE CONCENTRATION; COLUMN ###.# \  \
";Pl*PI*DlA2/4;" KG/M"
1810 PRINT USING "CHARGE CONCENTRATION; BOTTOM ###.# \  \
";P2*PI*DlA2/4;" KG/M"
1820 PRINT USING "REL. WEIGHT STRENGTH, COLUMN CHARGE ###.## ";S1 
1830 PRINT USING "REL. WEIGHT STRENGTH, BOTTOM CHARGE ###.## ";S2 
1840 PRINT USING "ASSUMED DAMAGE LEVEL ###.# \  \
";VEL;" MM/S"
1845 STOP 
1850 PRINT
1 8 6 0 P R I N T

1870 A1 =A1*(PI/180!)
1880 STOP 
1890 RETURN

###.### \  \";D1;"M"
###.# \  \";H3;" M "
###.# \  \";F;" M "

###.# \  \";H1;" M " 
###.# \  \";H2;" M " 

###.# \  \";A2;"



T-4145 168

1900 REM ******* end of sub text
1910 REM ********************* SUB FOR VELOCITY VERSUS DISTANCE **** 
1920 PRINT CHR$(12)
1930 REM ******* Calculate linear charge conc. rel. s-ANFO = 1.02
1940 L3=PI*D1A2/4*P1*S 1/1.02
1950 L4=PI*D1A2/4*P2*S2/1.02
1960 V0=700
1970 A=.7
1980 B=1.5
1990 D=F
2000 X3=-l
2005 PRINT ’’NUMBER DISTANCE VELOCITY"
2010 FOR R=10*D1 TO XMAX -XMAX/6 STEP .5 
2015 PRINT ”R=";R
2020 REM ******* Contribution from bottom charge 
2030 IF H2=0 GOTO 2160 
2040 Y=0
2050 T=ATN((H3-D)/R)
2051 PRINT "T=’’;T 
2060 DX=H2/50 
2070 K7=.5*B/A 
2080 K6=R*TAN(T)
2090 K5=RA2 
2100 K4=L4*DX
2110 FOR X=DX/2 TO H2 STEP DX 
2120 Y=Y+K4/(K5+(K6-X)A2)AK7 
2130 NEXT X 
2140 IF H1=0 GOTO 2260
2150 REM ******* Contribution from column charge 
2160 T=ATN((H1 +F-D)/R)
2170 DX=Hl/50 
2180 K7=.5*B/A 
2190 K6=R*TAN(T)
2200 K5=RA2 
2210 K4=L4*DX
2220 FOR X=DX/2 TO HI STEP DX
2230 Y=Y+K4/(K5+(K6-X)A2)AK7
2240 IF V0*YAA>1400 GOTO 2410
2250 NEXT X
2260 V=V0*YAA
2270 IF V0*YAA<200 GOTO 2420
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2280 REM ******* R is the damage zone perpendicular to the hole axis
2290 Y=-(R*COS(Al)+D*SIN(Al))
2300 IF Al=PI/2! GOTO 2320
2310 GOTO 2340
2320 X=R
2330 GOTO 2350
2340 X=R*SIN( A1 )-D*COS (A 1)
2350 X3=X3+1
2360 IF X3<>0 GOTO 2380
2370 GOTO 2410
2380 HAST(X3)=V 
2390 AVST(X3)=X 
2400 PRINT "x3,x,v"; X3,X,V
2405 PRINT "x3,x,v";X3,X,V
2406 STOP 
2410 NEXT R 
2420 STOP
2430 REM ******* Go to sub for plot of velocity rel. distance 
2440 GOSUB 2480 
2450 A1 =A1*(PI/180)
2460 RETURN
2470 REM *********** end of sub for velocity versus distance ****************** 
2480 REM *********** SUB FOR PLOT OF VELOCITY VERSUS DISTANCE *** 
2490 SCREEN 2 
2500 CLS
2510 WINDOW (-XMAX/10,-200)-(XMAX/10+XMAX,1600)
2520 LINE (0,0)-(XMAX, 1400)„B 
2530 LINE (0,VEL+5)-(XMAX,VEL+5)
2540 LINE (0,VEL-5)-(XMAX,VEL-5)
2550 FOR 1=200 TO 1400 STEP 200 
2560 LINE (0,I)-(XMAX,I)
2570 NEXT I
2580 FOR 1= 0 TO XMAX STEP XMAX/5 
2590 LINE (1,0)-(1,1400)
2600 NEXT I
2610 LOCATE 1,10
2620 PRINT TAB(20),MAINHEAD$
2630 LOCATE 2,10
2640 PRINT TAB(20), "PEAK PARTICLE VELOCITY VERSUS DISTANCE"
2650 FOR 1=200 TO 1200 STEP 200 
2660 LOCATE 25-24/1800*(200+I),2
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2670 PRINT USING ’’####’’;I 
2680 NEXT I 
2690 LOCATE 3,1 
2700 PRINT " MM/S"
2710 LOCATE 24,10
2720 FOR I=XMAX/5 TO XMAX-XMAX/5 STEP XMAX/5 
2730 PRINT " ”;I;
2740 NEXT I
2750 PRINT ” M";
2760 FOR 1=1 TO X3
2770 IF HAST(I)>1400 OR (I+1)>X3 GOTO 2790 
2780 LINE (AVST(I),HAST(I))-(AVST(I+1),HAST(I+1))
2790 NEXT I 
2800 LOCATE 2,1 
2810 STOP 
2820 RETURN
2830 ********END OF SUB FOR PLOT OF VELOCITY VERSUS DISTANCE ** 
2840 REM **** $UB fo r  plo t  of iso line  v elo c ity*********************** 
2850 SCREEN 2 
2860 CLS
2870 MINY = PLY(l)
2880 MAXX = PLX(I)
2890 FOR 1= 2 TO 5
2900 MAXX = PLX(I) * ABS(PLX(I) > MAXX) + MAXX*ABS(PLX(I)<=MAXX)
2901 MINY = PLY(I) * ABS(PLY(I) < MAXX) + MINY * ABS(PLY(I)>=MAXX) 
2910 NEXT I
2920 DAMAGE = MAXX
2930 IF MAXX > ABS (MINY) * 1.6 GOTO 2960
2940 MAXX= 1.6* ABS (MINY)
2950 GOTO 2970 
2960 MINY = MAXX/1.6
2970 WINDOW (-MAXX/5,MINY-MAXX/5/1.6)-(MAXX+MAXX/5,MAXX/5/1.6) 
2980 FOR 1=1 TO 4
2990 LINE (PLX(I), PLY(I))-(PLX(I+1),PLY(I+1))
3000 NEXT I
3010 LINE (-MAXX/10,0)-(MAXX,O)
3020 LINE (0-D 1/2,0)-(HOLEBOTY-Dl/2,HOLEBOTY)
3030 LINE (0,HOLEBOTY-MAXX/20/1.6)-(DAMAGE,HOLEBOTY-MAXX/20/1.6) 
3040 LOCATE 20,25
3050 PRINT ’’DAMAGE ZONE=";DAMAGE; "M"
3060 LOCATE 1,1
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3070 STOP
3080 A1=A1*(PV180!)
3090 RETURN
3100 REM ****END OF SUB FOR PLOT OF ISOLINE VELOCITY*************
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* Pwave.for
* This program calculates the ratio between P-Wave velocities that
* were measured in the field with the ones calculated for the same type
* of rock using the formula for a dilatational wave velocity. The program
* also calculates the ratio between the two velocities, the measured and
* the calculated.
* This program has been written by Paulo Roberto Pereira in 3/20/91

CHARACTER ANS*1
CHARACTER*20 FNAME, OUTFELE*20
REAL D(20),PV(20),YD(20),MUD(20),C(20),RATIO(20)
REAL PR(20), LC
INTEGER LIMIT

C Open the file where the values to beused in the calculations are.
C Open the file to which you want the calculated values to be stored.

PRINT*,’ENTER THE NAME OF INPUT DATA FILE’
READ ’(A)’, FNAME
OPEN (UNIT=1, FILE = FNAME, STATUS = ’OLD’)
PRINT*,’ENTER NAME OF OUTPUT FILE’
READ ’(A)’, OUTFILE
OPEN (UNIT = 2, FILE = OUTFILE, STATUS = ’NEW’)

C Make the necessary conversions of units if your file in metric.
C The conversions are from the metric system for the SI system and the 
C units are related to feet not inches.

PRINT*,’HOW MANY DATA POINTS YOU HAVE’
READ*, LIMIT 
DO 10 N = 1, LIMIT

READ (1,*) D(N),PV(N),YD(N),MUD(N),PR(N)
DE = D(N) * 62.43
PVE = PV(N) *1000.0/0.3048
YDE = YD(N) * 20.89E-04
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MUDE = MUD(N) * 20.89E-04

C Calculate the Dynamic Lame’s Constant
LC = YDE*PR(N)/(( 1 +PR(N))*( 1 -2*PR(N)))

C Calculate the Dilatational Wave Velocity
C(N) = SQRT((LC + (2*MUDE))/DE)
RATIO(N) = PVE/C(N)
WRITE (2,*) DE,PVE,YDE,MUDE,LC,C(N),RATIO(N) 
IF (N.EQ.LIMIT) THEN 

GOTO 30 
END IF 

10 CONTINUE 
30 CLOSE (2)

END
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* Spherica.for
* This program calculates the Peak Particle Velocity, Particle
* Displacement stresses and strains in the radial direction of
* propagation of a spherical wave front.
* The program also calculate the radial stress using the formula for
* plane wave front for making a comparison with the stress at the
* spherical wave front.
* The program has been written by Paulo Roberto Pereira. 3/4/91

CHARACTER OUTFILE*20 
CHARACTER ANS*3
REAL Y,MU,PR,RD,ED,VOD,HD,X,DELTAX,RI 
REAL LC,C,CF,DP,ALFA,CR,SV,RWS 
REAL K,L,M,U,V,SP,ST,SS,R,EXD 
INTEGER NTIMES,N
DIMENSION U(200),V(200),SP(200),ST(200),SS(200)

C Input data for calculations

PRINT*,’ENTER THE NAME OF THE OUTPUT FILE’
READ ’(A)’,OUTFILE
OPEN (UNIT = 2, FILE = OUTFILE, STATUS = ’NEW’)
PRINT *
PRINT *
PRINT*, ’ENTER NOW THE PARAMETERS FOR THE ROCK’ 
PRINT*
PRINT*, ’ENTER THE DYNAMIC ELASTIC MODULUS IN PSF’ 
READ*, Y
PRINT*, ’ENTER THE DYNAMIC MODULUS OF RIGIDITY IN PSF’ 
READ*, MU
PRINT*, ’ENTER THE POISSON”S’,’ RATIO’
READ*, PR
PRINT*, ’ENTER THE ROCK DENSITY IN PCF’
READ*, RD
PRINT*, ’ENTER THE SONIC VELOCITY OF THE ROCK IN FT/S’ 
READ*, SV
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PRINT*
PRINT*
PRINT*, ’ENTER NOW THE PARAMETERS FOR THE EXPLOSIVE’
PRINT*
PRINT*, ’ENTER THE EXPLOSIVE DENSITY IN GR/CC’
READ*, ED
PRINT*, ’ENTER THE VELOCITY OF DETONATION IN FT/S’
READ*, VOD
PRINT*, ’ENTER THE HOLE DIAMETER IN FT’
READ*, HD
PRINT*, ’ENTER THE DIAMETER OF THE EXPLOSIVE COLUMN IN FT’ 
READ*, EXD
PRINT*, ’ENTER THE RELATIVE WEIGHT STRENGTH OF THE EXPLOSIVE’ 
READ*,RWS
PRINT*,’ENTER THE DISTANCE FROM THE BOREHOLE WALL TO THE ’ 
PRINT*,’LAST POINT WHERE YOU WANT THE STRESSES TO BE ’ 
PRINT*,’ANALYSED, IN FT’
READ*, X
PRINT*,’ENTER THE STEP-SIZE AT WHICH EACH CALCULATION 

SHOULD’
PRINT*,’BE MADE, IN FT’
READ * ,DELT AX

PRINT*

C Calculate the constants:
C a) Lame’s Constant (LC)
C b) Circular Frequency (CF)
C c) Detonation Pressure (Po)
C d) pressure Pulse Parameter(ALFA)
C e) K 
C f) L 
C g) M
C h) Dilatational Wave Velocity(C)

PRINT*,’CALCULATE LAME” S CONSTANT IN PSF’
LC = Y * PR /  ((1 +PR)*(1 -2*PR))
PRINT*,’LC=’,LC



T-4145 176

PRINT*,’CALCULATE THE DILATATIONAL WAVE VELOCITY IN FPS’
RD1=RD/31.8135
C = SQRT((LC+(2*MU))/RD 1)
PRINT*,’C=’,C

PRINT*,’CALCULATE THE CIRCULAR FREQUENCY’
CF = (2*C*(SQRT((LC+MU)*MU))/((HD/2)*(LC+2*MU)))
PRINT*,’CF=’,CF

PRINT*,’CALCULATE THE BOREHOLE WALL PRESSURE IN PSF’ 
PRINT*,’IS THE HOLE DECOUPLED? Y OR N?’
READ ’(A)’,ANS 
IF (ANS .EQ. ’Y’ ) THEN 

PRINT *, ’ANSWER =’,ANS 
CR=(EXD**2)/(HD**2)
DP = 2.325E-07*ED*(RWS)*VOD**2*(CR)* 14504* 144 
PRINT *,’BOREHOLE WALL PRESSURE DECOUPLED IS =’,DP 

ELSE
PRINT*, ’THE HOLE IS FULLY COUPLED’
DP = 2.325E-07*ED*(RWS)*VOD**2* 14504* 144 
PRINT*,’BOREHOLE WALL PRESSURE FULLY COUPLED IS =’,DP 

END IF

PRINT*,’CALCULATE THE PRESSURE PULSE PARAMETER, ALFA’ 
ALFA = CF/SQRT(2)
PRINT*,’ALFA=’,ALFA

PRINT*, ’CALCULATE CONSTANTS K, L, M’
XI = (HD/2)*DP
X2 = ((4*ALFA*C*MU)/((HD/2)*(LC+2*MU)))
X3 = ((4*MU*C**2)/((HD/2)**2*(LC+2*MU)))
X4 = RD1*(ALFA**2-X2+X3)
K = X1/X4 
PRINT*,’K=’,K
L = S QRT (MU/(LC+MU))- (ALF A/CF)
PRINT*,’L=’,L
M = (2*C*MU/((HD/2)*(LC+2*MU)))
PRINT*,’M=’,M
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C Print the headings of the table

PRINT 10,’DIST.7PPV7PL.STRESS7DISPL.7STRAIN7SPH.STRESS’ 
10 FORMAT (4X,A5,6X,A5,6X,A10,6X,A6,4X,A7,5X,A10//)

C Calculate the radial stress at the spherical wave front
C Start calculation for the wave parameters

RI = HD/2
DO 30 R= RI,X,DELTAX 

T = (R-RI)/C

C Calculate the Particle Displacement

U1 = K/R**2
U2 = EXP(-ALFA*T)
U3 = COS(CF*T)
U4 = SIN(CF*T)
U5 = EXP(-M*T)
U6 = U5*(U3+(L*U4))
U7 = K/(R*C)
U8 = -ALFA*EXP(-ALFA*T)
U9 = U5*((M-(CF*L))*U3 + ((M*L) + CF)*U4)
U(R)= U1*(U2 - U6) + U7*(U8+U9)

C Calculate the Particle Velocity

V1=U1
V2=U8
V3=U9
V4=U7
V5=ALFA**2*EXP(-ALFA*T)
V6=U5
V7=((CF**2+(2*M*CF*L)-M!ic*2)*U3)
V8=((CF**2*L-(2*M*CF)-(M**2*L))*U4)
V(R)=V1*(V2+V3)+(V4*(V5+V6*(V7+V8)))
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C Calculate the Radial Stress at the wave front of a plane wave in psi 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

SP(R)= (RD*V(R)*SV*0.0069)/32.2

C Calculate the Radial Strain at the spherical wave front

ST1=2*K/R**3
ST2=U2
ST3=U6
ST4=2*K/(R**2*C)
ST5=U8
ST6=U9
ST7=K/(R*C**2)
ST8=V5
ST9=U5*(V7+V8)
ST(R)=ST1*(-ST2+ST3)+ST4*(ST5+ST6)+ST7*(ST8+ST9)

C Calculate the Radial Stress at the spherical wave front

SS(R)=(((LC+(2*MU))*ST(R)+(2*LC*U(R)/R))*0.0069) 
PRINT 20,R,V(R),SP(R),U(R),ST(R),SS(R)
WRITE (2,20) R,V(R),SP(R),ST(R),SS(R)

20 FORMAT(lX,F8.5,4(lX,El 1.4)/)
IF (R .GE. X-DELTAX) THEN 

GOTO 40 
END IF 

30 CONTINUE
40 PRINT*,’CALCULATION IS OVER.’
70 CLOSE (2)

END
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Appendix F 

The Dirac Delta Function or Dirac Impulse1

When dealing with bell-shaped pulses, narrowing the pulse widens its spectrum 

and vice versa. For example, a function f ( t ) ,  that is replaced by a function a .f ( a t )  is 

equivalent to a contraction along the abscissa axis and an increase along the coordinate 

axis both by a factor of a .  Figures 2 3  shows the case for a = 2 . Note that the integrals of 

f ( t )  and a f ( a t )  are the same for any a; this follows from the fact that the area under the 

two curves remains constant Let S (co) be the spectral function of f ( t ) ;  it is desired to find 

the spectral function S a(co) of a f ( a t ) .  The general equation is

Sa(a>) = - 3 -  ff(aT)e-ia'dT: ( F . l )a 2n J
—m

where

Sa = Spectral function of the pulse 

a = Constant

1 Savarenski, 1972
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f f t l

Figure 23 - Generic function f ( t )  that doesn’t change its integral when The parameter "a" 
is varied. After Savarenski, 1972 (65)
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co = Circular frequency 

x = Time

cp = cot is the angular distance traversed by a point along the pulse curve.

The quantity cp defines the phase of the oscillatory motion.

The minus sign on the exponent means that the motion of the point along the 

pulse curve goes in a clockwise direction. If at is put equal to dx = d£/a (this leaves 

the infinite limits of integration unchanged); the result is:

The right hand side is the usual expression for the spectral density with co replaced 

by co/a. Thus, if S (co ) is the spectral function of f ( t ) ,  then s(c o /a ) is that of a f ( a t ) .  If a > l ,

a  when compared with f ( t ) .  Its spectral density (Figure 24) is stretched horizontally by 

a factor of a  compared with f ( t ) .  If a < l ,  the function itself is stretched horizontally and 

decreased vertically, while its spectrum is compressed horizontally. In neither case is there 

a vertical change in the spectrum. It is necessary to investigate what happens to the 

spectrum in the limiting cases of a - * 0  and a —►«>. Figure 25 shows a rectangular pulse of 

height h  and width from -1/2 to + 1 /2 . Let h = l / I ;  then the area under the curve is 1, the 

spectral function will be

( F . 2 )

the function a f ( a t )  is compressed by a factor of a  and stretched vertically by a factor of
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Figure 24 - Spectral function of f ( t )  for "a" = 1 and for any "a". After Savarenski, 1972



T-4145 183

I « ( « )

I  - . 1

f c - l . l - 4

Figure 25 - Graphical representation of a Dirac Delta function. After Savarenski, 1972
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Ci)Is i n —
5 ( a ) )  = - 1 ----------- JL_ (F . 3)

271 0)1

and ordinate S(co) at co = 0  is equal to the area under the curve, i.e., the pulse size h i ,  

divided by 2ti. Now, changing the scale by a factor of 4 (a=4) the pulse turns out to be 

a quarter of its original width and its amplitude is increased by a factor of four, but the 

area under the curve remains constant. The spectral curve is four times wider, as follows 

from the equation of S(co) if 1/2 is replaced by 21. Thus the first intersection point of S(co) 

with the co - axis is displaced to four times the distance from the origin ( see Fig.26). 

When 1 approaches 0  the function f ( t )  will then be an infinitely narrow pulse but of 

infinite amplitude but the area under the curve is still 1. This is the DIRAC delta function 

or DIRAC impulse, shown by the dashed line in Figure 25.
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l« 0

w « t t M 4 «

Figure 26 - Spectral density of the function f(t). Savarenski, 1987
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Appendix G 

Nuclei or Stress Wave/Flaw Theory1

This relatively new theory was formulated at the University of Maryland in the 

fracture mechanics laboratory (Barker, Foumey and Dally, 1978). Laboratory tests were 

conducted in Homolite - 100 models, both flawed and unflawed, by simulating many of 

the geologic structures and discontinuities(joints, fractures, bedding planes) typically 

found in large scale bench blasting. Their results indicate that stress waves are quite 

important in the fracturing and fragmentation process and caused a substantial amount of 

crack initiation at regions remote from the borehole. These regions consisted of small or 

large flaws, joints or bedding planes, or other discontinuities that acted as nuclei for crack 

formation, development, or extension. This new stress wave-dominated mechanism of 

fragmentation is referred to here as the nuclei theory.

The theory and actual mechanisms of stress wave propagation and interaction in 

a flawed medium are quite complex. They involve many phases such as:

- Detonation and crack nucleation around borehole

- Crushed zone extension

1 Atlas Powder Co., 1987
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- Dynamic crack stability

- Activation of flaws

- Coalescence of wave velocities and strains

- Branching of cracks

- Interaction of cracks and reflected wave systems

- Instability of crack direction

- Random progressive failure

In more simple terms, the important points of the theory can be explained using 

Figure 27. A borehole is located behind a free face with two discontinuities, a joint plane 

and a small flaw, located between the borehole and the free face. Assume that all other 

areas are homogeneous and flaw free. In unflawed material, only 8 to 12 dominant cracks 

emerge from a dense radial network around the borehole. These dominant cracks can 

travel significant distances and consequently form large pie-shaped segments that alone 

are not conducive for good fragmentation. Stress waves continuing away from the 

fractured zone around the borehole result in no further damage. In flawed material or 

sections of the material containing flaws, fragmentation is quite different . Consider the 

P and S waves propagating away from the fracture network around the borehole in Figure 

27 (b and c). No fracturing takes place until the flaw (joint plane) is intersected and 

initiated by the P-wave compressive front and the fracture is extended by the P-wave 

tensile tail. The leading front of the S-wave (Figure 27.c) has sufficient energy to keep 

the crack from arresting. A similar effect occurs as the P and S waves move past the
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small flaw between the joint plane and the free face(Figure 27.d). It is important to note 

that cracks are initiated at flaw sites remote from the borehole region by the combined 

action of the P-wave front and tensile tail and the S-wave front. Flaws initiated in the 

immediate borehole vicinity of these waves have only a small effect. Note also that the 

outward directed P and S-waves can initiate flaws anywhere independent of the presence 

of a free surface.

When a P-wave encounters a free face (Figure 27, d and e), it is reflected and 

travels back into the medium as a tensile wave to meet the outcoming S-wave. At this 

stage, constructive interference can occur, which allows for further crack initiation or 

extension of cracks previously formed. New wave systems (PP, PS, SS, SP) will also 

form from the original outgoing wave system upon reflection at a free face or 

discontinuity. These new wave systems can also contribute to crack extension. Figure 27 

(f and g) illustrates further crack extension when all wave systems have been reflected 

back toward the hole.

The important points of the nuclei or stress wave/flaw theory are:

1. The fracture network spreads with the speed of the P and S-waves, which initiate 

fracture around flaws remote from the borehole.

2. In highly flawed material, fragmentation results from the nucleation of new cracks at 

flaws and reinitiation of old cracks from the reflected stress wave systems.

3. Gas pressurization does not contribute significantly to the fragmentation process.

Computational models incorporating stress wave/flaw interaction as a mechanism
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Figure 27 - Nuclei/Stress wave fragmentation theory. After Foumey and Barker (60)
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of nucleating and extending cracks is growing in popularity. Although the models differ /
(

in approach and/or details, the main idea is that the shock and/or stress waves fragment l 

the material, and gas pressure, along with the impulse imparted to the material by the1 

detonation, acts to displace the broken material. A stress wave functions not only to ' 

initiate fractures at or near the borehole wall, but also to initiate fractures throughout the 

rock mass being blasted. Recent work in full scale production shots and in large blocks 

added further insight into this phenomenon. Stress wave-induced fracturing at flaws and 

discontinuities remote from the borehole was found to be considerably greater than either 

spalling or borehole radial tensile failure documented by earlier works. Gas pressurized 

radial fracturing, in typical bench blasting operation, was found to be a minor contributor 

to the overall fragmentation of the rock mass.

Some key points of Winzer’s theory and observations are:

1. New fractures are seen to form at the face at about twice the time it takes for the P- 

wave to traverse the burden distance.

2. Old fractures are the loci of new fractures or are reinitiated themselves early in the 

event; they continue to be active for several tens of milliseconds after the detonation of 

the explosive.

3. Fragmentation continues in blocks of rock, following detachment from the main rock 

mass, by trapped stress waves.

4. The fracture pattern on the free face is well developed prior to the expected time of 

arrival of radial cracks from the borehole.
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5. In blasted faces from production scale shots, fractures were observed to have initiated 

at and propagated from, joint and bedding planes, suggesting the same operating 

mechanism(s) as those observed in homolite models at the University of Maryland.

6. Gas venting occurs through already open cracks relatively late in the event, indicating 

that the majority of fractures observed on the free face are not gas pressurized.

7. In more massive rock, stress waves are transmitted with higher velocity and less 

attenuation, but fewer fractures will form because there are few fracture nucleation sites. 

However, more radial fractures will form in massive rock. More radial fracturing will 

occur while less fracturing is going to be caused farther from the borehole.

8. In more heavily fractured rock, the stress wave velocity will be lower and the 

attenuation will be higher, but there are more fractures to serve as initiation sites.

9. Large fragments will form early during in the event, as they move and fractures open. 

Large segments of rock mass will be effectively isolated from further stress energy.
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