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ABSTRACT

A model is proposed to more physically describe the
primary seismic pulse from an explosive source than those
accounted for in the literature. The existing models,
generally known as "Sharpe's theory", describe wave
propagation from a épherical cavity in an infinitely
extended elastic medium, but none, with the exception of
Peet (1960), includes an account of the rock fracturing that
occurs around the explosive source. Here in this study, we
have assumed the deformed or "shattered" region to behave as
a viscous liquid of visco-elastic rheology. The method of
Fourier synthesis is used in solving the problem in the
frequency domain. The theoreticél results were then compared
to field data in three sedimentary environments of shale,
sandstone and a marl formation to test for effectiveness of
the model.

Various rock mechanics applications including
expressions for normal components of radial and tangential
stress are evaluated at the deformed boundary. A value for
the theoretical tensile stress as well as a presumed
dynamical failure criterion is also discussed. Results, as
recent laboratory findings, indicate that the theoretical
dynamical tensile stress of rocks is not constant, contrary
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to that required by the laws of similitude or scaling
theory. Some seismic scaling relationships are derived,

including charge size as a function of observed "amplitude".
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INTRODUCTION

I.1  Historical Background

Seismic exploration has its origins in obtaining
reflection or refraction records resulting from the
detonation of buried charges as the source of energy. Since
the employment of dynamite as the primary source of
transmission of mechanical energy into ground, numerous
theoretical investigations have been undertaken in the
geophysical literature in search of suitable mathematical-
physical models which can properly describe the initiation
process of the seismic pulse. As yet, however, no model has
been proposed that can be regarded as satisfactory in fully
predicting all aspects of the resulting ground motion. This
is despite of the great theoretical advances that have
occurred in understanding all other aspects of wave motion,
namely propagation, dispersion, refraction and reflection of
the initial pulse from the geological boundaries.

Parallel to the exploration geophysicist's interest

in dynamite as an exploration tool, many other applications
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of explosives have been found in the mining and the military
activities, though the attention here is more confined to
the explosive's ability in blasting type operations. In the
mining field in particular, a knowledge of the degree and
extent of fragmentation of a given explosive detonated at a
known depth and geological environment can enhance the
practicing engineer's ability in designing effective
production procedures in the ﬁracticé of blasting. Interest
in the military fields, on the other hand, is more limited
to the degree of micro-structure damage that can occur by
generally much stronger types of explosives such as TNT.

In seismic prospecting though, the greatest utility
of dynamite comes about in its ability in converting
available chemical eﬂergy to useful downgoing energy of
motion. In a study conducted on eight commonly used land
seismic sources in Eastern Colorado, Janak (1982) concluded
that in Pierre shale at least, a 5 1lb dynamite charge was
the most efficient source at converting available energy
into downgoing compressional wave radiation. This same
charge, moreover, produced the largest amount of
compressional energy, probably due to the great coupling
that is obtained between borehole explosives and the earth.

While perhaps the first "explosive” used by mankind

was black powder, it was not until 1881 that the detonation
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process was descovered by Alfred B. Nobel when he
accidentally spilled a shipment of his "Blasting oil" into
its packed Kieselguhr. This, in effect, marked the begining
of high or detonating explosives. Today, most dynamites
consist of a mixture of an energy and gas producing product
such as ammonium nitrate with a sensitizing compound such as
nitroglycerin in proper proportions.

Although "straight" dynamite can be obtained with
nitroglycerin as its sole ingredient, due to its sensitivity
to shock and high costs it is rarely being used. Oftentimes
nitrocotton is dissolved in nitroglycerin in forming a thick
viscous jelly used as the base for gelatin dynamites. If a
portion of nitroglycerin is replaced by the ammonium nitrate
the resulting mix is termed ammonium gelatin dynamite.

Based on composition, an explosive energy source, as
described by Clark (1968), can roughly be classified as
"black powder, dynamite, ammonium nitrate blasting agents,
slurries, metalized explosives, military explosives (TNT,
etc.), and nuclear explosives". The total reaction time for
the chemical reactions in detonation ranges from a micro-
second, for most fine grained and pure liquid high
explosive, to nearly 100 microseconds for coarse uncrushed
ANFO. For a deflagrating explosive such as black powder,

however, chemical reaction times are generally longer than a
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millisecond.

Even though the chemical reactions in detonation are
thus some 100 to 10,000 times faster than deflagrating
explosives, exact thermodynamics and hydrodynamic analysis
can only be used in predicting explosive performance
parameters for the former case. This includes calculations
of detonation pressures, velocities and other physical

chemical properties of detonation.
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I.2 Important Factors in Rock Fragmentation.

The usefulness of dynamite comes about in the almost
instantaneous transfer of energy that occurs after
detonation to a portion of the rock body. The mechanics of
this energy transfer is complicated and the resulting rock
breakage and seismic wave motion is likewise dependant on
many factors. Before making many simplifying assumptions
with regard to suitable mathematical models that can
describe the detonation process, it is desirable to take a
closer look at all the physical parameters which can
directly influence the propagation of the downgoing seismic
wavelet. Atchison (1968) identified three factors of
explosive, charge loading and rock parameters as being
important in the resulting fragmentation and wave
propagation process which we here proceed to briefly outline

below

I.2.A Explosive parameters. As was mentioned
previously, the explosive parameters differ considerably
depending on the chemical content and portion mix of the
explosives being used. It is, for example, observed that

larger amplitudes are obtained in exploding a high-speed

explosive, such as dynamite, rather than a low speed one
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like black powder even though the detonation pressure are
made to be equal(Nash and Martin, 1936). A particular type
of high speed dynamite can moreover yield different
amplitudes of motion depending on its chemical mix. Three
explosive properties of detonation pressure, rate of energy
release and pressure-time history are particularly relevant
to our analysis. The dynamite's detonation pressure P0 in
Kilobars (Kbar) is defined as

P0=KdV2 (1-1)

where

K=proportionality constant=2.5x10_6

d=density in gr/cma

V=detonation velocity in m/sec

As an example, for a typical Tovex S charge as was
used by Janak (1982), a density of 1.25 gr/cm3 and
detonation velocity of 4630 m/sec is realized giving rise to
a detonation presure of about 67 kbar or 108 pounds per
square inch (psi). Although this value is for the ideal
confinement, under borehole environment it can be expected
to be considerably reduced in magnitude. Another very
important explosive property needed for the theoretical
modeling of the problem is the pressure-time history of the

gases produced. This is very difficult to measure
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experimentally and will be discussed in more detail in a

later part of this chapter.

I.2.B Charge loading parameters are factors that
relate to both explosive and the rock. They include charge
geometry, diameter, type and point of initiation and degree
of confinement of the charge. Often times they play a more
important role than the explosive parameters in the
resulting amplitudes of ground motion. Gaskell (1956), for
example, found explosion of charges in larger water-filled
holes results in three or four times greater seismic
amplitudes than narrow ones. This was the case for holes
larger than the cavity that the charge makes for itself in
the process of detonation. Where the hole size was less than
the cavity size, no variation in seismic amplitude was
observed. So the practice of "springing" of a hole with an
initial smaller charge was concluded to result in no
appreciable increase in seismic amplitude from a later
larger charge. The size of the hole along with the degree of
confinement of the charge are also expected to control the
detonation pressure of the same type of explosive.

Finally, charge geometry, defined as the ratio of
length to the diameter of the charge, as well as point of

initiation of the charge are important factors particularly
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for cylindrical charges. Variations in the above parameters
have been shown by Duvall et al. (1965) to produce larger
differences in peak strains in the rock than using a

different type of explosive.

1.2.C Rock parameters are important chemical and
physical properties of the rocks that are needed to be
considered. They include the bulk and rigidity moduli,
energy absorption, elastic strain limit to deformation,
threshold pressures for plastic and shock wave propagation,
porosity and rock structures including bedding, joints etc.
In addition to roék structures, rocks generally exhibit
gross variabilities and are neither homogeneous nor
isotropic. This obviously influences the wave motion in
them. The compressive and tensile strength of the rocks
govern the extent of rock breakage and will be more-fully
analyzed in chapter 4. Of interest is a very large ratio of
compressive to tensile strength, or blastability

coefficient, indicating that rocks are far less resistant to

tension than to compression in failure.
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I.3 Processes In Rock Fragmentation

In this section we proceed to describe the physical
processes that are generally observed in the rocks
surrounding the shothole after the detonation of an
explosive source. The charge is considered to be buried in
an infinitely extended solid medium so that the effects of
free boundaries are not examined. Figure 1.1 illustrates the
differént regions being produced as a results of the
detonation. Roughly speaking, three zones of interest have
been identified. These include the source zone where the
processes are essentially hydrodynamic, followed by a
transitional or "shattered" zone which includes crushing and
radial cracking of the surrounding rocks and a seismic zone
where the pulse travels essentially as an elastic wave,
neglecting the attenuation losses.

The source zone is concerned with the origin of the
energy loading which may include variety of sources such as
high explosives, nuclear explosives, high velocity-
mechanical impacts and so forth. For a high explosive,
following the detonation the explosive cavity is initially
thought to be filled with gaseous detonation products at

high pressures and temperatures in orders of 1000
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a chemical explosive.
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5 psi) and 3000° K

megapascals (MPa) (or about 1.45x10
respectively. This high pressure pulse generally requires
times of the order of few milliseconds in order to fall
appreciably as compared to tens of micro-seconds in reaction
time required for the chemical reactions in detonation to
take place. In a chemical explosives, very high kinetic
energy is produced in the resulting gaseous molecules, atoms
and ions, which if the explosive completely fills the hole,
is immedialtely applied to the surrounding undisturbed
rocks.

Important to ahy theoretical investigation is a good
knowledge of the pressure-time history of the gases produced
as - a result of detonation. Although experimentally this is a
formidable task, many strain measurements have been made by
the U.S. Bureau of mines in the seismic zone near the
explosion (see for example Duvall and Atchison, 1957, and
their extensive bibliography). Generally speaking, their
measurements involved radial strain measurements from gages
that were placed in drill holes at various distances along a
linear array from the shotholes. Measurements were generally
taken in a wide variety of rock environments using both
concentrated and long cylindrical charges and different
loading methods. A typical record is shown in Figure 1.2.

For most charges in the sedimentary environments of interest
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I

Distance = 2.5ft. Peak strain = 3500 uin/in
e

Disisnce = 5ft Peax stran = 2200 u invin

Distonce = 1O ft. Peax strcm. = 640 win/in

A

Distance = 20ft. Peak strain = 160 u in/in

81b. ammonia dynamite Time scale - k——i = | millisecond

Figure 1-2 Strain measurements in a sandstone formation. (after

Duvall, and Atchison, 1957)
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to exploration geophysics and at close distances from the
source, the strain pulse consisted of a strong compressive
phase which fell to zero in 1-3 milliseconds. At larger
distances, however, the strain becomes more oscillatory with
a tensile phase also becoming more evident resembling a
damped sinusoid.

Although one can extrapolate this type of strain
measuremets from close-in gages for obtaining the p-t
history of the gases produced at the cavity, this method is
not fully satisfactory due to the many complicated processes
that occur in the transitional boundary. An implication of
the method, none-the-less, is that the pressure wave can be
modelled as an exponentially decaying step function in time.

Recently, however, pressure measurements have been
made for various size charges at the source cavity (Otuonvye,
et al.). These measurements are shown in Figure 1.3.
Although some questions have been raised with regard to the
degree of the reliance of the experimental technique being
used, the results indicate the decay rate and the peak
observed pressure to increase with increasing charge sizes.
For a 20-gram size charge, for example, the pressure has
decayed appreciably after 2 milliseconds time duration.

In our physical modelling of the problem we have

assumed the p-t curve to drop appreciably in one model in
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about 0.83 milliseconds and 0.2 seconds in the other so that
the 1/e points in the exponential decay of the theoretical
pressure functions corresponded to 1.66 msec and 0.1 seconds
respectively. In effect then, the latter case can be
considered like a step response as compared to the former.
Due to the very high pressures exerted by the
detonation wave, the rock immediately surrounding the source
zone is.considered to fail in a complicated manner. This
zone where non-elastic and possibly non-linear permanent
deformations are known to occur is generally regarded as the
transitional {(after Atchison and Duvall) or the "shattered"
zone by some authors. For a chemical explosive this region
generally consists of a small crushed zone followed by a
larger cracked zone due the radial cracking of the rocks
from the expanding gases in detonation. Although no
appreciable vaporization or melting which is characteristic
of a nuclear type source is observed, rocks in the shattered
boundary are severely crushed and caused to flow plastically
as the result of the explosion. To date no satisfactory
theory is proposed to successfully describe the various
phenomena at hand nor the size of the transitional zone from
the source and rock properties. Due to the many experimental
complications, very few data are available in the rock

mechanics literature on this region.
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Historically, this zone was thought to have been
formed as a result of shock waves generated at the cavity
boundary. A shock wave is known to be developed by
successive pressure pulses of ever-increasing velocities
which by overrunning those in front, are developed to a
sharp discontinuous step wave front. Although the behavior
of shock waves in fluids are relatively well known (for
example Cole, 1948) little information is available in the
literature concerning the mechanics of formation and
propagation of shock waves in solids. The basic criterion
for the existance of the shock waves requres do/de>K for
stress 0 and strain € and K bulk modulus, in addition to the
Von Neumann criterion that the shock velocity V to be
greater than sonic velocity for the development of stable
shock waves. Based on the Von Neumann's second criterion, a
threshold pressure for shock wave propagation in various
materials can be calculated. Cook (1974) surveyed the
literature for threshold pressures for various rock types
and metals and found the value to range from 30 kb for lead
to 210 kb for Solenhofen limestone, 310 kb for a marble and
to 315 kb for Westerly granite. Considering the very high
threshold pressures involved, shock propagation is not
considered to take place in normal blasting unless very high

porosities are involved. This was confirmed by Duvall and
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Atchison (1962) where they studied the phenomenon in many
rock types including chalk, sandstone (density 2.2 gr/cm3
and porosity 20%), marlstone (density 2.1 gr/cms) and a
granite (density of 2.63 gr/cms). From the observed data,
the shock wave phenomenon was only hinted at in the porous
sandstone formation with only one of the basic criteria for
the existance of shock waves being observed. Further
examination of the data along with the consideration of the
high threshold pressures needed for the existance of shock
waves led the authors to conclude that plastic waves were
essentially involved in all four rock types. In the crushed
zone, however, both crushing and plastic expansion is known
to be taking place.

Despite the general lack of an acceptable theory
describing the transitional zone, a number of measurements
have been taken by various authors in the literature.
Atchison et al (1964) measured the radius of crushed zone to
be twice and the transitional zone some 12 times the charge
radius. Short (1961) examined the same phenomenon for a
1000-1b charge of TNT in Winnfield salt and observed plastic
deformation with no evidence for crushing. Radial cracks,
however, extended up to 12 times the charge radius. Duvall

and Atchison (1957) also measured the extent of the

transitional zone and concluded that for charges less than
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100 1b, this boundary is not likely to be larger than 10 ft
for the four rock types of granite, marlstone, sandstone and
chalk. Measurements near a 1.5 kiloton nuclear explosive in
Nevada likewise indicated the shattered zone to be
relatively small, terminating at only 275 ft from the source
(Latter et al., 1959). The extent of the transitional zone
is thus very small, of the order of 7-12 times the charge
radii for the charges and the sedimentary environments of
interest to exploration geophysics.

Outside the transitional boundary, normally a strong
compressive stress pulse is transmitted with its shape
governed more by the rock than source properties. The
seismic zone has, of course, been subject to extensive

research in the geophysical literature.
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I.4 sSurvey of Some Proposed Physical Models

Most of the literature concerning the problem of
dynamite behavior in a rock body describes the application
of an appropiate source function to a spherical or
cylindrical boundary in an infinitely extended medium. Some
of the mathematical-physical models which have been
considered describe wave behavior in rock masses of ideally
elastic, elastic solid-friction and several attenuating
models including visco-elastic Voigt and Maxwell rheologies.

For the spherical wave equation, several authors
investigated the application of a pressure pulse to an empty
spherical boundary in an elastic surrounding medium. Sharpe
(1942) and Blake (1952) solved this boundary problem for
several source functions including an exponentially decaying
one by means of a Fourier integral. Clark (1952) used the
method of Laplace transform to solve the problem for a unit
step function while Duvall (1953) used a double exponential

decay source of the form

P(t)=P e Ot oBY (1-2)
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to account for some of the waveform variations of the input
source function.

Typical solutions for a unit step source as obtained
from Sharpe's calculations indicate the radial displacement
to start at zero and execute a damped siﬁusoidal behavior.
The waveform shape roughly resembled the observed field data
for the dynamite pulses. For a typical cavity size of 10 cm,
however, the pulse duration is reduced by a factor of 10 or
so from what is normally observed. Only if the size of the
cavity is increased to a few meters in radius can the pulse
duration be extended to the right order of magnitude. Some
aufhors (Sharpe, 1942; Gaskell, 1956) have, therefore,
proposed an "equivalent radiator" hypothesis which requires
large empty spherical sources with their outer boundary
defining the limiting elastic behaviour of the surrounding
rocks. As discussed earlier, most of the rock fracturing
around the source occurs at a much smaller radius than that
suggested by this hypothesis, so one can conclude that the
"equivalent cavity" hypothesis does not correspond to any
physical surface and is only a means of increasing the time
duration of the signal.

Following Sharpe's model for a spherical cavity in
an elastic medium, Heelan (1953) obtained far-field

solutions due to a transient pressure pulse applied to a
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short length of an infinitely extended cylindrical hole in
terms of two displacement potentials. He investigated the
stress acting radially as well as circumferentially and
axially on the cylinder wall. For the latter two cases, he
found the radiated displacements to be proportional to
displacements due to a simple source consisting of two
couples with moment and a point force, respectively.

Recognizing the non-elastic attenuation properties
of the earth, some authors analyzed the same problem in a
lossy earth material. For a linear visco-elastic Voigt
solid, Collins (1960) solved the plane wave equation with a
unit impulsive type source by means of Laplace transform and
Ricker (1951) by Fourier transform. Ricker (1951) derived
exp;essions for plane wave particle velocity and compared
them with a series of VSP type field data obtained from
various size charges. He concluded the earth material to
behave essentially as a visco-elastic solid. This implies
the attenuation coefficient to vary as the square of the
frequency. Later work by Mcdonal et al. (1958), however,
obtained a more linear attenuation frequency relationship
for most sedimentary earth materials.

Some authors considered the solution for the
spherical wave equation for the Voigt solid. Lee (1964)

obtained the steady state solution for both sinusoidal and
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exponentially decaying pressure functions applied to a
modified Voigt solid. In his Fourier integral expressions,
however, he introduced a "constant Q" assumption which
implied attenuation coefficient to vary linearly with
frequency. This assumption introduced some mathematical
difficulties and his expressions were inverted into the real
time plane by the residue method.

Another model which assumes attenuation to vary as
frequency to the first power is the solid friction model as
discussed by Knopoff (1956). Clark (1966) investigated the
solution in the solid friction model due to an exponentially
decaying source and concluded the digitally computed
particle displacement values to be similar to the constant
loss factor results obtained by Lee (1964). Both of these
models indicate a non-zero value for displacement at the
delayed time value equal to zero and are thus non-causal.

Although most of these models treat wave motion
resulting from the application of Variousvforms of forcing
functions to the surface boundaries of spherical or
cylindrical cavities in a variety of earth models, none has
taken the transitional shattered zone into consideration.
This can perhaps explain some of discrepancies that exist
between observed field data and the theoretical

calculations. Only Peet (1960) included some account of the
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deformation zone that occurs around the explosive zone.
Following the analysis of Cole for underwater explosives,
‘Peet (1960) assumed shock waves to be propagated in the
shattered zone. Assuming that most dynamite shots were
detonated in porous water-saturated rocks, he reasoned water
to govern the transmission of the high-stress waves. He thus
concluded an exponentially decaying source to retain its
form with only its amplitude being reduced to a value
characteristics of a limiting yield stress value of the
surrounding rocks. The model therefore, implies application
of the assumed pressure function to a large fictitious
equivalent cavity.

Although as discussed earlier, shock waves are not
generally observed in the shattered zone, Peet's
calculations constituted an attempt to include the rock
deformational phenomenon in the modeling of the problem. By
making use of Cole's similarity conditions, Peet also found
the radius of the shattered zone to vary as a third power of
the charge size. He did not, however, attempt to calculate a
typical size of the shattered zone due to unknown values of
proportionality constants in his relationships.

The nature and size of the shattered zone has been
of some importance particularly for the mining industries in

predicting the extent of the "craters" (see for example
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Atchison, 1968) that are formed as a result of relatively
shallow shots. Since the theories are of little use to the
practicing engineer in the field, most of the crater scaling
information has been obtained from the data collected in the
field, most notably by the U.S. Bureau of Mines. Only Cherry
(1967) described a computer scheme which could predict some
of the crater dimensions being formed from mostly high
explosives and nuclear sources.

Work done by the U.S. Bureau of Mines has attempted
to find the correlation between crater size and the measured
peak compressive strains in rocks. These measured strain
waves in various rock formations have been useful in
comparing differing explosives, but again not yet employed
in production purposes despite of the vast number of
measurements being made.

In the transitional zone around the cavity, it is
well known that a great amount of energy is absorbed by the
complicated processes of crushing and cracking that occur as
a result of explosion. Also due to intense micro- and macro-
fracturing, the rocks around the shothole can not be
expected to retain the integrity of their bulk structure and
can be assumed to behave as a plastic fluid of a very high
viscosity. Although the region of shattered zone can be

formed by more than one process, in our model we have



T-2892 25

assumed it to solely behave as a highly viscous liquid of
linear Voigt type visco-elastic rheology. Other mathematical
models can equally be applied to describe this zone like the
low loss or near-elastic model (White, 1983) where here the
loss of energy can be introduced by a small frequency
independant phase angle term that strain lags behind stress.
In this work, however, only a visco-elastic type of liquid
is considered. A sharp transition is further assumed between
the shattered viscous boundary and the surrounding elastic
zone. So here we proceed with a formal statement of the
problem:
Given a spherical cavity of radius A first

within a visco-elastic liquid of radius B and

then surrounded by an ideally homogeneous,

isotropic and infinitely extended elastic

medium, to find the solution to the wave

equation by Fourier transform as a result of

application of a pressure pulse to the

interior of the cavity.

In our physical modeling of the problem as well as
most of the published papers in the literature, we have
assumed a spherical type charge with a known and constant p-
t history for all size charges to completely fill a shothole
cavity. A graphical representation of the model along with

notations used for elastic rock properties are shown in

Figure 1.4.
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Figure 1-4 The assumed model.

N ZNOND

26



T-2892 27

II. MATHEMATICAL FORMULATION AND THE

DEVELOPMENT OF THE THEORY

IT.1 Method of Approach

The purpose of this chapter is to trace the
theoretical development required in solving our problem
using a digital computer. Solutions to the wave equation are
to be considered in both visco-elastic and elastic regions
subject to the appropiate boundary conditions. These include
the continuity of radial stress at the two boundaries r=a
and r=b and continuity of radial displacement at r=b as
defined in our model (Figure 1.4). The computed expressions
for particle velocity V(r,w) are then to be inverse Fourier
transformed to obtain the time expressions v(r,t) as the
final output to be displayed. This chapter also develops the
theoretical considerations in the analysis and Fourier
transformation of one-dimensional digitized data.

Throughout this discussion a subscript "1" specifies
the visco-elastic liguid and subscript "2" indicates our
reference to the surrounding infinitely extended elastic
medium. The upper case functions, in addition, are used to

denote complex frequency amplitudes.
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IT.2 Development of Solution in terms of

Let us first consider wave propagation in the

surrounding elastic medium. For the wave equation given by
2
2 30,

1
Vop, = —
27 2 2 (2-1)

we seek a solution in terms of displacement potentials ¢2,
where the radial component of displacement is given by ur= ;gg,
Due to the geometry involved, we recognize the spherical
coordinate system as natural in solving the boundary

problem. Since we assume a uniform pressure to be applied to
the interior of cavity, all the particle motions are

considered to be radial and irrotational and therefore

independent of the angular variables so that

¢
2, _1 2 "2
v ¢2 = -]:2- E (r g'r— (2-2)

The solution in 2-1 can now be separated out into a
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time and space dependent factors, as
¢,(r,t) = R(r) T(t) (2-3)

The time dependence in 2-3 is assumed to be

exponential and we set it equal to elwt. A possible solution

to the wave Equation 2-1 representing a wave going in an

outward direction in the elastic medium assumes the form

r [o¢]
_ 1 C(w) -iwr/c iwt
¢2(r,t) | e 2 e dw (2-4)
;3
_ 1 C(w) -k,r iwt _
=5 ‘ - e 27 e dw (2-5)
-00

where €, is the compressional wave velocity and k2 is the
wave number which we define as ichz. Displacement is then

given by

o
- _2 (2-6)

Y2 T B¢

and C(w) is an arbitary complex coefficient to be determined

from the boundary conditions.
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11.3 Displacement Potential Solution

As mentioned previously the "shattered” zone around
the spherical hole is modelled as a visco-elastic liquid.
Most of the mathematical relationships describing a visco-
elastic or Voigt solid are described in Appendix A.

It is shown that the classical scalar wave equation

for displacement potentials is modified to

1y 1 Th (2-7)
wg ot c2 .. 2

2
\ [¢l +
for a Voigt solid, where

. Al + 2ul _ M1 (-8
= 3 [V -
0 Al + Zul Ml

A, + 2
c 2 = L—.—-—l (2_9)
1 20

and Ml is the plane wave modulus. For a liquid with no

rigidity, we have 1U=0 and furthermore we take the following
simplifying assumption as )A'=0 (see Appendix A), so the wave

equation 2-7 for visco-elastic liquid becomes

2
07 (9.)
94 g2 - 1 _
[kl + 2n at] v (¢1) =p 2 (2-10)
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where n is the viscosity of the liquid.

A possible solution to fhe modified wave equation 2-
10 represents a propagating outgoing spherical wave from the
surface of the spherical cavity (r=a) and a reflected wave

from the elastic/inelastic boundary (r=b) as

00
=L Aw) - iw(t - &
¢l(r,t) = or { = exp [ ajr + iw(t cl)] +
- (2-11)
+-§£ﬂl exp [a,r + iw (t +—=—)]} dw
r 1 cl
Writing
[e ]
1 iwt
¢1(r,t) = on { @1 (r,w) e dw (2-12)
we obtain from equation 2-11
~-k.r k,r
o (r,w) = A(w) o 1 + B(w) o 1 (2-13)
1 T r
whgre kl is the attenuated wave number defined as
iw
= £ 2-14
kl a, + e\ ( )

and a, is the attenuation coefficient, (White, 1983)
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2, 2
w (W /w.7)
a, = 0 0 (2-15)
1
[204/p) (14”0 *) (VTFTTGE + 1)17
2(M/p) (1 + wz/wo%l/
c, = [ 12 (2-16)

L et + 1
Note that Egs. 2-15 and 2-16 which are derived for
the case of plane waves are valid, in our problem, for
spherical waves as well . A(®W) and B(w) are again complex
values to be determined from the boundary conditions in the
problem. Since the condition ofw2>>w02 is satisfied, in our
computations we can use the low frequency approximation

forms to the equations above

»
|

= Lwy/201/0) % (¥ /uy?)
(2-17)

/)

e}
I



T-2892 33

IT1.4 Boundary Conditions

For the three complex constants A(w), B(w) and C(w)
we have 3 boundary conditions which are as follows:

1- The continuity of the radial stress Prr in the
visco-elastic liquid with the pressure applied to the
interior surface of the cavity p(t) at r=a or

P(w)=-Prr1(a,w)

2- The continuity of radial stress across the r=b

boundary
Prr1(2,©)=P 5(b, W)

3- The continuity of the radial component of

displacements at r=b or

Upp1(b,w)=u (b, w)

rr2

pressure applied to the spherical cavity p{(t) with the
radial stress in the visco-elastic medium. If we take p(t)

to be Fourier transformable, we may write

oo

p(t) = | P M aw

2m
-® (2-18)
or p(t)«— P(w)

Observe that upon cancellation of the time
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dependence from the boundary conditions one can solve the
problem in the frequency domain and transform into time
domain using a Fourier synthesis approach.

The modified expression for radial stress in a
visco-elastic liquid (TN=0, K1'=0) is taken from Lee (1964)

as

o= ={[A + 2¢' Jiq Efl-+ 2(A)-El} (2-19)
Prr1” H ot” 9dr r
Recognizing
8¢l
ul(l’) = 5 (2-20)
and
] . _
s ul(r) e W Ul(r) (2-21)

We substitude 2-13 in 2-19 so that

2 ' ' ' 2
} Ak 4u, {fw 4u, iwk 211wk
P = {a@ eMf (AL — L Lg
r r r
(2-22)
_ AiklZ 4ul'iw 4ul'iwkl
+Bw) el [—+ 5 - 5 +
r r
Zu'iwklz
+ ———1}]
r i
a

In order to simplify the equation 2-22 above, we use the
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following definitions

o=
]

1 a; + 1u>/c1

Y= iw (2-23)
B=2A, + Zul' iw

Multipying both sides of 2-22 by as we obtain our
first expression of the boundary problem

2. 2. K2
A(w) [4y + 4avk, + Bak; ] e +

(2-24)

kla

B(w) [4Y - 4aYk1 + Bazklzl e = - P(w) a3

the radial stress at r=b, the inelastic/elastic boundary.
The expression for radial stress in an elastic medium is
given by
326, 2X, 3¢
2 2 2

(r,t) = (AZ + 2u2) arz +— 37 (2-25)

“Prr2

Substituting the expression for <% (equation 2-5) into 2-25,

P.r2(r,w) becomes

. 2
-k.r 2k k -k,.r
2 + 2uc(w)L3§ +-——g + —%—] e 2

5 (2-26)
r r

_ C(w) 2
_PrrZ =1 r AZ k2 €
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Equation 2-26 and 2-22 are equal at r=b and using

definitions in 2-23 and M, pelow for the plane wave modulus,
M_= 2-27
2 Az + 2u2 ( )

we obtain at the expression for the second boundary

condition

2.2 kb
A(w)[4y + 4yklb + k1 b B] e +

2.2, P
+ B [4y - 4y + kb8l e b+ (2-28)

2, 2 ~kyb
- C(w) [4u2 + éuzbkz +b k2 M] e =0

radial displacement at r=b. We note that for r=b

o o
1 2
— IR ——— 2-29
5 - ot (2-29)
Setting the equality above, we write
—klb klb
-A(w)[1 + klb] e + B(w)[-1 - klb] e +
(2-30)
—kzb

Cw [l + k2b] e =0
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I11.5 Solving the Problem with the Aid

Qur goal is to solve for the radial component of

velocity V,(r,w) for each value of frequency in the computer
and then transform into the time domain using a suitable

Fast Fourier Transform subroutine (FFT). Expression for

radial displacement is given by

k -k, r
- - 1,2 2 -
Uz(r,w) = C(w)[r2-+ = ]l e (2-31)
We recognize that Vz(r,w)= iwl,(r,w)
vz(r,t) = FFT [Vz(r,w)] (2-32)

The complex coefficient C(W) in 2-81 is found by
solving the boundary problem.

Computer program CONSTANT in Appendix (B) was
written to digitally calculate C(w) and perform the Fourier
transformation. This program uses the following simplified

definitions: K
- a
Q = [4y + byak, + klzazsl, e !

, 2 9 kla (2-33)
Q = [4Y-—4Yakl + a kl Rl e
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-k.b
o= L4y + 4vkpb + kDBl e T
k.b
rr = [4y - 4yklb + klzbZB] e 1
D' = [4w + 4uk.b + k. °Mb] P (2-34)
= LaHy T 3K 2 e -
—klb
Y = - [1+ klb] e
',‘klb
p'o=[-1 + klb] e
—kzb
prro= [1+ kzb] e
The expression for boundary conditions simplify to
v 3
AR + BQR' = - P(w) a
Al + BI'' = T'"Cc =0 (2-35)

AU + BY" + CcYP'' =0

where the complex constant C(w) is then found by solving the

simultaneous equations above:

Clw) = - -
(_ le l-l-ul + Qllﬂw'l + ‘J)Q'F" - F' 'Qw')

The variable names in the computer program CONSTANT are
defined on the‘same basis as the text to avoid confusion.

The value of C(W) is thus calculated for each value of

P (w) a3(rw' - yr" (2-36)
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frequency in this program. In the final process of
calculating the complex constant C(w) values for a source
function P(y) and a suitable pre-conditioning window have to

be calculated.

IT.6 Digital Developments Leading to FET

As mentioned before, a Fourier Synthesis approach is
adopted to solve our problem in the frequency domain. Our
sampled frequency waveform has to be inverse Fourier
transformed into the time domain for analysis. In order to
use the computer-efficient procedure of a Fast Fourier
Transform (FFT) algorithm, it is required to adopt a
dualistic approach (e.g., Hadsell, 1980, p. 3-90) in that
neither time nor frequency domains are taken to be basic for
digital analysis. An implication of this approach is that
both time and the transformed frequency functions are
represented by a periodic distribution of equally-spaced
spikes with equal number of samples in both domains. This
procedure, however, calls for special care in the choice of
the parameters being used.

Since the problem is posed in the frequency domain,
we take our frequency function G(r,w) to be Fourier

transformable in that
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oo

t

g(r,t) =% G(ryw) et duw (2-37)

-0

Before discussing the digital analysis of G{(r,p) let
us look at its components individually, namely, our source
function, which gets multiplied by a "transmission
coefficient" as in Eqs. 2-36 and 2-31 and the truncating

window.

I1.6.A Source function

Since the pressure applied to the surface of the
empty cavity in our model is due to that of a dynamite
charge, our source function can be thought to have a rapid
rise at the origin, followed by an exponential decrease of

amplitude as a function of time. A particularly convenient

model can thus be written as

—t/tO
p(t) P0 e U(t)

(2-38)

-0t
P0 e U(t)

where 0‘(=1/t0) is the damping factor, U(t) is the unit step

function and p(t) has a Fourier transform given by

1 _ i6 -
PR [P(w)]| e (2-39)

P(w) = PO o +
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The real and imaginary components as well as the amplitude

and phase are given

P.o
Re = g 2
a tw
..P W
0
Im = —————
: 2 2
a tw
PO (2-40)
lP(w)l ) 2 2.2
(0 +w)*
o(w) = tant (i%)

These reiations are plotted in Figure 2.1-A in time
and in Fig. 2.1-B as a function of linear frequency f. Here
we choose one of our sampling parameters, namely, the time
period T as 0.2 seconds long. The time constant to in 2-38
is then taken as 0.1 seconds so that the amplitude of the
forcing function is reduced sufficiently after the 0.2
second time interval. Note also that after 0.1 seconds, the
amplitude is reduced to the 1/e value. A second choice in
the time rate of decay of our source function was afforded

1 instead

by choosing the damping factor oo, to equal 600 sec
of the previous 10. So our new forcing function can be
considered to decay at a much faster rate than the former
case. In effect then, the source with a=10 sec™! is like the

step response as compared to a more physical case of =600 sec:—1
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Figure 2-1.A Time domain forcing function.
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Re

-1

Figure 2-1.B Frequency domain forcing function.
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The source function has, however, a zero-frequency component
as is evident in Fig. 2.1-B. Since we are to calculate
particle velocity, time differentiation of particle
displacement results in multiplication by an iw factor in
the frequency domain (Eq. 2-32). This iw factor results in
the elimination of the zero-frequency component in the

calculations as multiplication of 2-39 with an iw gives

. _ Cdw . i’ _

P(w)—POa+iw—|P W)| e (2-41)
with

Pow
IP'(M)I = P R (2-42)
@ + w)?

and

' = tan—l G%) (2-43)

So that now we observe that fortunately this "DC" term gets
zeroed out from our calculations.

Our forcing function 2-41 is then substituted in the
expression for C(w) in 2-36 for each value of frequency. But
before the FFT procedure, our digitized distribution has to
be multiplied by a suitable pre-conditioning window which is

described below.
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I1.6.B  Windowing
A simple pre-conditioning filter for the purpose of
band limiting of our data is the "Box-car" window bx(f/ch)

defined as

bx(f/2f ) = 0 if |[f/2f | > %
(o4 C
(2-44)
=1 if |f/2fc| <l
with
bx(f/ZfC) > 2 fC sinc (2fct) (2-45)

where fc is the cut-off frequency of the window and the sinc

function, is defined as

sin (Zﬂfct)

sinc (2fct) = (2-46)

2m fct

Band limiting of our spectrum thus corresponds to
the temporal convolution of the original periodic function
g(r,t) with a sinc function. If any discontinuities exist in
g(r,t), a well-known overshoot (about 9 percent value of the
original discontinuity) results on both sides of the
discontinuity (Oppenheim and Schafer, 1975; Papoulis, 1962).

Increasing the width of window in the frequency only results
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in faster oscillations on the overshoot but all at the same
amplitude. This is known as the Gibbs' phenomenon and can be
reduced somehow through consideration of a less abrupt
truncating window.

Many windows have found great utility through
smoother descent to zero at both ends. These include
Bartlett, Hanning and Hamming windows and so forth, but for
the purpose of this thesis we use a half-cycle sinc function
as our frequency truncation window W(f) given by

sin(ﬂf/fc)

—-;lf—/-f—c———— for Ifl < f

W(f)

c
(2-47)

0 for |f| > f
Cc

Since we have digitized representation F=2MAf, where
2M is the number of points in frequency, fC was chosen to be
1400 Hz so that it can be representative of a good wide-band
window. Figure 2.2 shows the frequency domain representation
of W(f) and Fig. 2.8 corresponds to its Fourier transform.

A much more narrower band DFS-V type windowing was
also used on the data which will be described in more detail

in the next chapter.
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Figure 2-2 Frequency domain window.

800. 00

1008. 00

1200. 00

1400. 00

47



T-2892

480.00

400.00

320.00

2u0.00

AMP.

160.00

80.00

0.00
L

80.00

.00 .04 0.08

Figure 2-3 Time domain window.
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I11.6.C Computer analysis
In order for a continuous function G(f) to be
suitable for machine computation we first have to digitize

it in our calculations. This sampling of G(f) is realized by

multiplying it by the "sampling comb" CAf(f)

o0}

CAf(f) =Af ¥ §(f - nAf) (2-48)

n=-—®

so the discrete representation of G(f) is given by the

singular distribution

G(nAf) &(f - nAf) (2-49)

-CO

o~ g

Gd(f) = Af

n

where & f) is the Dirac's Delta. Since an infinite comb
function, or "Dirac's fence", Fourier transforms into

another infinite comb, given by

2m §(t - nlt) (2-50)

n

n ™ 8
n o8

S(w - nws) ~— At

-0 n -0

for frequency period wg, we have temporal convolution of

gd(t) with the right-hand member of 2-50. Because our

forcing function is not time-limited, sampling introduces a
slight time domain aliasing. To reduce this error we can

only choose a smaller Af, but since the source function's
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amplitude is sufficiently reduced after 0.2 second time
interval, it is not deemed to be necessary. Note also that
gd(t) becomes periodic as a result of frequency sampling.
Next, we have to truncate the infinity of points
represented by 2-49 by means of our window 2-47. Truncation
results in again convolution of the aliased g(t) with the
Fourier transform of the truncation function. This gives
rise to a well-known "rippling" due to the Gibbs'
phenomenton. As was mentioned previously, to reduce this
rippling we have to increase the width of our window as
frequency scaling of the window results in contraction of

the w(t) (Fig. 2.3) in the time domain. So now after

windowing we have

Af X G(nAf) S(f - nAf) W(E) (2-51)

Finally, we have to discretize the Fourier transform
of 2-51 since this is still a continuous periodic function.
This time sampling is equivalent in frequency domain

convolution

&)

S(f - rF)]

=00

™8

[Af & G(nAf) S(f - nAf) W(£)] * [F
= -M r
(2-52)

FAf X [ 2 G(nAf) S(f - nAf - rF)]
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where here F is the frequency period given by F=2MAf. The

notation E(f) is to imply that we have an approximate

digitized and periodic version of G(f). Now we choose the

number of points in the frequency domain 2M (or the time

domain) to be 1024 (=210) large enough for our window as

will be evident later. Qur frequency period F is then
F=1024x5=5120 Hz

So now with our choice of Af and F we have our
mathematical relationship in 2-52 complete for 2M = 1024
number of points. a(f) will then have fo be Fourier
transformed by the use of computaionally efficient FFT
subroutine.

Function éYf) in 2-52 is complex so before FFT is to
be performed, we must "fold" the real part of it about the
Nyquist frequency to make it an even function (Brighanm,
1974, p.135). We therefore, sample the real component up to
512th point and fold it about this point. The imaginary
component of &(f), however, has to be odd, which means we
have to fold and "flip" it about the 512th point.

Our complex function with even real part and odd
imaginary component is to be Fourier transformed into a pure
real time function (our transient) with zero imaginary part.

Also of interest, observe that a real and even function of
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frequency with zero imaginary part will Fourier transform to
a real and even function in time. Note that our truncation
frequency is 1400 Hz so 280 points are used and the rest of

th point before being

the points are zeroed out up to the 512
folded. It is also evident that since fc(=14oo hz) <
F/2(=2560 Hz), we avoid the aliasing problenm.

The subroutine FOURIER in the main computer program
CONSTANT is written so as to fill the Fourier coefficients

according to the previously-mentioned rule. This subroutine

then calls up a modified FFT subroutine adapted from
Claerbout (1976). The results are then plotted using a
suitable plotting program.

For the purpose of summarizing the steps that have
been taken in the computer before resulting in our transient
waveform, a convenient guide to this analysis is constructed
in Fig. 2.5 in both frequency and time domains similar to

Brigham (1974, p.92).
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111- DISCUSSION OF THE THEORETICAL RESULTS
Computer program CONSTANT (Appendix D) was written
on the Control Data Corporation (CDC) Cyber Computer model
720 (and later changed to also accomodate CSM's Digital
Equipment Corporation Dec-10 computer) to apply the

theoretical scheme described in chapter II in order to
digitally compute various transient outputs of interest. As
described in the user manual for the program CONSTANT
(Appendix C), this program makes use of an input data file,
called Tape 1, for the computer calculations. These are data
values that must be specified by the user, in order to
obtain a computer output for a specific charge size and
medium of interest.

Careful consideration must be taken in choosing
numerical values for each of the parameters in Tape 1 which
we now proceed to describe in some detail. Variables in the
line 4 of Tape 1 ask for number of the sample points up to
window's cut-off frequency (KFREQ in the program) and
sampling rate (DELTAF) in Hertz, and in line 3 damping

1

coefficient (ALFA) in sec” ~, which were all described in the

previous chapter. As was shown, we only needed 280 sample
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points for a 1400 Hz cut-off frequency window with sampling
interval of 5 Hz and a damping coefficient of 10 sec_l.

The physical characteristics of the surrounding
rocks are specified in line 2 with the choice of
compressional and shear velocities in cm/sec and densities
in gr/cm3. These can ideally be obtained from the borehole
logs or any other source of information that is available on
the rock formation of interest. The CGS system of units are
adopted in all calculations and even if mixed units are
specified, as in line 1 of Tape 1 for example, it would
automatically be converted into appropiate units in the
program.

Finally, in line 1 the size of the dynamite charge Q

3 are specified so that

in pounds and its density in gr/cm
the physical radius of the assumed spherical charge can be
calculated in centimeters. Keeping this charge radius as
constant, we then proceeded to compute various transient
outputs for different radii of rock deformation by changing
B/A ratio in the progranm.

The dynamite's detonation pressure PO is another
variable that needs to be specified by the user in line 1 of
Tape 1. For a typical dynamite charge this pressure is

ideally of order of 106 psi or about 7x1010 dyn/cm2 in

magnitude. This value is, however, considerably reduced in a
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borehole environment to a few percent of that above. Its
utility comes about in obtaining peak theoretical velocity
values mainly for experimental comparisons and a handle in
most of the rock mechanical calculations. This will be more
fully discussed in the subsequent chapter. Here a value of
2.12x109 dyn/cm2 or about 1/33 of maximum assumed dynamite
detonation pressure of 106 psi was selected for Py
Generally speaking four elastic constants are needed
to completely describe an isotropic, homogeneous visco-
elastic medium (White, 1983). Two of these constants are the
ordinary elastic constants, known as Lame's coefficients A
and yu, which are calculated from velocity and density values
given in line 2. From the two corresponding loss parameters, T
was assumed to be zero (Appendix A) and therefore a
knowledge of n=u' (XMU1P), or ordinary viscosity of the
liquid is required. As different ranges of viscosity can
give rise to marked variations in the dilatational viscous
damping of the outgoing compressional waves (Appendix A), a
careful choice of viscosity is required as will be outlined

in more detail in the section below.
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I111.1 Stress Waves in an Infinitely Extended

In order to obtain physical insight in the choice of
the‘viscous constants being used, here we consider the
problem of radial stress distribution in an infinitely
extended viscous liquid. Referring back to Equation 2-19 and

again considering an exponential time dependance, we write

2-19 as
- i2un, 9U Y
Prr-x[1+ 3 ] e +2>\r
(3-1)
_ QU 4 20y, i2un 3U
B A(Br + r) t T 5t

where 7 denotes viscosity (u'=n). If we now consider wave
propagation in an infinitely extended Voigt liquid, a

solution to the wave Equation 2-10 becomes

O(r,w) = Dg?) e_kr
k =a+3 (3-2)
Cc
30
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and D(w) is a complex constant.

Substituting Eq. 3-2 above into 3-1 we obtain

2
_ D(w) Ak® -kr i2nw 2 2
L - e [1+= (kzrz T U] (3-3)

nw
The coeficient 2-— in 3-3 can be thought of as a phase angle
A

between stress and strain (Lee 1964, p. 2403) where

tan § = 2 (3-4)

Considering the constants involved in real media,
this phase angle is usually much less than unity, which

means tan 90, Equation 3-3 then becomes

_D(w) ,,2 -kr 2 2 _
Ry s R =R] (3-5)

kr

Let us now proceed with a numerical example to 3-5
above. If we consider a medium with compressional wave
velocity (in liquid) of about 1.5x10° cm/sec and for

frequency of 100 Hz at a distance of 10 cm, we have

=W - 2T 100 =z 4 x 10-3 cm—1
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SO now

lszr§+k—2r+1| ~ 1300

Analogously, for a radius of 100 cm, the term
multiplying © in 3-5 is about 130. So it is evident that
this multiplying term can get extremely large at short
distances. This effect, however, diminishes at larger r
values were we obtain a simple 1/r dependance for radial
stress. This behavior of radial stress at smaller distances
is also, of course, expected to be dependant on the value of
the © multipliér. As 1s evident in 3-4 larger viscosities
give rise to higher O values. For the example above, values
of viscosity greater than 105 result in 6>10_3 (for 100 Hz)
which again severely damps the observed outgoing wave motion
at short distances.

This process can physically be thought of as the
formation of a small spherical shell of over-pressured rigid
liquid around the cavity for larger viscosity values. The
resulting dilatational wave motion out of this zone is
essentially dominated by the very high frequencies which are
probably being cu§ by our window. This is demonstrated in

Figure 3.1 where this effect is pronounced for viscosity

values greater than 105, so that what we observe is
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Figure 3-1 Particle velocity as a function of viscosity for a 5 1b

charge in Taylor marl. (B/A=7.5, R=50 meters).
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essentially the time domain transformﬁtion or "time
constant" of our window (Peet, 1960). Lower viscosity values
(less than 103) gives rise to a more "ringy" low frequency-
oscillations which is expected.

The indicated "Peak" amplitudes on the right hand
margin also reveal that we obtain more thanmn a 100:1 ratio in
amplitude in going from 107 centipoises (cP) to 104 ¢cP in
viscosity value. These are maximum peak values reached by a
waveform in each transient oscillation and are in units of
cm/sec. It is evident, therefore, that considerable amount
of damping in amplitude results for these higher
viscosities. For lower viscosities, however, we observe far
steadier values of amplitude as most of the energy gets
through our window. So before any waveform analysis, a
careful "viscosity menu" of the form of Fig. 3.1 had to be
constructed in order to select the right order of magnitude
for viscosity for the medium and windows being used.

It is perhaps justified here to bring a reminder of
some of the discussion regarding viscosity (Appendix A). In
our model, a change of viscosity N results solely in a
change of dilatational viscosity K'=2/3N (as tangential
stresses are zero), which alters the shape of the resulting
compressional wave motion. This viscosity change, then acts

as our damping mechanism for the attenuation of the initial
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very high frequency content of dynamite in the near
deformation zone around the cavity. The assumption of zero
dilational viscosity of A'=-2n/3,as afforded by some authors
in the literature like Stokes (1845), should not, in this
case, result in any viscous damping of energy and therefore
would be analogous to a pure elastic case. The procedure to
modify the computer program to output a viscosity rather
than a B/A display menu is described in the computer

program.
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I11.2 Effects of Changing the Decay Constant
h

Another important variable which can influence the
resulting wave motion is the time decay constant of the
source 0. As a reminder, we saw in chapter 1 that larger
charges gave rise to a faster rate of decay of the initial
pressure pulse and thus a larger value of o. However, due to
the many experimental complications, no satisfactory
knowledge of changes in o for different types or sizes of
explosives are known. To demonstrate the changes in
waveforms which accompany different values of ¢, Fig. 3.2
was constructed for a 5/8 1lb charge in Pierre shale with a
constant B/A ratio and viscosity value but changing o in the
y-axis from 0=500sec”! (ty=2 msec) to ©=3000 sec ! (ty=1/3
msec).

As is evident, increasing decay constant o results
in a faster oscillation as expected. The shape of each
waveform, on the other hand, varies considerably as we
observe a more developed second and third peaks in each of
the transient oscillations with the second legs becoming
more pronounced than the first for larger than 1500 sec”1
values. This phenomenon can also be observed in some of the

Ricker's (1953) field observations for the smaller size
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Figure 3-2 Particle velocity as a function of source's damping

constant for a 5/8 1b charge in Taylor marl.
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charges.

Due to the inherent experimental uncertaintity and
computational complications, @, as is the case for almost
all theoretical developments, is held constant and
independant of charge size in all our calculations. Two
values of O were selected with one equal to 600 sec”1
corresponding to a moderately fast decaying source and other
equal to 10 sec—l. Although the latter is rather small, but

it can be thought to represent the step response of the more

physically realizable former case.
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ITI.3 Comparisons with the Experimental Data

With the selection of a likely order of magnitude
for viscosity , the size of the deformation zone (B/A value)
was changed in order to obtain a waveform with a "Period"
that would métch the fieldvdata. For the example cited
previously, viscosity was in order of 104 ¢cP in value for
the variable B/A displays. Keeping the size of the
deformation zone as fixed, we then proceeded to again change
viscosity but this time at a much finer scale, in order to
obtain waveforms with correct "shapes" as judged by the
degree of damping. or peak to trough ratios, of individual
traces.

Three sets of data are drawn from the literature for
the purpose of comparisons with our theoretical results.
These include experimental data obtained on the shape of
primary seismic wavelet on Taylor marl (Sengbush ,1978); on
the Pierre shale (Janak, 1982; Sixta, 1982; McDonal et al.,
1958 and Ricker, 1953); and on a London clay formation as
reported by O'Brien (1969). For the case of the_Taylor marl
and Sixta's data on the Pierre shale, calculations are

obtained for both faster and slower decaying sources. In
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each section, all the computaional procedures leading to the
final wavelet selections are outlined for only the slower
decaying source. For the faster source function, on the

other hand, only final results will be shown.

IIT.3.A Seismic wavelet in the Taylor marl

Results of pressure measurements for different
charge sizes as reported by Sengbush (1978) in the Taylor
marl in Kaufman County, Texas are shown in Figure 3.3.A and
3.3.B. These represent various waveforms from two in-line
recording holes with 20 ft spacing. One millisecond tic
markings are indicated underneath each chart. As is evident,
increased values of charge weight gave rise to lower
frequency oscillations with the frequency response curves
shifting towards lower frequencies.

Let us now refer back to Figure 3.1 which represents
plots for our theoretical particle velocities. X-axis
represents time which is generally 200 milliseconds (MS)
long with 20 MS intervals. Y-axis plots the waveforms for
either variable B/A ratio, or viscosity values or charge
sizes as specified on each figure. Each display is corrected
for geometrical spreading for a shot-receiver distance of 50

meters.
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As no dependable velocity logs were available, compressionsl
wave velocity was calculated directly from the two recording
hole data for the 5/8 1b chargé and found equal to 2.44
km/sec. A shear-wave velocity of 1.0 km/sec and rock density
of 2.16 gr/cm3 was further estimated as inputs to Tape 1.
With no data available on the type or the commercial make of
the charges being used, an explosive density of 1.25 gr/cm3
was also assumed which is a typical value for most dynamite
charges employed in exploration. The field data were
obtained by a wide-band analog recording system which meant
that the half-cycle sinc function, which was described in
section II1.6.B, was in this case, an appropiate truncating
window of our digitized data. The cut-off frequency of this
window was assumed equal to 1400 Hz.

Figures 3.4 to 3.9 represent variable B/A plots for
all charge sizes. Viscosity was held to be constant and
equal to about 104 cP as demanded from our viscosity plot of
Figure 3.1. For each size charge, a value for B/A was
selected as to best fit the "period" in waveforms of Figure
3.3.A. "Period" for each waveform was defined as the length
in time from the onset to the second zero crossing of each
waveform. Each plot was first displayed on an expanded scale
so that an accurate reading for periods can be made. Note

that values for B/A in Figures 3.4 to 3.9 may start at
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Figure 3-4 Particle velocity as a function of B/A ratio for a 5/8
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Figure 3-5 Pafticle velocity as a function of B/A ratio for a 1.25

1b charge in Taylor marl. (Viscosity = 10000 cP).
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Figure 3-6 Particle velocity as a function of B/A ratio for a 2.5

1b charge in Taylor marl. (Viscosity = 10000 cP).
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Figure 3-8 Particle velocity as a function of B/A ratio for a 10

1b charge in Taylor marl. (Viscosity = 30000 cP).

75



T-2892

13

TIRY T f

12

11

10

B/A

0 100 200
Time(ms)

Figure 3-9 Particle velocity as a function of B/A ratio for a 20

1b charge in Taylor marl. (Viscosity = 30000 cP).
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different initial values on the y-axis.

Peak amplitude values are noted on the right hand
column only for the 5/8 1b caée of Fig. 3.4 in order to
observe the steady rise in amplitude with increasing B/A
ratios. The basis for their calculations will be discussed
in the latter part of section III.3.B.

The B/A ratios were then held constant in order to
vary viscosity as to best select waveforms with sufficient
amount of damping. An example for a 5 lb charge is exhibited
in Figures 3.10 and 3.11. Note that as expected, viscosity
changes do not alter peak frequency values of the amplitude
spectrum but only result in velocity amplitude variations.
Table 3.1 below indicates values for B/A ratio and viscosity

that were selected as to best fit the field data:
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Charge sizes (1b) B/A Viscosity(xlos)
(cp)
5/8 6.7 22.0
1.25 7.8 22.0
2.5 9.1 23.0
5.0 9.1 24.0
10.0 9.7 30.0
20.0 9.6 30.0

Table 3.1- Values for viscosity and B/A that best fitted

the field data. (a=10 sec_l)

Constants in Table 3.1 were used to construct
selected waveforms for all charge weights. These are shown
on Figure 3.12 and 3.13. As is evident, all waveforms
indicate a rather encouraging similarity in shape and
amplitude response with the field data of Figure 3.3.A. We
furthermore observe the well known shift in peak amplitude
responses towards lower frequencies with larger charge
weights. Increasing charge weights should therefore give
rise to a higher amplitude low-frequency ground motion.

We also observe in Figure 3.13 an abrupt cut-off of
the frequency response at 1400 Hz which is solely due to the

windowing. Note that each amplitude response is initially
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Figure 3-10 Particle velocity as a function of viscosity for a 5
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linear for some time which is essentially what we expect
from a purely doublet type of waveform. It is also evident
that a different functional relationship exists between
charge weights and amplitude in differing regions of the
amplitude spectrum. The amplitude increase is, for example,
more pronounced at lower frequencies with an increase in
charge weight. This phenomenon was also noted by Peet (1960)
and by O0'Brien (1960) on his data on marine and land
dynamite shots.

Faster decaying source (a=600 sec-l) results in, of
course, faster oscillations which means that larger B/A are
reqhired for wavelet matchings. Same procedure for changing
B/A and viscosity values gave rise to final waveforms in
Fig. 3.14 and their associated frequency responses in Fig.

3.15. These selections are shown in Table 3.2 below
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Figure 3-12 Particle velocity as a function of charge size in Taylor

marl. (Slower decaying source, alfa = 10 sec-l).
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Charge Size (1b) B/A Viscosity(xlos)
(cp)
5/8 7.18 26.8
1.25 9.2 20.4
2.5 10.9 16.8
5.0 10.5 18.9
10.0 12.6 27.5
20.0 12.5 27.5

Table 3.2- Best choices for B/A and viscosity values for

the faster decaying source (0=600 sec“l) in the Taylor marl.

As before, a general increase in B/A ratios and
decrease in viscosity values are observed with increasing
charge sizes. Time waveforms in Fig. 3.14 also seem to
closely resemble the field data similar to the previous case
of Fig 3.12. The frequency response, however, shows a faster
rise and a much rounder peaking of amplitudes which more
closely resemble the field data of Fig. 3.3.B. Note also
that each peak is displaced by about same relative scale as
a function of charge size when compared to the field data.
Again differing amplitude relationships seems to be evident
in different regions of the frequency spectrum as a function

of charge size.
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I1I1I1.3.B Data obtained on the Pierre shale.

An unusuaily thick and homogeneous section of a
Cretecious shale unit, known as the Pierre shale, has always
provided an ideal site for the purpose of source studies
conducted by various authors in the literarure. Sharpe
(1942) investigated wave motion in Pierre shale and found it
to be of some order of magnitude longer in duration than
predicted by his theory. Ricker (1953) and later McDonal et
al. (1958) observed both compressional and shear pulses in
this formation which provided some of the early field data
on the form and shape of the primary seismic pulse.

Recently, as a result of series of "source studies"
experiments conducted by the then Exploration Research
Laboratory (ERL) of the Geophysics Department of the
Colorado School of Mines, Janak (1982) and Sixta (1982)
published a comprehensive report on all the recordings
obtained from the different seismic sources being tested.
The test was conducted near the town of Brush in the
Northeastern part of Colorado with the Pierre shale being
reasonably homogeneous in its upper 1000 ft of the section.

Seven three-component clusters of 8-Hz geophones
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were cemented in place in a borehole from 400 to 1000 ft
with 100 ft intervals. Seismic sources were located on a
circle, with the recording hole at its centre. A 50 ft
radius between each source and the recording hole ensured a
near vertical travelling signal, being transmitted
approximately parallel to the borehole axis.

Figure 3.16 which was obtained from Sixta (1982, p.
16) displays recordings for a 5 1lb charge at a depth of 177
feetf The term "All Corrections" refers:to all the
processing corrections that were dohe and will be described
later. The recording hole was filled by slow-setting cement
which exhibited excellent reproducibility and good coupling
for pick up of higher frequency motion. Although one other
gravel filled hole as well as a cased hole were also used,
the cemented hole seemed to consistently give rise to.the
most dependable waveforms, which will be used here for the
purpose of all theoretical comparisons.

Explosive charges ranging from 1 to 50 lb in weight
were used as part of the sources being examined. These were
located at depths from 10 to 200 ft down the borehole. Since
an approximate 40 ft of eolian sand followed by another 40
ft of clay were present above the Pierre shale in the test
site, only shots more than 100 ft deep were considered to be

truly within the Pierre shale unit. We have accordingly
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Figure 3-16 TField recordings of a 1 1b charge buried at 200 ft.

(After Sixta, 1982).
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selected shots fired at 200 ft depths and recorded by the
1000 ft depth geophones for all our comparisons.

Several steps in processing were applied to the raw
field data. These included horizontal geophone orientation
from shots on the 50-ft radius cement ring and construction
of both inverse filters for the recording instruments and
the geophone response. In addition to above corrections to
the raw data, another set was displayed correcting for such
factors as spherical spreading, transmission through the
boundaries and attenuation losses. For our analysis, the
wavelets that were chosen had been corrected for all the
amplitude losses, so they were as if recorded 1 meter away
from the shots.

Since the data were recorded using CSM's DFS V
recording system, as mentioned above, an inverse filter to
remove its effect had to be constructed. This meant that a
net windowing similar to that of Figure 3.17 was done on the
data and our previously truncating window of Figure 2.2 was
no longer suitable. Both amplitude and phase responses on
this figure were hand digitized and were used as our
preconditioning window for computer calculations. The data
file which contains this window specifications is called
Tape 11. Notice that our digitally recorded data is severely

band-limited and its amplitude is reduced up to 48 db above
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250 Hz. It also contains a noticable 60 Hz notch filter and
an associated phase at that frequency which was considered
in Tape 11 so that all theoretical frequency responses
should accordingly be affected by this cut-off. Frequencies
greater than 250 Hz were zeroed out completely which meant
that KFREQ variable in line 4 of Tape 1 is now equal to 50.

Both the geophone and DFS V inverse filtering had
the net effect of rémoving the phase and were thus referred
to as "Dephasing" of the data. Note that since both of these
inverse filters were zero phase and non-causal, a back-
loading of the energy results when aplied to causal
waveforms. This effect is further accentuated with
application of the attenuation correction, which is also a
zero phase filter. The net effect on our waveforms is an
artificial downwarp movement before the onset of our causal
waveforms.

This artificial centering of energy is evident in
all our data as in Figure 3.18, for example, which displays
computed waveforms for a 10 1lb charge using constants
reported by Janak (1982). Also ﬂote that we do not observe
any smooth waveforms but traces that are a bit ringy at the
tail end. This is again attributed to an application of
Gibb's phenomenon which means that for a 60 Hz notch type of

cut-off, our time waveforms should oscillate at that
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i

Figure 3-18 Particle velocity as a function of B/A ratio for a

10 1b charge in Pierre shale. (Viscosity = 90000 cP)
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frequency (Papoulis, 1962). Shown at the bottom of this
Figure are experimental data from Sixta (1982) for shots at
200 ft. Note that field data is also contaminated by a
wavelet "ghost" which is a reflection off the bottom of the
low velocity level. The degree of interference of the ghost
wavelet with the primary seismic pulse gets, obviously, more
severe at shallower shot points.

A mean compressional velocity value of 2.17 km/sec
and shear velocity of 0.8 km/sec with rock densities of 2.11
gr/cm3 were input in the computer as our data values.
Dupont's 5 1b Tovex S charges with explosive density of 2.11

gr/cm3

were used in constructing all the 5 to 50 1b charges
in the field. The shot receiver distances for computer
outputs were again 50 meters.

Using the following data, waveforms for all size
charges were constructed. Here, the narrow band character of
our preconditioning window placed severe constraints
specially on waveforms obtained from smaller charges. Since
it is known that amplitude response peaks at higher
frequencies for smaller charges, our window was therefore,
only suitable for large enough charges that contained most
of their energy in the frequency band of our window. This is

illustrated in Figure 3.19 for a 1 1lb charge where we

observe relatively no change in period with increasing B/A
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Figure 3-19 Particle velocity as a function of B/A ratio for a 1

1b charge in Pierre shale. (Viscosity = 20000 cP).
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ratio. Displays for a 5 1b charge did also exhibit similar
character and only outputs for 10 1lb charges or higher were
judged to be reliable for comparisons with the field data.

Considering the above, a viscosity menu for a 10 1b
charge was made and is shown on Figure 3.20. Ounce again, a
viscosity value of around 104 centipoises seems to be
appropiate for our analysis. A ratio of almost 1:350 in
amplitude variation is observed for viscosity changing from
107 to 104 cP in value. Higher than 104 viscosities exhibit
waveforms that are essentially the time transformation of
our frequency window as, similar to the previous case, most
of the transmitted energy is outside the band-pass of our
window.

Displays for 10, 25 and 50 1lb charges were also
constructed varying both B/A ratio and viscosity and best
judged matches are shown in Figures 3.21 to 3.25. As before,
we note a change in period with changing B/A ratio, and a
change in degree of peak to trough oscillation, or amount of
damping, with variations in viscosity. Closest matches with
Sixta's waveforms were objectively judged-and perhaps not
the "best" choices due to the inherent noisiness as a result
of our narrow band notched filtering of the data-and are

tabulated below for the reliable charge weights:
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Figure 3-20 Particle velocity as a function of viscosity for a 10

1b charge in Pierre shale. (B/A = 7.5).
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Figure 3-21 Particle velocity as a function of viscosity for a 10

1b charge in Pierre shale. (B/A = 7.5).
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Figure 3-22 Particle velocity as a function of B/A ratio for a 25

1b charge in Pierre shale. (Viscosity = 90000 cP).
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Figure 3-23 Particle velocity as a function of viscosity for a 25

1b charge in Pierre shale. (B/A = 7.75).
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Figure 3-24 Particle velocity as a function of B/A ratio for a 50

1b charge in Pierre shale. (Viscosity = 90000 cP).
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Figure 3-25 Particle velocity as a function of viscosity for a 50

1b charge in Pierre shale. (B/A = 8.25).
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Charge size(1lb) B/A Viscosity(xlos)
(cP)
10 7.5 40.0
25 7.75 35.0
50 8.25 40.0

Table 3.3- Choices of B/A and viscosity for best match

with field data in Pierre shale.

Here it should perhaps be noted that although the
available information on the field parameters were far
superior to the previous case, the variability in the shape
of the waveforms put a constraint on the accuracy of all
comparisons. Note for example, the rather ragged behavior of
the second peak or even the first trough of the primary
seismic wavelets for various charge weights.

Using constants stated in Table 3.3 and similar to
the Taylor marl case, Figure 3.26 was made to display
waveforms for the larger size charges. We again observe the
same general trend of lower frequency motion for larger
charges that are shot, of course, at the same depth.
Illustrated in Figure 3.27 are the corresponding amplitude

spectra. Notice the rather visible 60 Hz notch and, as
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before, larger amplitude/charge-weights dependance for lower
parts of the frequency spectrum.

Larger B/A ratios and smaller viscosities were again
observed for best fitted waveforms using faster decaying

source (0a=600 sec'l) as shown in Table 3.4 below

Charge size (1lb) B/A Viscos.(xlos)
(cP)
10 9.3 38
25 9.2 28
50 10.4 25

Table 3.4- Selection of B/A and viscosity values for the

faster decaying source (a=600 sec—l) in the Pierre shale.

Values shown in Table 3.4 were used in making Figs.
3.28 and 3.29. Since no knowledge of dynamite's detonation
pressure under borehole conditions were known, the amplitude

corrected field data in the Pierre shale were used as a

means of obtaining Py, for the more reliable a=600 sec“1

source. This yielded to a value of 2.12x109 dyn/cmz. This
scheme, therefore served as a means of calibration of our
source for all the velocity waveforms in Pierre shale and
other formations as well as the ‘rock mechanics computations

in Chapter IV.
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Figure 3-28 Particle velocity as a function of charge size in Pierre

shale. (Faster decaying source, alfa = 600 xec—l)
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Figure 3-29 Amplitude spectra of waveforms in Fig. 3-28.
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I11.3.C Comparisons with Other Data in t
Literature.

Perhaps, to reduce the problems associated with
narrow-band filtering, we can consider other authors who
also provided data on the same formation but using a more
wide~-band type of a filtering. Both McDonal et al. (1958)
and Ricker (1953) obtained data on Pierre shale at locations
near Limon in Eastern part of Colorado. Since the authors
used rather flat response wide band recording systems, our
previous 1/2 cycle sinc with 1400 Hz cut-off frequency was
used for comparisons with this set of data for the slower
decaying source only. An initial viscosity menu of Figure
3.30 exhibited the same acceptable 104 cP viscosity value,
only now we note far less noisiness associated with zero
phase back loading of energy and a much smoother behavior. A
close look at expanded waveforms for a 10 lb charge using
wide band filtering of Figure 3.31 does, however, show the
slight artificial pre-onset non-zero lead.

Data for 1 1lb charge can now be constructed rather
reliably and is shown in Figure 3.32. This can in turn be
used for comparisons with McDonal et al (Figure 3.33) for

vertically travelling compressional wave and Ricker's
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Figure 3-30 Particle velocity as a function of viscosity for a 10

1b charge in Pierre shale. (B/A = 7.5).
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Figure 3-31 Particle velocity as a function of B/A ratio for a 10

1b charge in Pierre shale. (Viscosity = 40000 cP).
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1b charge in Pierre shale. (Viscosity = 50000 cP).
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(Figure 3.34) for shots at different depths. Slightly
different velocity and density values were chosen in
accordance to the logs reported in this paper. Compressional
wave velocity are, in this case, around 2 km/sec for depths
less than 400 ft and 2.134 km/sec for depths larger than 700
ft.

McDonal et al.'s data (1958, p. 427) were obtained
by a Vertical Seismic Profile (VSP) type of survey for a 1
1b charge at a depth of 260 ft and recorded by 5 geophones
placed at depths from 350 ft to 750 ft with 100 ft
intervals. Although some degree of wave broadening as a
function of travelled distance is apparent on the data, this
attenuation effect is essentially negligible as far as our
analysis is concerned. We thus took the same assumption for
waveforms in the Taylor Marl where no attenuation
corrections were performed on the data. A transient period
of 4.5 ms roughly corresponding to a B/A of 10.5 in our
theoretical data was found for this case. Comparisons with
Ricker's data, on the other hand, gave rise to a B/A ratio
of about 9.5

A glimpse at Table 3.3 we observe that comparisons
with Sixta's data resulted in B/A values of around § which
is slightly smaller than that of Ricker or McDonal et al.'s.

This was explained by White (1962) where geophone clamping
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was explained not to follow the earth's motion as reliably
as a hydrophone. Sixta (1982) and Janak (1982) made some
improvement on this problem by filling the borehole with
cement and thus creating a more homogeneous medium for wave-
detection. This is also observed in Figure 3.32 where
waveforms from a hydrophone pick up at 345 ft had a lower
duration than a corresponding geophone at the same depth.
The field data by Sixta (1982) and Sengbush (1978) are thus
more suitable for theoretical comparisons. Extrapolation of
periods to a lower value, brings the B/A obtained in Pierre
shale in the same range. This viscosity value is, however,
quite low and around 5000 cP.

Finally, outputs were obtained for comparisons with
O'Brien's (1969) waveforms in a London clay formation. This
formation had a net compressional velocity of 1.7 km/sec and
a shear velocity of 0.6 km/sec and density of 2 gr/cms. A
B/A ratio of about 10 was selected for both 0.31 kg and 1.55
kg charges as shown in Figs. 3.35 and 3.36 respectively.
Each figure also displays a typical field wavelet as
obtained by O0'Brien for the charges being considered.

Our analysis therefore indicates that for the
formations being considered, B/A ratios ranged from 6-12 in
value for charge weights less than 50 1lb. This suggests the

size of the deformation boundary around a typical chemical
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Figure 3-35 Compressional wave recordings from a 0.31 Kg charge at

23 m. depth in London clay. (After O'Brien, 1969).
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Figure 3-36 Compressional wave recordings from a 1.55 Kg charge at

24 m. depth in London clay. (After O'Brien, 1969).
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explosive to be of relative small size, similar to many

field observations.
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CHAPTER IV.ROCK MECHANICS APPLICATIONS

Iv.1 Calculation of dynamic stresses at

Besides the ability of the model to predict the far-
field dynamical properties of the seismic wavelet, numerous
other rock mechanics applications for the behavior of rocks
at the limit of fracturing can be found as well. In
particular, it is of interest to calculate the limiting
stress value of rocks at the shattered boundary, B, where
rock fracturing has ceased. Other interests include the size
and extent of the deformation zone as well as the shape and
properties of the transient stress wave that has been
transmitted to the elastic region.

Results of calculation presented in chapter 3 in
matching waveforms with the field data indicated that
reasonable B/A ratios were obtained from the model, where A
defined the physical radius of the charge. As mentioned
previously in chapter 1, measurement of the shattered zone
in granite, salt, limestone and marble by investigators from
U.S Bureau of Mines indicated the extent of rock deformation

around a commercial explosion to be of relatively small
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size. B was generally found only about 5-12 times the charge
radius, quite similar to the results obtained from the
model. So the model can be held as approximately correct in
predicting the extent of non-elastic deformation.

Before obtaining some numerical limiting stress
values in rocks, however, two general parameters must be
known in our model before theoretical calculations can be
made. These are the time rate of decay of our source and its
maximum amplitude P,. P, was selected in chapter 3 by
matching calculated peak velocity amplitudes to that of the
amplitude-corrected field data as a means of calibration of
our source. A value of 2x109 dyn/cm2 was chosen that
represented a considerable reduction in detonation pressure
of dynamite in borehole environment as compared to ideal
conditions. The source time constant o was chosen equal to
600 sec corresponding to a moderately fast decaying
source.

Since the wave motion in the elastic zone was
assumed to be independant of all angular components, the

only non-vanishing components of stress-possesssing a polar

symmetry-are the radial normal stress

ou u
= - — 4-1
P, (A + 2p) 8r-+2 Ar ( )
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and perpendicular to r at any direction, the angular normal

stress

pee=k%+2(x+u)—§- (4-2)
where u denotes the radial displacement. Equations 4-1 and
4-2 can thus describe the set of stresses that are radiated
outside the shattered boundary in to the elastic medium. The
radial stress is found to be compressive and angular stress
tensile.

Calculations were made to digitally obtain solutions
to both stress equations 4-1 and 4-2 at the deformation
boundary (R=B) using the same Fourier synthesis\ technique
employed earlier in Chapter 2. The transient outputs then
describe the stress waveforms that are emitted to the
elastic zone as assumed by our model.

Figure 4.1 shows a typical diagram for both radial
and angular stress superimposed on each other for a 5 1lb
charge and at the deformation boundary B. These waveforms
represented transient responses due to our fast decaying
source in Taylor marl and using best B/A ratio, viscosity
and Do values obtained as a result of velocity matching in
chapter 3.

Adopting a notation similar to material sciences
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Figure 4-1 Radial and angular normal stress at R=B for a 5 1b charge

in Taylor marl.
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with negative denoting tension and positive as compression,
we observe the radial stress to complete a positive
compressive cycle with a small tensile undershoot before
deéaying to zero. The angular stress, on the other hand,
undergoes a negative tensile cycle with a compressive
undershoot. Both transients have a time duration of few
milliseconds and when superimposed on each other, as in Fig.
4.1, they exhibit a similarity in shape with same zero
crossing for both waveforms. This is readily evident from
Eqs.4-1 and 4-2 where we observe that both stress relations
show a similar functional dependance ﬁith displacement u but
are only multiplied by @ifferent combinations of the elastic
constants.

In calculation of the stress outputs we observe a
slight frequency static component due to our source. As a
reminder, this problem was accounted for in our calculations
of particle velocity since the time differentiation of
particle displacement resulted in a multiplication of an i®w
factor in the frequency domain which zeroed out the static.
In the case of stress calculation, however, we have to
recognize this problem. Note also that Fig. 4.1 does not
plot the full 0.2 second waveforms, so that each oscillation
is not yet reduced to its full static value.

Using constants obtained in chapter 3, full radial
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and angular waveforms for all size chafges in Taylor marl
are calculated and shown in Figs. 4.2 and 4.3 respectively.
The time duration is 0.05 seconds so that each tic mark on
the x-axis corresponds to 5§ milliseconds. The peak values
indicated on the right hand margins are in psi. Each
transient behaves essentially as a half sinusoid with its
time duration increasing and waveform shape becoming more
oscillatory with larger size charges. The peak stress values

show a decreasing trend with larger charges.
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Figure 4-2 Radial normal stress as a function of charge size

at R=B in Taylor marl.
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Iv.2 Failure Criteria.

Failure of rocks is generally explained as a
functional relationship between "strength" of the rocks and
the imposed stresses. The process of failure, however, is
expected to differ considerably under dynamic loading rates
of only a few milliseconds in duration, as compared with
static loading of cylindrical samples of rocks. Moreover,
the ratio between compressive and tensile strengths in
rocks, known as the Blastability Coefficient, is generally
very high suggesting that rocks fail much more easily under
tension than compression.

If we consider the rock mass to contain a large
number of flaws or pre-existing elliptically shaped cracks,
Griffith's criteria can be adapted to explain crack
propagation causing failure due to the radiated radial and
angular stresses. Since in blasting operations the rate of
the loading of the source is very fast, these Griffith
cracks do not acquire suffficient time for closure. Orginal
Griffith theory did not also account for crack closure
associated with compressive applied forces and only effects
of tensile forces at fracture were calculated. This can also
imply that under dynamical situations, shear frictional

stresses are probably not the contributing factors in
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failure and only the normal stresses are involved.

The original Griffith theory, which was proposed to
explain the low measured tensile strengths in glass,
suggested that in two dimensions failure occurs when the
tensile stress in a flat elliptical crack reaches a value
characterictic of the material. Da Gama and Nelson (1970)
extended the Griffith theory to dynamical situations in
blasting to explain the hoop tensile stress to be the main
cause of radial cracking in the cracked zone under the
propagation of radiated waves over pre-existing "flaws". So
the maximum tensile values of Fig. 4.3 can then be
considered to correspond to the limiting dynamic tensile
strengths that the ﬁoop stress has attained at the limit of
radial cracking. Due to the presumed geometry, moreover, the
principal axis coincides with the polar system which means

the the radial stress P.r is the maximun normal stress 0;

and the angular stress Pee is the minimum normal stress c%_

In the Mohr space these define a circle which intersects the
failure envelope at o, as shown in Fig. 4.4. According to
Griffith's hypothesis, 0, defines the limiting tensile
strength of rocks in the formation of radially extending
cracks at failure.

Da Gama and Nelson (1970) adapted fracture mechanics

from Griffith's crack concept to explain the formation of
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Figure 4-4 State of stress at failure according to Griffith criteria.
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these radial cracks outside the crushed zone. Implication of
this theory suggested that radial cracks occur even though
the radial compressive stress has an amplitude less than the
compressive strength of the rock. The net effect of the

compressive stress P they concluded, was not in rock

rr’
failure but only allignment of flaws and their small
extension in a radial direction which coincides with the
direction of the maximum principal stress.

The tangential tensile wave would then reinitiate
these radial cracks causing them to propagate until the
tensile wave "outruns" the slower moving crack tips. The
radial direction of failure, therefore, may not coincide
with the original direction of the crack. The extent of
radial cracks is, of course, dependant on many factors
including explosive parameters, charge parameters and rock
parameters as was discussed in chapter 1.

Assuming that the peak values in Fig. (4.3)
represent the characteristic dynamic tensile strength in
Taylor marl we here proceed to tabulate them along with the
radial stress values as a function of charge size. The
values presented in the table are corrected for the source
static which was found equal to +128 for the angular and -

256 for the radial stresses. These, therefore, represent the

values by which both stresses need to be adjusted by in
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order to shift the stress curves correctly to the zero line.

Charge size(lb) Prripsi) =B (psi) B_/Pgd
5/8 18756 9832 1.91
1.25 16056 8512 1.89
2.5 13756 7352 1.87
5.0 13356 7292 1.83

10.0 7676 4062 1.89
20.0 7386 3972 1.86
Ave.=1.87

Table 4-1. Dynamic peak tensile and radial values at the

deformation boundary after static correction have been made.

Curves for radial and angular normal stress for B/A
and viscosity values obtained in Pierre shale also show the
same trend of an increase in oscillatory behaviour with
charge size as shown in Figs. 4.5 and 4.6. However, no
expected decrease of peak amplitude between 10 to 25 1b
charges has occurred, but none-the-less a general decreasing
trend is evident. This is probably due to the distortions
introduced by the narrow band windowing of the data which
has made the correct wavelet selection not as reliable as
the Taylor marl case. These are shown in the Table 4-2

below:
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Figure 4-5 Radial normal stress as a function of charge size at R=B

in Pierre shale.
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Charge size(1b) Pprpsi) =B lpsi) |B /P |
10.0 8706 4855 1.80
25.0 9666 5592 1.73
50.0 7462 4242 1.75

Ave.=1.76

Table 4-2. Corrected radial and angular normal stress in

Pierre shale.

From the data in tables 4-1 and 4-2 above we observe
dynamically calculated tensile strengths that range from
4000 to 10000 psi in value. These might at first appear as
rather large when compared to laboratory obtained "static"”
tensile strengths. Many experimental techniques designed to
calculate dynamic tensile stresses do, however, indicate
that these large differences in fact exist. In calculation
of Young's modulus, for example, a ratio ranging from 0.85
to 2.9 between dynamically and statically calculated values
were measured by the U.S. Bureau of Reclamation (1953) on 20
different rock samples. This was also observed for Poisson's
ratio which likewise varied with rate of applied stress.
Witﬁ respect to "strength" of rock in failure, Hawkes (1959)
has measured tensile waves due to explosion in a rock core
with peak amplitudes three times the static tensile strength

without fracturing.
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A variety of experimental techniques has been
employed to calculate tensile strength of rocks under
dynamical stresses. Birkimer (1970) used an "air fired
projectile impact loader" to induce ‘high compressive pulses
in the specimen and a surface strain gage type system to
detect the strain pulse near fracture locations. For
cylindrical bars being struck at one end, he presented a
"critical normal fracture strain energy" theory which
explained the fracture strength of brittle rocks to increase
with strain rate of loading to the one third. His
experimental data also agreed with this power law relation,
as rocks are then expected to be stronger in tension under
faster loadings of rock bodies.

In a separate experiment, Clark and Candle (1961)
investigated brittle fracture of small beams of rocks under
the action of central transverse impact loads. The sources
were introduced by either dropping steel balls or firing a
no.6 blasting cap on a 1vinch and 2 inch thick supported
beams. In order to record the correct times of fracture,
strain measurements were taken at the midspan, where strain
was at a theoretical maximum. His results indicated a ten-
fold increase in dynamic fracture strain for the blasting
cap type loadings in hydrostone. This experiment, as was the

case previously, therefore suggested that the dynamically
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obtained tensile breaking strains to increase with
increasing straining rates.

Generally speaking though, calculations for dynamic
compressive and tensile strengths are very hard to make in
the laboratory. Birkimer (1970), none-the-less, surveyed the
literature 6n comparative static and dynamic strengths of .

the rocks and his data are shown below:

Static Dynamic
Rock psi "psi Ratio
Bedford limestone 600 3900 6.5
Yule Marble (parallel
to the bedding) 300 2700 9.0

Yule Marble(perpendicular

to the bedding) 900 7000 7.8
Granite 1000 5700 5.7
Taconite 700-1000 13200 13.0

Table 4-3 Comparative tensile strength of rocks (after

Birkimer, 1970)

Considering the data presented in table 4-3 a ratio
of 6-10 approximately can be assumed for the dynamic to
static strengths in sedimentary rocks. In addition, these
high values of dynamic tensile strength were not found to be

constant and they noticeably depended on the strain rate. So
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our calculated values for tensile strengths in Table 4-1 can
be assumed to be of reasonable magnitude.

It must be noted that under the obtained high
dynamic tensile stresses, earth's vertical lithostatic
pressure can be expected to exert minimal effects in rock

failure under dynamite loading. The lithostatic or

hydrostatic pressure is the pressure exerted at a depth from
the weight of overburden of the confining rocks and is
simply equal to pgh where g is the acceleration due to
gravity,p density, and h the height to the surface. This
means that for shallow shots of equal weight, there should
not be a great difference in fragmentation and wave

propagation for small variations in shot depths.
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Iv.3 Seismic Scaling Laws

Oftentimes it has been of interest to the
geophysicist to obtain various power law relationships
between two or more variables as a result of an explosion.
Many have investigated the scaling laws between elastic wave
parameters such as stress vs. time or distance in both
theory and experiment. Here, however, our interest is more
confined in the performance parameters of explosives such as
scaling between a charge parameter and a wave parameter such
as "Amplitude". Thfee types of scaling relationships have
been recognized: 1)energy scaling 2)weight scaling and
3)volume scaling. Each finds its prober application
depending on how explosives.are used. Volume scaling is, for
example, used when one wants to compare the effectiveness of
two different explosive'types of the same size in a given
borehole. Energy scaling is mostly used for large boreholes
for lower density explosives.

In our analysis, however, we make the assumption
that all rock and explosive parameters are constant. This
means that for an energy density of an explosive, energy is
proportional to its weight which is directly proportional to

its volume. So, as is often the case in seismology, we
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choose to investigate various scaling relationships as a
function of charge weight.

In most such investigations laws of similtude, or
scaling theory, is normally employed to examine the effect
of charge weight Q on various parameters of interest. A
simple such scaling relationship as was developed by Lampson
(1946) for selected quantities of interest is shown in Table
4-4 below. Note that each scaled quantity shown will remain

constant at the same scaled time and distance.

Quantity Symbol Scaled Quantity
Length L L/Q1/3
Time T T/Ql/3
Mass M M/Q
Volume v V/Q
Energy E E/Q
Stress 0 o}

Strain € €
Displacement U u/qQl/3
Velocity \Y v

Table 4-4 Scaling relationships between charge weight and

other quantities of interest.

In the scaling relationships above, the effect of
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gravity which is only noticeable for "apparent cratering"”
type of phenomenon is considered to be negligible so that
the cube root relationship holds.

As an egample of the scaling theory above; in the
same rock with constant properties, a 1000 1b charge would
give same peak stress at 10 ft from the source as a 1 1b
charge at 1 ft. Since linearity is not required, the volume
of deformation zone can then be assumed to be proportional
to the charge weight Q so that the shattered radius B,
should scale as the cube root of charge size. As radius of
charge A also varies as the cube root of charge weight,
application of the laws of similtude would require that B/A
ratio obtained in both theory and experiment to be constant.

Constancy of the B/A ratios under the application of
the scaling theory can only be trueAif the limiting stress
at the boundary of rock deformation would be expected to
retain a constant value independant of all charges being
used. As mentioned before, experiments on rock failure under
dynamical conditions indicated that the dynamical tensile
breaking strength of rocks shows a noticeable variation with
charge size or straining rate of the explosive source. This
was well demonstrated in Tables 4-1 and 4-2 and are plotted
as a function of charge size in Fig. 4.7 for the former

case. As evident from this Figure, the tensile values vary
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Figure 4-7 Tensile strength as a function of charge size Q in 1b.

in Taylor marl.
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slightly with increasing charge size.

As tensile strengths decreases slightly with larger
charges, the deformation radius B is then expected to vary
at a larger ratio than a third with charge weight. This was
demonstrated in Fig 4.8 where a log-log plot of B vs. Q

172 so that the B/A ratios

indicates B to change nearly as Q
are expected not to reach a constant value and increase with
charge size. We can therefore conclude that a cube root
normalization of linear dimensions-as often held necessary
due to the laws of similtude-is strictly speaking not
correct.

Apparent deviations from the cube root scaling
relationships have been observed for gram size charges by
D'Andrea et al (1968) and at kiloton ranges by Vortman
(1963). It must be noted that defining the limits of the
deformation boundary after an explosion is a difficult task
since the transition from inelastic to elastic behavior is
probably not sharp. But none-the-less the cube root law has
been assumed by various authors in the literature.

Another scaling relation of interest has been
between peak velocity "amplitude" and charge weight, or
finding the exponent n in the relation A=ch. Here we define

amplitude as the maximum value reached in the velocity

waveforms above the zero onset line.
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The value for the exponent n has been known to vary
considerably from one experiment to another. Where distances
of measurement from the source have been relatively large, n
generally equals or is slightly larger than 1. This is
demonstrated by Gaskell (1956) where he found n in Bunter
sandstone to equal 1.18 for refracted velocity waveformé
some 20,000 ft from the shots of up to 200 1lbs in weight.
Latter et al (1959) also observed an almost linear
relationship for nucleur charges in kiloton range over a
distance of about 180 Km.

Observations closer to the source have yielded
different results depending on the size of the charges being
used. For shots of up to 100 lbs at 20 ft depth, Blair and
Duvall (1954) found n to equal 0.730+0.07 for distances
between 25 to 1000 ft. O'Brien (1960) obtained a value
closer to 1 or slightly larger for dynamites ranging between
2.5 to 300 1b in weight. Habberjam and Whetton (1952) also
found n equal to 0.88 for 4-198 1lb charges. Only Peet (1960)
reasoned the exponent n to change depending on charge weight
which, in his data, was reduced from 4/3-for larger charges-
to about 1/3 in the smaller charge end.

Despite of the wide range in the value of n, energy
considerations would at first suggest a simple square root

relationship between amplitude and Q. If one equates the
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square of amplitude of ground velocity with intensity, laws
of similtude of Table 4-4 would then require energy to be
proportional to charge weight or amplitude to vary as a
square root of Q. But this can only‘be permissible for a
pure sinusoidal type wave and not a pulse type wavelet where
a frequency spectrum is observed.

A closer look at the theoretical curves for velocity
in Taylor marl strongly suggested a larger change in
amplitude response at lower portions of the frequency
spectrum with peak amplitudes shifting to lower frequencies
for larger charges. Since the attenuation characteristics of
earth and our recording system can be considered as a low
pass filter, most of the high frequencies emitted by smaller
charges are expected to be cut by the action of earth
filtering. The lower portions of the spectrum of these small
charges can therefore show a comparatively larger relation
with charge weight with n higher than 1. Larger charges, on
the other hand, produce a spectrum which more fully falls
within the band pass of our equivalent "earth filter" (Peet,
1960) and the exponent n is therefore expected to generally
be reduced to a value less than 1. This hypothesis is well
observed for the theoretcal peak amplitudes in Fig.4-9,
where the initial n of 1.5 is reduced to about 0.5 for

larger charges.
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In the time domain, the measured field waveforms can
be considered as a convolution of the initial seismic
wavelet with the time domain equivalent window of the
combined earth and recording instrument filter responses.
For smaller charges, with the time duration of the pulse
being less than or about the same as the window, the pulse
is usually contaminated by the earth filtering and total
period of the pulse is slightly increased from its real
value. If we define "Period" as the length in time between
the initial onset and the second zero crossing from it, we
expect a power relationship between period and Q with the
exponent n being reduced to a limiting 1/8 value for the
ideal case in the scaling theory. Fig. 4-9 shows this
relationship between period P in MS and Q as a change in
slope from 0.6 to 0.4 is observed with increasing charge
sizes.

As a reminder, the presented scaling relationship
were obtained from application of the faster decaying source
in Taylor Marl. Amplitude scaling relationships for the slow
decaying source shown in Fig. 4-10, however, indicates a
more linear relationship between amplitude and charge size
with again the exponent n decreasing with larger charges.

Finally, it must perhaps be noted that the scaling

relationships (if they exist) in themselves can not be used
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to predict functional relationship between the variables,
such as variations of stress with time or distance, and only
can be used to predict the value of a scaled quantity at a

scaled distance or time, independant of the charge size.
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V. CONCLUSIONS

Based on the analysis thus presented, a few
conclusions regarding the model and its applications can be
drawn, which are as follows:

1-A better model is presented in predicting the
shape and form of the primary seismic wavelet from a
dynamite charge than that previously proposed in the
literature. Theoretical differences in shape and properties
of the seismic pulse in changing geological environments
confirmed field observations.

2-The model incorporates a visco-elastic liquid in
the problem as the damping mechanism for the loss of energy
that occurs as a result of rock fracturing around an
explosive source. The physical size of this boundary, as
predicted from the theory and obtained from wavelet
matching, is found to be reasonable.

3-The shape of the frequency response more closely
follow the field data than a Sharpe (1942) type of model,
with a shift of maximum peak amplitude to lower frequencies
as a result of increasing charge size. A more pronounced
functional relationship between amplitude and charge size is

evident in the lower part of the frequency spectrum than
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high.

4-The model can find various applications in rock
mechanics, including a prediction of shape and properties of
the emitted stress wave at the boundary of rock deformation.
The limiting tensile breaking strength values thus obtained
reasonably agreed with the experimental data.

5-In agreement with recent experimental findings,
the model predicts the dynamic tensile strength of rocks to
vary with size of the charge or the duration of the tensile
stress. This is contrary to the assumption made in obtaining
various scaling laws in the literature in which a simple
cube root relationship between the radius of the "shattered"
zone B and charge size is implied. Theoretically obtained
scaling relationships are in agreement with the hypothesis
forwarded above, and in the case of "amplitude" scaling to

that of the latter part of conclusion 3.
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APPENDIX A

INTRODUCTION TO VISCO-ELASTICITY

Since the zone of deformation around the spherical cavity is
hypothesized as a visco-elastic liquid, here we proceed with a brief
introduction to visco-elastic behavior.

A visco-elastic or Voigt solid is a medium where stress is both

proportional to strain (as a linear Hookean solid) and strain rate

(o

ke (a-1)

T,. =C..., €, +Cl.

ij ijk% kL Clel
where Tij is the stress tensor, C's represent proportionality-constants
and € and €¢

kL k&

Since not all the 81 components of the C matrices are independent here

are strain and strain rate temnsors respectively.

we adopt the compacted version of (A-1) (Sokolnikoff, 1983), as

Ta = caBEB + C&B Eé (A-2)

where CaB contains 36 independent components. In writing (A-2) we

make use of the following notation below

11 1 22 2 33 3 23 4 31 5 12 6
(a-3)

11 1 22 2 33 3 23 L ©31 5 12 6
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For a homogeneous isotropic medium, we only have two independent
constants commonly known as Lame's coefficients A and y. Matrix CaB

then takes the form

f AM2u A A 0 0 O w
A A2 A o 0 O
Cog = A A M2u 0 0 O (A-4)
0 0 0 uw 0 O
0 0 0 0O uwu O
0 0 0 0 0 H

Sinilarly C&B in (A-2) is the primed matrix version of (A-4).

Hooke's law for a homogeneous isotropic visco-elastic medium thus

becomes
T,. = (MBS, + 2ue,.) + (A' 8 &, 'l -
1y = (88, + 2ue )+ ( gt ) (4-5)
where O is dilatation given by
8= +¢ +c¢€ (A-6)

With the assumption of radial symmetry, we write (A-5) as

To= 080 +20) +6 O + 2 (A-7)
11 3 3

Due to the assumed radial symmetry, tangential straius become

zero so that

T. = 2ue
1

+2u'e =0 (A-8)
.1'2 : 1

2 2
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In general, four constant A, A', U and Y' are required to completely
specify a Voigt solid, but many authors take some simplifying assump-

tions. Recognizing bulk modulus k in (A-7) as

2. _
)\+§ =k

(A-9)

Al +_§_ul = k'

we can associate the compressibility k with k' in (A-7) and U with u'

in (A-8). For a liquid with no rigidity (u=0) (A-8) becomes
T =2u'e =90 (A-10)

It is known from fluid mechanics that for a moving fluid, the

general equation involving shear stress Sij can be written as

S.. = L.t v, . A-11
i3 ﬂ(vl’J vJ,l) ( )

where v is the velocity of flow, N is viscosity and comma implies
covarient differentiation. Comparing (A-10) and (A-11) and recognizing

definition of strain in terms of displacements u,
1
€4 =% (u, . +u, ) (A-12)

We see that U' represents nothing but ordinary viscosity in shear
for a viscous liquid. In our case, however, we have assumed no shear
strains so that value of viscosity in shear does not contribute to any

losses.
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It has been recognized for some time that in addition to the viscous
flow in shear, another type of flow also occurs when the volume changes
upon compression or decompression. This is deformation involving
dilatation as opposed to shear and is known as dilatational viscosity
k' (=x! +-§u') (Kolsky, 1963). This dilatation or bulk viscosity is a
measure of the time lag, associated with fitting the constituent
atoms of a compressible liquid structure closer together and thus
filling the free column under compression. Occasionally, it is referred
to as the second coefficient of viscosity.

Some workers took this dilatational viscosity to be zero (Skokes,

1845; Ewing, Jardetsky and Press, 1957) and thus

leaving only the single constant W' to account for shear viscosity.
The assumption that dilatational viscosity is negligible compared to
shear viscosity is only justifiable for rubber-like materials, as
argued by Kolsky (1963) and not true in general.

In this thesis, we took a different simplifying assumption,
that \' = 0; so here the dilatational viscosity becomes 2/3 of the
shear viscosity and it solely accounts for the loss of energy in our

model.

The Stokes Wave Equation (Ricker, 1977)

In deriving the wave equation for a Voigt medium, we start with

the classical wave equation
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a.2

ot

-©-

( + 2w 7% = 0 (a-13)

N

and, for dilatational waves, perform the following replacements in

(A-13)
k by k+k'-jL U by u + njL (A-14)
ot ot
we then have
4. 2 L. 9 2 324
(k+51) Vg + (k' +n) - Vo =p—5 (A-15)
3 3 ot Btz
or
2 k' + 4/3n 9, _ 1 3%
Vi@ + ————— ) = — (A-16)
2 ot 2
pc c” ot
where ¢ is the compressional wave velocity given by
CZ = E.t.‘*./}.li (A-17)
P
If we now define wo as
1 _k'+4/3n _ A" + 2n -
o 2 =X 2 (A-18)
o pc
The wave equation (A-16) becomes
2 1 96, _ 1 3%
Vet T2 (4-19)
o c~ ot

where for spherical waves we have:
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2 2
d 9
—5 [rd + 1 _zg_:il = C_l2 % (rd) (A-20)

or Yo )

as is used in the text.
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Appendix B. User's Manual for the computer

programs.

The computer program CONSTANT as used in this thesis
is listed in Appendix C. The program is written in the
FORTRAN code to initially run on the CDC Cyber computer
model 720 of the Geophysics department of the Coloraao
School of Mines. It was later modified to also accomodate
CSM'S Digital Equipment Corporation DEC-10 computer. The
program listing in Appendix C runs on the DEC-10.

To execute the main program, the user needs to
create an input file called FORO1.DAT on the DEC-10 (or
TAPE1 on Cyber). The data on the FORO01.DAT is in free format

and in the following order:

Line 1: DENSE
Line 2: XC2, XC2S, RHO
Line 3: ALFA
Line 4: DELTAF, KFREQ

Line 5: WGHT, FACTOR, XMU1lP

where all these data are real except KFREQ which is an

integer as described below:
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DENSE : The dynamite charge density in grm/cm3

XC2 : The compressional wave velocity of the
outside medium in cm/sec.

XC28 The shear wave velocity of the outside

medium in cm/sec.

RHO The density of the outside medium in
gr/cms.

ALFA : The source'a time constant in'sec-1

DELTAF : Sahpling interval in the Frequency domain

KFREQ : Number of points in the frequency domain

up to window's cut-off frequency.

WGHT : The weight of the charge in 1b.
FACTOR : The B/A factor being used.
XMU1P : The visco-elastic fluid viscosity in cP.

The program is designed to calculate particle
velocity (in cm/sec) at a specified distance from the source
as used in the program. The plots in this thesis were
obtained from a distance of 50 meters (R=5000). The program
can also compute the radial and angular normal components of
stress (in dyn/cmz) at the deformation boundary B. In this
case, therefore, R must be put equal to B. The computed
transient waveforms will be written on FORO2.DAT and the

amplitude spectra will be on files FOR16.DAT up to FOR21.DAT
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if 6 transient waveform are, for example, desired. The
transient waveforms were ploted by the program DPLOT.EXT
modified from Shiao and the frequency spectra were plotted
using available softwsre program on DEC-10 called GRAPH. As
described in this thesis, a half cycle sinc function is used
for the truncation of our digitized data except for the case
of the Pierre shale where a digitized form of the DFS-V type
of windowing was entered in the program by a file called
FOR11.DAT.

The computer program consisted of a main program and

two subroutines as follows:

Progranm Description

CONST Main program to compute transient waveforms
(particle velocity or two components of
stress) and asoociated amplitude spectra
in an homogeneous, infinitely extended
isotropic elastic medium.

FOURIER Subroutine to fill a matrix with the
Fourier coefficient and then call
FORK to do the FFT.

FORK Subroutine to perform the FFT.
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EAAMPLE INPUT JATa
FUR ThE CALCULATICN
JF PAnTIiCLF VzLJOCiT:
TIih TAYLOR MARL.

1.2
2.44E05,1.7235, 2446
6\)‘30

Ses230

2.625,7.18,2680v,
1020,504,20400,
2.5,10.9,168C0.
Cel,10e2,189C0.
1\100,12.6/275J\}a
20ev,12e5,27500,



168

T-2892

2 4 ~~
[

> > (=11
~J O Z b [seleples]
od [e] fen Lo BN ] e} wn oNONeN
A JER 3] 4 <l bt [ - LY
= 0 N ) LS = o [l
[T [e &) [Jp1 e n] 2] [(Read [on] ¢S TN ¢ 2] —t [ NN
(8L _JIFL | | g (LW [l b~ VO g & —ONM e~ - o
Ll Al o~ A= ] -] =% B~y id vLLCo iz -
fxy el O (]EATF 0y M, - a, XXFw o, (%)
(3,22 () <t =X, 4 > [£5]an s A5 ] oD ™) O OeeN -t o o=
Gl e RIOICI b [laten] pl] o8] xu [ &) = L Y O [ [7p] o
OX@y 200+ OO [ 7} —~0) o 2] =z - [ N ) et
LOZN e 0 weIds, L e <t U OOt ! -4 (X%
U= Oy > (=] = NUD - DO, (8 LK aleals ol d . et o~
>, LVOVLLL i~ 0 OO LU (%] 0L NN - (816Y]
) Tt V) OFEXIFZ~ Y O>AQCQ W [ 3 I SRS | g ™~ NN fr. bl >0
W CEL- 409 o SRR T o T 2 5 100 Lragal 2. wdCE W = = O~ [
QD> N0 B i Tea - e do s L o L e BN S ] (e > \AW}\/\@T. > — >0
3 ST M Z e o Lo BENEC. SR-3 s* i C e = NN (=] 1%} [
QEF-~OLNDLILT O A 4T & BN W) 0o e (&) oy 2O o =z [l ¢
o OO COCeX—os T M e wfe, UNID e ok mkmﬁfﬁ L. x | &)
1D I COCE N MO O >E O e mx &0 TS (o] (@8]
L s O e ol aQlbun DY ) L& 4 @~ S ~F [%5] . 7%
s o BTT T % Tae T B {0 404 e AnTlea Zed 0QLI0D O ~ N ME e a4 rel 1315}
DT NTLEs W) oz Al OO SDah, v R 2 ¢ T Nk % o >N
(X i Z DO - [ AT @ MX o N~ N OO £ > -4
[CHT T ST A S 2V L o B T .2 IO 2C! - ) >N ctar PO N e 3 (38
B4 I k] > ] OO ki ) = INE0LOT, ey IO b3 >4 -
Dhuldd HZ O T b mey e & = - =1 NNIT N, 0. - — -
ONA DO 1IN mb., = [ R SR A B LD NIy Mg, IS [+ % >3 ¥t
X ODELL, *F5 €0 DO X B W) A Y N O -r
OUHHAQ AT DEE Il =0 [ [P = ] O ¥ N 5y Gy 2T o [ [ [/, ]
(B -Ao A [sWan 1o LT [ Ry o [£5 Lo B e TLT S 20 ix)  EEEe OX 'S, 5 z &) N
13 QLR CAO I (> YY) Bl & XL e e BZD = a4 20
coT LY T NEEIGD [ et D i 2 & C.XE.«a,nuOC fonnd ' Gl O™
[ 1 &edo Wanl B L den I 4o o] 11631 —ten YO0 -t oo et DL DED XMH.PLII/ Q. o o) 7 T I
E 0Nl o1,y it Ot (I, 5> oo [C¥- N 1. A 75 ToN Vo RN ¢ Y C?.:d,,cknu. NINN T e~ 2 (&) Z NDek
e R O A ey T 2T L1l Ll D ZOH O i do sese st 0 Z MM - (2] EX
OV DX~ 430 N @O QA - OL(Y, LPPPF??HEQSM.. fad [ RS
i ZnNu0aAi, =0 N~ QUK 2 O X PMMU::IL vaﬂun.wMHuAd.dA 23} X O
OZpu A7 = >z — O~ ey Edbln [ F OO0 A, 0.0, (e T =M o~ a,0n
Ot Qer (O T N T L S ] ElbagemnclonTae LS TR YN = X YU
o IO IO Iy e B h- o [Z3t=d o] w A.m.u.O,O [N " N Ciay
Qb d ot =0 - LT (g, >4 —_—OOO e D -3 - O
Ol 200t oo (Ce? Tl U E o<t O~ —
2 D ODNEOZO) D N - A S 25 aN O Ow
O E Ot U Cas w o € % ot e
=t O K NZA, 51 ZN D . =7, (&) (3 [icY, [1] (rlegS
3 O e I T eI - o (& C'le. [ & R ¢ A ¢ A T«
2.
(o]
[a]]
™
vLLLLLLLLLLDLDDLLLDLULLLLDLLLDDLDLLDLL M K xODOLY LLLLL

RFAD(1l, *) XC2,XC2S,RHO



169

T-2892

~ ~ >
-t [ al (&)
=z = -
- =< frfe,
-] & o
> [Z] (¢4 =
= 0 () o 4
4 ] sy ® - Q

e S IS (&) [0 egl- ] € E

- o o >0 L4 (&)

(2537, I =] S o = -t Zl
- T - L iz is) z @ OO
N~ @ o fmel L} =
A o . [£3) g 3O £ Q = &1
w > [z, s8] 3 () L P LT €& - ~N o
-1 R " t Sy -< B se] ST I

-0t L3 B 35 [£3] (5] v e A JCH [(A &) - (]
vy Y D] ™~ . L2 1 O (G of .
il WA ] . - [ el £ T o [<a] Z1PH
ZZ a4 [2? n ® (v} Zid = -4 O] ] e
(rag X DL o jnJ e § — ~N O O & 23 -

— N, & i ] (] T} b4 b 172] g S 117 ]
O I 3 ow (& (&l = - [ B < 0O e
—HZL) (D] o3 amD bacd ragdon Juu <Y, Z0
LChu 4O DO - c o] [l S &5 ~ (@] oI T 1) gl (! ®
L~ a O X -3 = e, -] [ &3] oo o aZ O>x
&~ C vix > > - QLYY Cat vl 181750 U0 B (X .
Oy, -« * [2%) © b-2be 3 V31 S o S Bog (SIS NN Aled
(BT} =) QO oL = rx] =z L B | P {s 4 i (ALY

12 k. = U = — (75 TR o K SOV PR (45} [ ST} < Ao N
NAD Mg+ <« QOO =0 8] NS e [ i M) -t (1Y,
[ [en NS 43 4 o ofa ol 4 @x N K LIS NK s x,(21 23] 0.
[¢ Wan ] Bl A « N A o (rre T I T4 2, * [, =T @ [l TN (43217
-3 A /o Ts WV IR ) = b2 o | iR Y B4R (TR A W0 L4000
arfr, =l 7 Z o~ ) ¢ W) ot ts. BN 0« VLT — >0 N et
OS> o O o« e Ly % <% LS4 a0 BRI [l s JUS R0 | o, Q. -% ~ N E

Ny 3 & K qx [s¥) * f(a) W) B e 0 O L ! 2T I OO~
(Y.~ > R ® (Y Z N T g X CneCs LT e @ JLn rd LI
[ Sl B - A NeICiZZ DI ¢ B =~ N oK ™MD =g oL
oyl W30, B4 NI AL b N . ~N LD oty ) OC i D e Pt (] Pt
- Ll <8 O, ] b=~ & Qs LI O R, [ JST75) S =g 4
DSOS TOMA X XA (1T A < L =i~ A% BN [ A S i I = 1V e} Z 1 S n Q
OM)  wied TR O L 3 [ =Y LA [ ¢ S - el S ] e (0 ASS VR T o B 7Sl ot S GXLL
D M OB DO > Ot ~ DA aontE4 Il DR A H LK e e (23 PLAYS hagde of
alied Dl (1 CRZ e JZ N Q oI CRw T Uat O =L E- ] el O
LD icl 4 Dl D (N a OO « 1) AD bi B  Z0

CA GCuyy  JIJ00 e = G 0. gk < (53 WO mo

OO0 DU-L = MO > o4 £ o Wil & TN N Nlen|

~ry (3

LLLL LLL LU DOLL CLL L LLLLY LLLIL rooLw (S S15I &S] SIS 8)

RFADP(1l, ) WGHT,FACTOR,XMJ1P



170

T-2892

* 2(POWER)
ALFA

)
’

» ISTANCE. FROM

iSE*990,
dr,XxMUL
I
F

RNrCr -
(e [ e ||
Q< @

SS

I
L

OR NJRMAL STR

[N
o —

sy
ragip 4

=t T2,

[ .
R s [a)
S Jo & 7
D

LLLLL

TTENTATION
IONS «

1,XFREQ

I

I*DZiLw

A1=W**2 /(WZERO*2*XC1)

P 500

W

56

JCMPLX(ALFA,¥)

./C
$ED

~iD

ee {
[ e {13}
ro.m

-

5]
—

-

=

LoLvoLLe

PAd*(2.12F0%)
DITION IN TYE PROBLEM.

P

R
TR
TS AL



171

'XMU2/R**2

3-2%CK2

STRTSS
D *xx

/
/

YORMAL
x( =2 2X%(2

2/R) *Ce 4P ( -C¥3 =R)
1 %Py

*—-—---'.--‘ANGULAR

T-2892

. ~
B ~
> *®
(%] ®
-~ ~ w
e (0] b=t fat
w O+ ~ o
b & = . o -
o i e ~ ot
L =X o -t 4 ~ >
® Z IXE Q | [«
~ QU &= * ° >3 G Wl
N =IO ZE+ N m [€ 7~
L] il 1= M + k. FE:
x -y & F'(v] X <} 4 M.
~ 0 il ¥ O e o x [ &) NG
- Z2mT Ol & x o = I ~
N DDECEe Uk ~ N = o~
b Ao o B I < 3 -4 - b 2] (o0 Jon’ —t
w B0 <t~ C L] - - = — wn
— [ BT 0 . > - .3 [ 22103 ~
O . N O (¢ ) (3] ~ [ & B ] -t A
T Owln BN ~ (] ~— bS] 16 (]
m =10 ™ TN [a] e - (] 0 wed pes” O X
+ FalYAN O 1 2 [ ) .. N = (817, ] o
~CY T e o RN ) -, - U —a. 3 ~
~{iX O Nk TM 13 MOTTX ~ ~ - ~ (8 (Y -~
~HOK i TR D D e o, ~r b N+ 4 LeO ~ X
jenl & P N o S{ e 12 b | 0NN D b ~~ ( O fabd N
LOF s 4 220 ) B0 O DL . o . gy ¢ -
Osr =) Ny =D P4 N DO * ~ i SN N ¢ O
T HITIZRL N OO O N ol LU &) - (SN N e 0. — -
WAL, REK E 1 DO ) 3 O - € O ol o, O % o
- FeHAR IO e A O, Jex [ S S | n. ~w )0 =) B4 o~
LN ¢ OOUDM v SR T U - x O B i 2 N
OAECND 23 N2 FNOOA MO -ltn ¥ . [7%] X <} ~r M
1 H s (-t iz e i TellolTok TS RENNS Lo A -] peon) . o~ - Y LJOE e M
ARSI O REO O3 * A, QN LN o ~ o et o« O U N
[ Ll | RS e v RE; e of CTUIEANERTF T~ 0 0] N ~A™ o Bl 4 ¥eakd = (N
N AN E TR O HELIOOOINDUU RO < ] Q& (u 0 [ I 4 7 I [ P
A AR N o Tus] c0ie i 7 o of 4 P ol HU O LT o~ e 4D, X 6] O ~2D 0
A BB DO QOO O [ S ) LA B, OC =t
]yl s D BAONAAD AR AN A N N e DD O = e L K 2
OO = =0 Le Lo T S ben o L N T 3 B I T gt [ 3P | (VoL TN o <3 K S Sl P
W T g o 00X ) ILNEOXOLOOLO Tk A, O 0 (7T, I, - OFTO v=ol
=i (Yimr PE = Dt e G CUUOI I ey e~ I Q w4y 1O O 2 E- LY e (O g
B+ X O XM L K> O [se}
= x
| [} x
~ N (=]
[
_ o lTy
o o o O o~
Vel ~ornrLeLLL ™ hedlsl (B 1A E] &) w [S1&] 818 [S18/ 51 5] &1 )

1,KFREQ)

(NN,22) (XAL(L),AMP1(L), L

CONTINUE

NRIT

700



172

T-2892

0N
(.73 @
< B{e L 7p]

2 ~C
[N
O &e~
O
[T 4 {8 ]
) e
a.ci.
Z
cox
(] ] ]
X
5 N
2Z0al
—OE
[ pd ¢ Maw]

Oz

22
Q. @mxe
OQD <
B ZNE=
(721" V]

152
Z00
- O
e
Sz
Owild
LS

M E O BINAY L)AL NI e )
D00 N O BOME- > L H 1 2 1 NO = KOE>C I ub 'z
NOOUME OO I P I D OO LOLOL L GO L)

voLL

20

30
0,1.0)*(PI*SIGNI*(¥-1))/L

=t o oK X
T OTTAV~~D
[P TIVIR Vet Yo b X
- A L nitr D K
Dt Ot bt 1] 0D DA
LD O
€O W I N
DE D SO AN YIS
wWIdNUENI T DD | St LN OO 3 e b Ul
(i B )

=N L IDC N~

WAt WD

[ L N [ 8- 20 I & [N

LN IRV [ - T
T AU R

[LIS | P 1 14

RO 0, +~E« Q.

F.oM)GO TO
«GE.1)GO TO
LX)GO TO 40

L]
w3
= ~
o, ~
- o]
~ QO L)
o~ <.
o b hd
[o SN ] [e (]
=y et o~
LS (%} dZ  ~M
N M o= ™
s SIS CO NN .
[0 I =z~ (75}
-] LF  wh) =
LA S — LN )
N = € >z -t
=" =g <) i &
LY - N0 -l
O o~ fual A~ [ 2]
3 « e lL 4 o]
a3 N o] L e V)
N O [ L >
[ & I [e A TR 4 oo ]
X X, O ~O
ot Al Eee X, ©
. < ~ (NrT <F 0E~
L LWl o | ol S ¢ 9
x (Ve 4 [ ] ] N
~ © M LA~ <
LY N \ =t Qv X
(NN O ww X+ L
o, or~ ¢ xZ "N [N
5 e S g <Pl
O O N R O
e LI P DX OL4 N
L OO L) e e ed OO
Q

Z0OZ X N O N
O L e I Xl e
B O DX NSO
NN | AZ T ¢ Ol L]
Oulazz ~A O e

(L QL et g LU L2 NN+, 10T
MM ZZF Sl 2] g 2,

Dbt DO D DDt (D O
SCDDDACCHW.H&DCCCCLD
LR

L



173

T-2892

=PEAL(CAA(L))

)
INUE
PN

AC(
4 CON
RET
END



