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PREFACE 

This report is one of a series documenting the results of the Swedish-American cooperative research 
program in which the cooperating scientists explore the geological, geophysical, hydrological, geo
chemical, and structural effects anticipated from the use of a large crystalline rock mass as a geologic 
repository for nuclear waste. This program has been sponsored by the Swedish Nuclear Power Utilities 

·through the Swedish Nuclear Fuel Supply Company (SKBF), and the U.S. Department of Energy (DOE) through 
the Lawrence Berkeley Laboratory. 

The principal investigators are L.B. Nilsson and 0. Degerman for SKBF, and N.G.W. Cook, 
P.A. Witherspoon, and J.E. Gale for LBL. Other participants will appear as authors of the individual 
reports. 
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EDITOR'S NOTE 

One of the difficult problems at Stripa was to detect the 

presence of fractures within the rock mass. The present work 

presents new results on a method of fracture detection using 

ultrasonic reflection techniques and reveals the power of this 

approach. These results, when properly applied, will be an 

important component of site characterization work on crystalline 

rock masses. 
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FRACTURE DETECTION IN CRYSTALLINE ROCK 

USING ULTRASONIC REFLECTION TECHNIQUES 

Stephen Philip Palmer 

Abstract 

This research was initiated to investigate using ultrasonic seismic 

reflection techniques to detect fracture discontinuities in a granitic 

rock. Initial compressional (P) and shear (SH) wave experiments were 

performed on a 0.9 x 0.9 x 0.3 meter granite slab in an attempt to de

tect seismic energy reflected from the opposite face of the slab. It 

was found that processing techniques such as deconvolution and array 

synthesis could improve the standout of the reflection event. 

During the summers of 1979 and 1980 SH reflection experiments were 

performed at a granite quarry near Knowles, California. The purpose of 

this study was to use SH reflection methods to detect an in situ frac-

ture located one to three meters behind the quarry face. These SH data 

were later analyzed using methods similar to those applied in the labor

atory. Interpretation of the later-arriving events observed in the SH 

field data as reflections from a steeply-dipping fracture was incon-

elusive. 

Subsequent laboratory experiments showed that the shear velocity 

of the granite increases from 10-20% when going from a dry to water-

saturated condition, and that the shear attenuation constant decreases 

by a factor of three under these conditions. An artificial fracture 

was created by shimming two granite slabs to give a 1.5 millimeter air 
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gap. P and SH reflection data recorded prior to and after filling the 

gap with water confirmed previous theoretical predictions concerning 

reflection from a fluid-filled fracture. While keeping the gap water-

filled, advances in the SH reflection arrival time monitored over the 

following week indicated that water was absorbed a minimum of 10 centi

meters into the granite slab. The most likely interpretation of the SH 

field data is that the later-arriving events are Love waves that result 

from a low velocity surface layer created by drying of the granite 

during the hot, dry California summer. 

a?~£~~ 
Chairman, Thesis Committee 
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CHAPTER I 

Introduction 

0 

The permeability of a crystalline rock body is controlled pri

marily by the presence of interconnected fractures within the body. 

Thus, accurate determination of the location and orientation of discrete 

fractures within a rock mass would be extremely useful information for 

hydrologists involved in estimating permeability and other hydraulic 

parameters. Information regarding the nature of the material filling 

the fractures is also desirable, as water flow is usually confined to 

11 0pen 11 fractures .(i.e. those fractures not completely filled by calcite, 

epidote, clay, etc.). The detection of fractures and other geological 

discontinuities near the working face of a mine or tunnel would also 

aid in the prediction of roof collapse and other mine safety problems. 

In fact, most fatal mining accidents occur in areas of advancing or 

development work, and most fatal roof-fall accidents occur within ten 

feet of the working face (Mongan and Miller, 1962). 

The purpose of this research is to develop a high-frequency seismic 

reflection system that can detect fracture discontinuities within a 

crystalline rock mass. Besides being able to detect the position and 

orientation of the fracture plane, it is also desired that the nature 

of the fracture interstitial material be determined from analysis of 

the reflection data. The ultrasonic reflection system developed during 

this research was tested under various laboratory conditions so that 

its limitations could be determined. The applicability of these reflec-
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tion methods to fracture detection in an ideal field situation was tested 

at a local granite quarry. Unfortunately, no field application in an 

underground environment could be conducted because of the limitations 

of the research project. 

The development of a physical system capable of generating inter-

pretable ultrasonic seismic reflection data is described in Chapter II. 

Both compressional (P) and horizontally polarized shear (SH) wave re-

flection data were obtained under various laboratory conditions, and a 

number of signal processing techniques were used to simplify the analysis 

of the reflection data. In Chapter III the results of a field test are 

presented in which an attempt was made to detect a naturally occurring, 

~situ fracture using the reflection techniques developed in the lab

oratory. The results of this field test suggested that a series of 

laboratory experiments be conducted to study the effect of different 

interstitial fluids (air or water) on.the reflection of P and SH waves 

from a planar fracture. These experiments are described in detail in 

Chapter IV. In Chapter V the results of the field experiment are 

examined in light of the results of the laboratory fracture study. A 

reevaluation of the field experiment is presented, as well as conclusions 

regarding the practicality of this technique for fracture detection in 

an underground environment. 

Some of the earliest references in the geophysical literature rele-

vant to this study are the results of a number of seismic modeling ex

periments published in the mid-195o•s (e.g. Levin and Hibbard, 1955; 

Evans, 1959). In these experiments low-frequency (1 to 100Hz) seismic 

wave propagation in a layered earth is modeled using laboratory scale 
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physical models and a consequently higher frequency band (10 to 300kHz). 

The results of these studies have shown that easily interpretable P and 

SH reflection data can be obtained at ultrasonic frequencies on a number 

of simple laboratory models. Indeed, this. sort of seismic scale modeling 

is presently an area of active geophysical research, especially with 

regard to its application in petroleum exploration seismology (Dampney, 

lvlohanty, and West, 1972; Waters, Palmer, and Farrell, 1978; Palmer, 

Smith, and Waters, 1981; Tatham, Goolsbee, Massell, and Nelson, 1981). 

The application of ultrasonic reflection methods to fracture detec

tion in a mining environment was initially studied during the late 

195o•s (Szendrei and Lochner, 1958; Lutsch, 1959). Further research 

into practical applications of the technique continued into the mid-

197o•s, meeting with limited success in the detection of~ situ frac

tures (Yu, 1967; Gupta, 1972; Yu and Telford, 1973). However, at least 

one private company has been able to demonstrate the commercial use of 

an ultrasonic reflection method in the site planning of an underground 

construction project (Price, 1973). A more recent reference presents 

a successful case study in which a number of sandstone and sylvite beds 

were detected within a salt dome using a sonar (acoustic reflection) 

system (Unterberger, 1978). 

All of the previously mentioned studies involved with~ situ 

fracture detection have used only compressional (P) wave reflection 

techniques. Certain theoretical and practical considerations, which 

will be elaborated in Chapter II, suggest that a single, thin, water

filled fracture can be more easily detected using SH, rather than P 

wave, reflection methods. This research then represents the first 

3 



published attempt at using ultrasonic frequency SH reflection methods 

to detect in situ naturally occurring fractures. 
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CHAPTER II 

Section 1 

Preliminary Theoretical Considerations 

Prior to assembling the physical components of the ultrasonic 

reflection system, it was necessary to establish the theoretical be

havior of compression (P) and horizontally polarized shear (SH) wave 

reflection from a simple fracture model. The results of this study sug

gest that SH reflection techniques are superior to P wave methods in 

detecting thin, water-filled fractures. However, determination of the 

interstitial fluid of the fracture (air or water) is only possible using 

P wave reflection data. Thus, the results of this study. encouraged the 

development of both P and SH reflection systems. 

Treatment of the source-free elastodynamic wave equation in an 

isotropic, homogeneous, linear elastic whole space frequently involves 

methods~that separate the compressional (P) and shear (S) components 

of the vector displacement. The source-free elastodynamic wave equation 

can be written: 

[II . 1. 1] 

where p = the density of the medium, A = the Lame parameter of the 

medium, ~ = the shear modulus of the medium, and u the vector displace-

ment. In a Cartesian coordinate system the component of motion can be 

determined by starting with the vector identity: 

7 
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Substituting this into II.1.2, then: 

2- . 
a u -

p - 2 = (t-+211)11 [V•U] 
at 

( vx [vxu] )11 [II.l.2] 

To obtain the P wave equation of motion, let e = v • u, and taking the 

divergence of II.1.2; 

[I I. 1. 3a] 

Compressional (P) waves then propagate with a velocity a = ,{'-+2v 
,P 

In order to determine the shear (S) wave equation of motion, let 

~ = V xu, and taking the curl of Equation II.l.l, then: 

where the identity v x [V [V·u]] = 0 is used. 

pagate with ve 1 oci ty S = v/11/ p, where S < a. 

[I I. 1. 3b] 

Shear (S) wave then pro-

Figure II-1-1 depicts a monochromatic plane elastic wave propaga-

ting through a linear, isotropic whole space. The total displacement 

of a plane elastic wave u can be separated into its compressional up 

and shear us components, as shown in this figure. As a matter of con

venience the Cartesian coordinate system is defined so that the unit 

wave normal v lies in the x1 - x3 plane. The shear displacement can 

then be separated into its vertical (SV) and horizontal (SH) components. 
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This separation of the vector components in a Cartesian coordinate system 

is very useful in practical seismic reflection applications where the 

sub-surface reflectors are nearly parallel to the ground (observation) 

surface. 

In the following analysis a fracture is modeled as a thin, planar 

layer filled with a material having elastic properties different from 

those of the surrounding medium. We consider first the normal incidence 

reflection of a plane P wave of frequency w from a thin planar layer of 

thickness d, density p1, and P wave velocity a1 located in a homoge

nous, elastic whole-space of density p and P wave velocity a. This 

simple fracture model is shown in Figure II-1-2, and the analysis of 

this problem is taken from Rayleigh, 1945. 

The solution to this problem is usually presented as a complex 

reflection coefficient R , which is the ratio.of the displacements of a 

the incident and reflected plane P waves measured at x3 = 0. For this 

particular geometry, the complex reflection coefficient is: 

[II.l.4] 

where z = pa and z1 = p1a1. 

Ra can be resolved into its amplitude IRa! and phase ¢a spectra, 

which are presented in the following two equations. 

[I I. 1. 5] 

[11.1.6] 



It should be noted that this solution is equally valid for plane SH 

waves normally incident on the thin layer if the P wave velocfties a 

and a1 are replaced by the corresponding S wave velocities Band s1. 

For example, the amplitude spectrum of the complex SH reflection coef-

ficient is: 

[I I. 1. 7] 

where z = pB and z1 = P1B1. 

Since the objective of this research is concerned with fracture 

detection in crystalline (granitic) rock, the velocity and density 

values used for the surrounding medium were selected as typical values 

for a Raymond granite, i.e., B = 2500 m/s, a= 4235 m/s, and p = 

10 

2.75 gm/cm3. Four different substances (air, water, calcite, and quartz) 

will be considered as interstitial material for the fracture. The P and 

S wave velocities and densities for these materials are summarized in 

Table 11-1-1. Also, four different fracture thicknesses (0.1, 0.5, 1.0, 

and 2.0 mm) are included as a variable in the analysis. All of the cal-

culations of reflection amplitude spectra are derived using the results 

of the thin layer solution given in Equation 11.1.5 and 11.1.7. 

When air is the fracture interstitial material, the reflection 

coefficient for both P and SH waves is for all purposes unity in the 

frequency band 1-200 kHz. The density of air at atmospheric pressure 

is very small, although the P wave velocity in air is significant 

(approximately 310 m/s). However, the S wave velocity in air is zero, 

as the shear modulus of any non-viscous fluid is zero. 

-. 



* Calcite 

p = 2.71 gm/cm3 

* Quartz 

p = 2.65 gm/cm3 

Air 

p :::::: 0 

Water 

p = 1. 0 gm/cm3 

Raymond Granite 

* 

3 p:::::: 2.75 gm/cm 

Table II-1-1 

a = 6230 ~1/S 

S = 4590 M/S 

a = 6000 M/S 

13 = 4390 ws 

a :::::: 300 M/S 

13 = 0 

a = 1500 t·1/S 

13 = 0 

a = 4320 M/S 

13 = 2500 1'<1/S 

Values from Rzhevsky and Novik, 1971. 
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Because of this last result, then the reflection of SH waves from 

a water-filled fracture is also total, assuming that the small but fi

nite viscosity of water can be neglected. This assumption seems reason

able in light of the work done by Fehler, 1979. Fehler•s analysis is 

concerned with the reflection and transmission of plane SH waves nor

mally incident on a viscous fluid layer. The viscosity is assumed to 

follow a Newtonian behavior, and the problem is solved assuming contin

uity of stress and displacement at all boundaries. Using a typical 

value for the viscosity of water, a frequency band of 1-200 kHz, and a 

variable fracture thickness of 0.1-0.2 mm, the results of Fehler•s 

analysis indicate that the viscosity of water has a negligible effect 

on the SH reflection coefficient. 

However, the plane P wave reflection coefficient of a water-filled 

fracture varies greatly as a function of frequency and fracture thick

ness, as can be seen in Figure II-1-3. Each of the four curves in this 

figure denote the amplitude spectrum of the P wave reflection coeffi

cient over the frequency band of 1-200 kHz for fixed fracture thick

nesses of 0.1, 0.5, 1.0, and 2.0 mm. The frequency and thickness depend

ence of the fracture reflection coefficient is due to the interference 

of the up- and down-going waves within the layer (fracture). This 

interference phenomenon is described mathematically in Equations 

II-1-(4 to 7), and the derivation of these equations is based on purely 

elastic theory. The results of Fehler•s studies have shown that the 

small viscosity of water has negligible effect on the P wave reflection 

coefficient over the range of frequencies and thicknesses encountered 

in these experiments. 



• 
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Figures II-1-(4a and b) are respectively the P and SH reflection 

amplitude spectra for a calcite-filled-fracture over a similar frequency 

band and range of fracture thicknesses. Figures II-1-(5a and b) are 

similar presentations for the case in which the fracture is filled with 

quartz. Two notable observations may be made about the normal incidence 

reflection response of calcite and quartz-filled fractures: 

1) The amplitude of the reflection coefficient is small for 

both minerals compared to that of an air or water-filled 

fracture. 

2) The amplitude of the SH reflection coefficient is two or 

three times larger than the amplitude of the P reflection 

coefficient. 

In theory, only P wave reflection data is needed to detect a sub-

surface fracture, be it filled with air, water, calcite, or quartz. In 

practical field applications, however, it is expected that limitations 

in the sensitivity of these techniques will cause fractures with small 

reflection coefficients (perhaps IR al < 0.1) to be undetectable. 
a,~ 

Thus, SH reflection methods would seem perferable in detecting thin 

(d ~ 0.5 mm), water~filled fractures at seismic frequencies below 

25 kHz. In this case, the use of both P and SH reflection data is 

required in order to differehtiate between air or water as the partie-

ular interstitial fluid of the fracture. If the thin fracture is air-

filled, both P and SH reflections could be detected, but if the fracture 

is water-filled then only the SH reflection would be large enough in 

amplitude to be detectable. In this practical case, calcite and quartz-

filled fractures could not be detected because of their very small 



reflection amplitudes. Thus, air and water will be the only fracture 

interstitial materials considered in this study. 

Compressional (P) waves can be partially converted to vertically 

polarized shear (SV) waves when reflected at non-normal incidence from 
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a planar boundary. Such a situation is shown in Figure II-1-6, in which 

an incident P wave is reflected from a free boundary as both P and SV 

waves. Mode conversions of this type then decrease the amplitude of the 

reflected P wave, as well as creating two reflected waves from a single 

incident wave. Mode conversion also occurs when a SH wave is reflected 

from a non-horizontal planar boundary (in which the strike line of the 

plane is not parallel to the direction of the SH displacement). In 

this case a reflected P and S wave (with both SV and SH components) 

are created from a single incident SH wave. For planar fractures with 

a shallow dip (less than 10° to 20°) the effect of mode conversion should 

not severely violate the assumption of horizontal reflection, but frac

tures with steeper dips will unquestionably present a severe practical 

limitation to use of these reflection techniques. 

Based upon the previous analyses, it was decided that the primary 

emphasis of this research should be concerned with the detection of 

nearly horizontal fractures filled with either air or water using both 

P and SH reflection methods. Fractures filled with a solid material (e.g. 

quartz or calcite) were deemed~ priori to be undetectable in a field 

situation (low frequencies) because of the very small reflection coeffi

cients involved. However no experiments were conducted to investigate 

the actual reflection response of such solid-filled fractures. 
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Because any non-viscous fluid has zero shear strength (i.e.,~= 0), 

then the reflection coefficient for a SH wave normally incident on a 

water-filled fracture is unity for all frequencies of interest in this 

study. However, in this same situation the P wave reflection coeffi

cient varies considerably as a function of frequency and fracture thick-

ness. In the case of an air-filled fracture, both the P and SH reflec-

tion responses are unity for frequencies in the band of 1-200 kHz. In 

theory, then it is possible to detect horizontal fluid-filled fractures 

of any reasonable thickness using SH reflection data, but the nature of 

the in filling fluid (air or water) cannot be determined from this data 

set alone. 

Consider the case where the acoustic impedance z (product of the 

P velocity and density) of the upper half-space is known, but the thick

ness of the thin layer~ and acoustic impedances of the thin layer and 

lower half-space (z 1 and z2 respectively) are unknown. If the normal 

incidence plane P wave reflection coefficient of the thin layer can be 

measured over a sufficiently large band of frequencies, then in theory 

it is possible to determine the unknown parameters h, z1, and z2. In 

fact, it is necessary to obtain the P reflection coefficient at fre-

quencies high enough so that the layer thickness h just equals a quarter 

wavelength of the incident wave in the layer. This high frequency con

dition may be expressed as: 

Taking h = 1 mm, and a1 = 1500 m/s (from Table II-1-1 for a water-filled 



16 

fracture), then fm = 375kHz in this example. In a realistic field sit

uation the distance that a P wave of frequency 375 kHz can propagate is 

severely limited by the effect of anelastic attenuation (see Chapter III, 

Section 1). Indeed, at 375kHz a P wave can propagate only a few deci

meters before anelastic attenuation has reduced the amplitude of the P 

wave below a detectable level. Thus, in a practical sense it is not 

possible to use the variation in the P reflection coefficient as a 

function of frequency to determine the unknown parameters h, z1, and 

z2 in a field study where the propagation distances are on the order of 

1-10 m. 

Since the P reflection response of a water-filled fracture depends 

strongly on frequency and fracture thickness, it is possible in theory 

to obtain the fracture thickness from the variation of the P reflection 

amplitude with frequency (after removal of the source spectrum) if the 

P velocity and density of the surrounding medium are known. If the 

fracture should be air-filled, then there will be no such variation with 

frequency, and the reflection should be total. Thus in theory it should 

be possible to detect a fracture and delineate the type of interstitial 

fluid (air or water) and fracture thickness (if filled with water) using 

only P wave reflection data. However, the P reflection coefficient for 

thin (d < 0.5 mm), water-filled fractures is small at lower frequencies, 

and it might not be practically possible to detect such thin fractures 

because of the small reflection amplitude. Then the development of 

both P and SH reflection systems seems justified if both the detection 

of thin fluid-filled fractures and the determination of the type of 

in-filling fluid (air or water) are design requirements. The following 

• 



sections in this chapter will then describe the development of both P 

and SH reflection systems. 
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Figure Captions 

Figure ll-1-1 
Cartesian coordinate system used in separating shear and compres
sional components of the total displacement. ~ is the compres
sional component; us is the shear component. v is the wave normal 
of the plane wave. Shear wave motion us can be resolved into its 
vertical (SV) and horizontal (SH) components. 

Figure II-1-2 
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Geometry used in the solution of the reflection response of a plane 
P wave normally incident on a thin, planar layer of thickness d. 
a1, B1, and p1 are the P and S velocities and density, respectively, 
of the thin layer. a, B, and p are the P and S velocities and 
density, respectively, of the surrounding medium. 

Figure II-1-3 
Normal incidence P wave reflection coefficient as a function of 
frequency for a water-filled layer with thicknesses of 0.1, 0.5, 
1.0, and 2.0 mm. 

Figure Il-1-4 
Normal incidence P and SH reflection coefficients as a function of 
frequency for a calcite-filled layer with thicknesses of 0.1, 0.5, 
1.0, and 2.0 mm. 
a). P wave response (amplitude spectrum) 
b) SH wave response (amplitude spectrum) 

Figure II-1-5 
Normal incidence P and SH reflection coefficients as a function of 
frequency for a quartz-filled layer with thicknesses 0.1, 0.5, 1.0, 
and 2.0 mm. 
a) P wave response (amplitude spectrum) 
b) SH wave response (amplitude spectrum) 

Figure Il-1-6 
Mode conversion of an incident compressional wave on a plane with 
a unity reflection coefficient. a and B are the P and S velocities 
of the medium, and Sne11•s law is used to determine the angles ei, 
er, and ¢r· 

• 
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CHAPTER II 

Section 2 

Description of the Experimental sxstem 

Descriptions of the equipment and methods used to generate P and SH 

reflection data in the ultrasonic frequency band are presented in this 

section. The techniques used in the laboratory and field experiments 

·are practically identical although the focus of this section will be 

concerned with the laboratory procedure. There is a great deal of simi

larity, usually intentional, in the reflection techniques developed in 

this study and those used in ultrasonic testing of metals and other 

materials. An excellent review of the ultrasonic testing of materials 

and flaw detection in metals is given in Banks, Oldfield, and Rawding, 

1962, and Krautkramer, et al., 1969. The display and analysis of the 

laboratory P and SH reflection data will be described later in this 

chapter. 
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The generation and reception of elastic waves in these experiments 

is performed using transducers made from a common piezoelectric material, 

namely lead zinconate-titanate. The strain and electric displacement 

fields are coupled in a piezoelectric material, so that the deformation 

of such a material by external mechanical stresses will cause an elec

trical charge to be produced on the surface. This phenomenon is also 

reversible, so that application of an electrical potential across the 

solid will cause a physical deformation of the piezoelectric material. 

An excellent review of the piezoelectric phenomenon and its applications 

is presented in Mason, 1964. 



In the laboratory experiments, a transient elastic wave is gener

ated on the surface of a granite slab by applying a high voltage pulse 

of 1-3 ~s duration across the surfaces of a piezoelectric plate that 

has been physically bonded to the rock surface. A schematic diagram 

of the experimental set-up is shown in Figure 11-2-1. The transient 

elastic waves travel through the granite slab to a receiver, which uses 

the reversible nature of the piezoelectric phenomenon to convert the 

elastic motion of the granite surface into an electrical signal. This 

signal is amplified and displayed on an oscilloscope. and· the seismic 

data (electrical signal) are then permanently retarded in either analog 

or digital form. Various signal processing techniques can then be 

applied prior to the analysis of these data. 

A Velonix !VIodel 350-R high power pulse generator produces the 

large voltage pulse used to excite the source piezoelectric plate. 

This particular model is capable of delivering a short (0.1 to 20 ~s), 

high voltage (100-200 V) boxcar pulse into a 200 ohm resistive load 

with little edge distortion. The small capacitance of the piezoelectric 

plate does not seriously degrade the voltage pulse produced by the 

Velonix generator. 

A Princeton Applied Research (PAR) Model 113 bandpass amplifier 

is used to amplify and filter the voltage signal from the receiver. 

This model amplifier has a variable gain of 20 to 80 dB, and a flat 

response (>3 dB loss) in the frequency band of 0-300 kHz. The receiver 

voltage signal is high-pass filtered at a corner frequency of 1 kHz 

using the standard PAR 113 internal bandpass filter. This is done in 

order to remove low frequency signals caused by building or wind vibra-
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tion, 60 Hz electrical pick-up, etc. The amplified signal can then be 

displayed on any fast oscilloscope (1 MHz band or greater), using the 

leading edge of the high voltage pulse as the sync pulse. 

In the initial phase of this research, a permanent record of the 

receiver signal was made using an X-Y plotter in conjunction with a 

boxcar integrator. The boxcar integrator, a PAR Model 162,, performs 

an analog averaging of a repetitive signal. The averaging is performed 

slowly (at a controlled rate and over a controllable real-time span) 

so that the sweep rate bf the oscilloscope is effectively reduced. The 

averaged signal can then be easily displayed on a standard x~v recorder, 

in this case a Hewlett-Packard Model 7044A. 

During the course of this research, the analog recording equipment 

was superceded by a more versatile digital recording system. The latter 

equipme~t is a Tektronix Model WP1200 waveform processing system con

trolled by a Digital Equipment Company (DEC) PDP 11/34 minicomputer. 

The Tektronix system has a high-speed A/D converter, a dual floppy-disc 

storage capability, and a graphics display terminal with a hardcopy 

printer. All of these devices are accessed through the PDP 11/34 using 

a version of Tektronix SPS BASIC. This digital acquisition capability 

facilitates the application of a number of signal processing techniques 

to the seismic data. 

Piezoelectric ceramic materials are commercially available in 
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plates that have an electrical response to deformation in only a given 

direction. Typically, this direction sensitivity is oriented either 

across or parallel to the largest faces of the plate (see Figure 11-2-2). 

These types of plates are referred to as having a P or S orientation, 



respectively. The source transducers used in these experiments are 

commercially available P or S piezoelectric plates that are epoxied 

to the surface of the granite slab (see Figure II-2-3). A conducting 

metal film is applied to the top and bottom faces of the plate to pro

vide electrical contact for a pair of lead wires. After the epoxy has 

set, the source transducer can be connected to the pulse generator and 

· operator. 

A P wave source transducer expands in thickness when a step voltage 

is applied across the electrode faces (see Figure II-2-2a). This defor

mation creates a vertical traction (stress) between the plate and the 

material on which it is mounted. This traction causes an elastic wave 

to propagate into both materials. · In the transducer this wave is re

flected from the top and bottom surfaces, losing energy to the coupled 

medium (and the backing plate, if there is one), so that a damped rever

beration takes place. These internal reflections may cause the elastic 

wavetrain radiated from the source to be very long and complex. 

The P wave source transducers used in these experiments have cir

cular faces with a diameter much larger than the. plate thickness. 

Papers by Miller and Pursey, 1954 and 1956, and Bycroft, 1956, present 

solutions regarding the elastic radiation from a rigid, circular plate 

vibrating vertically on the surface of a homogeneous, isotropic, elastic 

half-space. Although the details of these solutions are dissimilar, 

there are important similarities in the type ~f elastic radiatinn·de

scribed by each. Most notably, in the far-field both compressiona.l 

and shear body waves radiate into the medium, and an evanescent surface 

wave, generally termed a Rayleigh wave, propagates along the surface of 

28 

• 



• 

the half-space. Indeed this general partition of elastic energy is 

observed when surface vibrators are used as seismic sources in petro

leum exploration applications (Waters, 1981), and is also observed when 

a P type piezoelectric plate is used as a source transducer. 
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A quantitative analysis of the elastic radiation from a S type 

piezoelectric plate presents a more difficult problem. In these studies 

the S plate is square in shape, with the thickness much less than the 

side length of the largest faces. The piezoelectric orientation is 

chosen to be parallel to one edge of the square face, as can be seen in 

the photograph shown in Figure II-2-3b. Excitation of the S plate by 

a step voltage causes a rotational deformation of the plate about a 

horizontal axis, creating a horizontal traction between it and the 

material on which it is mounted (see Figure II-2-2b). A horizontally 

oriented stress wave is launched into both materials, and the conse-

quent reverberation within the source plate creates a long and complex 

source wavelet. 

In a paper by Cherry, 1962, the body and surface waves radiating 

from a horizontal stress applied at the surface of an elastic half-space 

are studied. Cherry 1 s results use an asymptotic expansion for the 
I I 

Hankel functions H0 (~r) and H 1 (~r) for large values of the argument ~r. 

and also assume that the horizontal source stress is distributed over 

a length small compared to the shortest wavelength emitted by the source. 

The radiation pattern of elastic waves produced by such a source must 

have a complex azimuthal dependence. The radiation pattern from this 

solution is least complicated in a vertical plane that bisects and is 

orthogonal to the applied horizontal stress. There is no vertical 
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angular dependence to the radiation pattern in this plane, and only 

shear waves with a SH orientation propagate in the far-field. The pre

dominance of SH body wave propagation for this particular geometry is 

well demonstrated in a number of field experiments using mechanical 

devices to produce an approximation of a surface horizontal force (White, 

Heaps, and Lawrence, 1956; Jolly, 1956; Cherry and Waters, 1968; 

Erickson, Miller, and Waters, 1968). 

The assumption that the horizontal source dimension is small com

pared to the shortest wavelength is not valid when a S piezoelectric 

plate is used in these experiments. However, the SH wavefield measured 

in the laboratory studies is very similar to that expected from theory, 

in which SH body wave propagation dominates in the far-field. Ultra

sonic seismic sources constructed in these experiments from P and S 

piezoelectric plates produce elastic radiation patterns that reasonably 

approximate those expected from a small, distributed vertical or hori

zontal stress located on the surface of an elastic half-space. 

In these experiments the ultrasonic seismic waves are detected 

using transducers that make use of the reversible nature of the piezo

electric phenomenon. To construct P or SH receivers, a very small P 

or S piezoelectric plate is mounted on the end of a long brass backing 

rod which provides mechanical support as well as an electrical contact 

for the positive lead. After insulating the brass rod, the whole trans

ducer is covered with aluminum foil to provide an electrical ground 

shield (see Figure II-2-4). The receiver stands vertically on the rock 

surface under its own weight, and a stiff silicone grease is used as a 

coupling agent. 

• 



A typical experimental set-up is depicted in the photograph shown 

in Figure II-2-5. A SH source and receiver are located on the surface 

of the granite slab in this figure. The PAR 113 amplifier is to the 

right of the receiver, and the Velonix pulse generator is in the far 

left-hand side of the picture. The recording, processing and analysis 

of the laboratory P and SH reflection data will be outlined in the fol

lowing sections of this chapter. 
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Figure Captions 

Figure 11-2-1 
Schematic of the equipment used in the laboratory study. The,, 
lower box outlined by dashed lines is the original analog equip
ment. This was later replaced by the more versatile digital 
recording and processing system shown in the upper box. 

Figure II -2-2 
Two common polarization directions of commercially available 
piezoelectric plates. Application of a step-voltage across the 
largest faces causes the plates to be deformed as shown by the 
dashed lines. 
a) P type polarization 
b) S type polarization 

Figure II-2-3 
Piezoelectric plates used in the laboratory experiments as P or 
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SH source transducers. Plates are attached to the polished granite 
surface using a 24 hour setting epoxy. 
a) P wave source {polarization normal to rock surface) 
b) SH wave source {polarization as shown) 

Figure 11-2-4 
P and SH receivers used in the laboratory experiments. Receivers 
are shown with and without aluminum foil ground shields. 
a) P wave receiver (polarization parallel to axis of backing rod) 
b) SH wave receiver {polarization direction as shown) 

Figure II-2-5 
Typical experimental set-up showing a SH source connected to the 
Velonix pulse generator at left, and aSH receiver connected to 
the PAR 113 amplifier. 
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CHAPTER II 

Section 3 

Initial SH Experiments 

The initial series of SH reflection experiments performed in the 

laboratory will be discussed in this section. The method of recording 

and displaying the SH reflection data is described, and a simple x2-T2 

velocity analysis was performed in the analysis of the reflection event. 

The results of a simple experiment verify that the event interpreted as 

the SH reflection was indeed reflected from the far face of the granite 

slab. Modern data processing techniques were applied to the SH reflec

tion data using the digital recording equipment . Deconvolution and 

directive array synthesis were found to be effective techniques when 

used to maximize the visual standout of the SH reflection event. The 

SH system which evolved was tested on two laboratory models, a planar 

free boundary and an irregular, air-filled fracture , with positive 

results. 

The granite slab depicted in Figure II-2- 1 (Section 2) is a 
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0.91 m x 0.91 m x 0.30 m block obtained from a quarry located in Raymond , 

California . This rock is a medium grained (1-5 mm) muscovite-bearing 

quartz monzanite locally used for monument and building stone. This 

rock is quite homogeneous, with no visual lineation or foliation of 

the crystalline grains. Very little fracturing is apparent in outcrops 

of this rock, which is a necessary requirement in the application of 

modern quarrying techniques. 
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In the laboratory experiments the SH source was a S type piezo

electric plate with dimensions 38 mm x 28 mm x 9.6 mm. It was found 

that this source would launch a transient SH pulse with a frequency band 

of roughly 5-160 kHz into the rock. The wavelengths in the granite 

slab would be, accordingly, 0.52-0.01625 m for a shear wave velocity 

8 = 2600 m/s. The laboratory SH receiver was constructed as described 

in the previous section using a S type piezoelectric plate with dimen

sions 6.4 mm x 6.4 mm x 1.6 mm, and are shown in Figure II-2-4b (Section 

2). The small size and thickness of this plate presumably gives the 

receiver a reasonably flat amplitude response with little phase shift 

within the frequency band of 5-160 kHz. 

The SH reflection data referred to in these experiments is re

corded along a traverse line that is orthogonal to the direction of 

polarization of the SH source (see Figure II-3-1). According to the 

results of Cherry, 1962, this is the azimuth of maximum far -field body 

SH wave radiation and minimum P-SV body wave radiation . Indeed this 

method of recording is standard practice in most land-based SH wave 

reflection experiments (Waters, 1982). 

The reflection data are displayed as a series of time traces in 

which the receiver is sequentially moved away from the fi xed source by 

equal distance increments. This is termed the common source gather 

in petroleum reflection seismology. An example of such a display, 

recorded on the largest face of the 0. 91 m x 0.91 m x 0.30 m granite 

slab, is shown in Figure II-3-2. In this display the SH receiver is 

moved by 1 em increments along a source-receiver separation that ranged 

from 7 em to 50 em, as measured from the center of the source to the 



center of the receiver. The position of this traverse is shown in plan 

view in Figure II-3-3. 
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The earliest event observed in the SH data of Figure II-3-2, occur

ring from 25 ~s to 150 ~s, is a body SH wave that travels directly from 

source to receiver. This event will have a constant moveout (difference 

of arrival times for two adjacent receiver locations) because of the 

fact that the receivers are moved in constant increments parallel to 

the direction of propagation of this event. Thus, the shear wave velo

city of the rock can be easily estimated from the phase velocity of the 

direct SH event shown in Figure II-3-2. 

The horizontal phase velocity c for a plane shear wave in a homo

geneous medium is defined as: 

c = (3 /sin e [II.3.1], 

where e is the angle between the wave normal and vertical. Then a di

rect SH wave propagating horizontally (8=90°) will have a phase velo

city c90o = (3 . If there is negligible dispersion of the direct SH 

pulse, then a common point on the transient waveform may be chosen as 

a phase reference. For example, the lowest point of the intial trough 

of the direct SH wavelets shown in Figure II-3-2 may be chosen as such 

a phase reference . If the arrival times of this reference point for 

each seismic trace are plotted against the source-receiver separation 

for that particular trace, then a linear relation (constant moveout) 

should exist, within the assumption of plane wave propagation in a 

homogeneous, non-dispersive elastic medium. The inverse slope of this 
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X-T plot (arrival time as a function of offset distance) will then give 

the phase velocity. For a direct SH event (8=90° ), the shear wave 

velocity B is just equal to the phase velocity of this event. 

In actual practice, the arrival times obtained by picking a common 

reference point will have some non-zero error associated with the meas-

urement. These errors result from inaccuracy in the position and ori-

entation of the receiver, digitization error, and equipmental noise. 

The cumulative effect of these errors is not large in these laboratory 

studies, but some statistical method is required in the determination 

of the shear wave velocity from the inverse slope of the X-T plot . 

This linear relationship is established using the minimization of the 

sum of the squares of the deviations between the observed and estimated 

data values. The degree of uncertainty in the estimation of the vela-

city and zero-offset constant resulting from the least-squares fit 

can be evaluated using methods described in Bevington, 1969. 

Let a variable y depend linearly on another variable x, i.e., 

y = a0 + b0x. Consider an experiment where N number of measurements 

of Y;(i=1,2, . .. ,N) are made at corresponding values of X;. In a 

realistic situation, experimental uncertainties will be introduced into 

the measurements of x; andY; so that the relation Y; = a0 + b0x; will 

not be exact. However, since xi andY; are somehow linearly related , 

this experimental relationship may be expressed as: 

y. = a + bx. 
1 1 

[I I. 3. 2] 

where experimental values a and b are used to estimate the corresponding 
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parent coefficients a0 and b0. Using the method of least-squares, in 

which the sum of the squares of the deviations 6~ = ~i-a - bxi] 2 are 

minimized, the coefficients a and bare estimated from the data (x. ,y.) 
1 1 

using the expressions: 

a = 

b = 

2 L:x .L:y. -L: x .L: x .y . 
1 1 1 1 1 

2 2 NL: x.-(L:x . ) 
1 1 

NL:x.y . - x.L:y. 
1 1 1 1 
2 2 NL:x.-(t;x.) 
1 1 

[II.3.3] 

[II.3.4] 

It has been assumed in this analysis that the standard deviations 0i 

for each of the data points yi are equal (ai=0). If it can also be 

assumed that the uncertainties in the experiment arise from instrumental 

error, and that most of this error occurs in the measurement of the 
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dependent quantity yi, then the standard deviation 0 can be approximated 

by the sample variance s defined as: 

0 2 ~ s2 = 1 ~ (y a bx ) 2 
~ (N-2) LJ i- - i [I I. 3. 5] 

The standard deviation 0z of the determination of any parameter z 

is given by : 

[I I. 3. 6] 

Using this equation, the standard deviations (0a and 0b) of the zero

offset coefficient a and slope b are determined by: 
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[I I. 3. 7] 

2 2 No ,.... Ns 
2 2 ,..._ 2 2 

N~x--(~x.) N~x--(~x.) 
1 1 1 1 

[I I. 3. 8] 

This best-fit analysis was applied to the arrival time data ob

tained from the direct SH event shown in Figure II-3-2, in which the 

minimum value (largest negative trough) is used as a reference point in 
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picking the arrival times. Since the direct event has an angle of inci

dence of e = 90°, then the best-fit slope of the X-T plot gives an esti-

mated shear wave velocity of B = 2545 m/s ± 10 m/s. The zero-offset 

constant determined in this analysis is a = 2.69 ~s ± 0.36 ~s. 

The constant a calculated using Equation II.3.3 represents the 

arrival time of the direct SH body wave at zero source-receiver offset 

(coincident source and receiver). It is sensible to argue that the 

direct wave should arrive at time zero when the source and receiver 

occupy the same point in space. The positive value for the constant a 

then represents some average time delay between the arrival time ref-

erence point (the first negative trough) and the initial arrival of 

body SH energy. Since the least-squares analysis places no limits on 

the sign of the zero-offsent constant, negative values can occur when 

the direct SH data set is noisy. 

The large event occurring in the time window from 225-325 ~s is 

a SH body wave reflected from the opposite large face of the granite 

slab. To assure that event is indeed the primary SH reflection, a 

simple experiment was performed in an attempt to demonstrate that the 

raypath of this event reflects from the opposite face . 



In this experiment a lead block was pressed against the lower sur

face of the granite slab at the point of reflection mid-way between 

source and receiver. A hydraulic jack was used to vary the upward 

force against the lead block (see Figure II-3-4). The supposition of 

this experiment was that some energy in the incident SH wavelet would 

be transmitted into the lead block, thereby decreasing the amplitude of 

the reflected wavelet . 

The SH source-receiver pair was fixed during this experiment, and 

all equipment settings were unchanged as the force on the lead block 

was increased. A number of SH traces recorded during such a loading 

cycle are shown in Figure II-3-5. The large amplitude event occurring 

between 240-280 ~s was thought to be the SH reflection from the far 

face, as it arrived at very nearly the time predicted using the known 

thickness and shear wave velocity of the granite slab. As can be seen 

in this figure, the amplitude of the reflected SH wavelet decreased as 

the force on the lead block was increased. However, other events with 

raypaths unaffected by the presence of the lead block (e.g. the direct 

SH event occurring between 80-100 ~s) remained constant in amplitude as 

the force was increased. An effective reflection coefficient was ob

tained by dividing the amplitude of the reflected wavelet (measured 

from peak to following torugh) at a given force by the reflected ampli

tude when the lead block was removed. 

Repeated experiments of this sort have demonstrated that the 

response shown in Figure II-3-6 is representative. The reflection 

coefficient decreases linearly as the load is applied, until a stress 

of approximately 225 psi is reached (stress = force/area of the lead 
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block) . The reflection coefficient then remains relatively constant as 

the stress is further increased. The initial linear decrease of the 

reflection coefficient is thought to result from the effective increase 

in contact area as the lead block is deformed to fit into the micro-

irregularities of the granite surface. When most of these irregulari

ties have been filled, further increased loading will not produce any 

change in the contact area, and consequently the reflection coefficient 

will remain constant. The results of these experiments verify that the 

large amplitude event occurring between 225-325 ~s is indeed a SH wave

let reflected from the opposite face of the granite slab, and that 

gross changes in the nature of the reflecting interface can produce 

observable variation in the amplitude of the reflected wavelet. 

A second estimate of the shear wave velocity of the granite slab 

can be made from a standard x2-T2 plot of the SH reflection arrival 

times, if the reflecting interface is horizontal and the propagation 

velocity is constant. The geometry of this situation is shown in 

Figure II-3-7, and in summary, the reflection arrival time is determined 

by the relation: 

[11.3.9] 

where, T(X) = reflection arrival time at offset distance 

X = source-receiver offset distance 

d = depth to the horizontal reflector 

v = constant propagation velocity of the medium. 

Thus, if the square of the reflection arrival times (T2) is graphed 
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as a function of the square of the offset distance (X2), then a linear 

relation between T2 and x2 becomes apparent . The square-root of the 

inverse slope of this line is commonly termed the moveout velocity, 
2 

and the remaining constant 4d2 is the squared reflection arrival time 
v 

at zero source-receiver offset. For a constant velocity medium, the 

moveout and propagation velocities are exactly equal if the reflector 

is horizontal. 

Again the actual measurement of reflection arrival time data will 

require statistical methods to be used in the data analysis. The best

fit slope of the X2-T2 plot will be determined using the least-squares 

algorithm discussed previously. The moveout velocity (inverse square 

root of the x2-T2 slope) is used to estimate the propagation velocity 

assuming a constant velocity medium. This method of data analysis can 

be applied to either P or SH reflection arrival time data . The remain-

ing zero-offset constant can be used with this moveout velocity to 

calculate the depth to the horizontal reflector. 

The SH reflection arrival times are picked from the record sec-

tion shown in Figure II-3-2 using the bottom of the initial trough of 

th 1 t f . t An x2-T2 plot of these data ,·s made, e wave e as a re erence po1n . 

and the best-fit slope, zero-offset constant and their associated 

standard deviations are calculated. From the slope of x2-T2 curve, 

the shear wave velocity is estimated as S = 2610 m/s ± 15 m/s, and the 

zero-offset arrival time is 231.2 ~s ± 9.3 ~s. Using the velocity and 

zero-offset values, the calculated depth to the reflector is 30.2 em± 

1. 2 em, which compares favorably with the actual measured depth of 

29.8 em ± 0.2 em . This estimate of the shear wave velocity (S = 
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2610 m/s) is slightly (but significantly) higher than the estimate ob

tained using the direct SH data (S = 2525 m/s). This means that the S 

velocity distribution is not homogeneous, and that the value of the 

moveout velocity then represents some sort of spatially weighted aver

age of the true S wave velocity structure through the granite slab. 

However, since the difference in the two shear velocity measurements 

is only 4%, the effects due to the inhomogeneous velocity structure 

will be small. 

Two different data processing techniques commonly employed in 

petroleum exploration seismology are applied to the laboratory SH data. 

The purpose of these additional procedures is to increase the detecta

bility of reflected SH body wave energy in the seismic record section. 

One method used is the deterministic deconvolution of the source wave

let from the reflection data, and the other is the synthesis of a beam

forming array from the individual seismic traces. 

Deconvolution, in general, is a process which undoes the action of 

a previous convolution, or filter. A simple model of the earth con

siders the received waveform r(t) to result from the convolution of the 

seismic source input s(t) and the impulse response of the earth i(t), 

i.e., 

r(t) = s(t) ® i(t) [II.3.10] 

In the Fourier transform domain, this convolution may be rewritten as 

the product: 
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R(w) = S(w)I(w) [I I. 3. 11] 

where R(w), S(w) and l(w) are the Fourier transforms of r(t), s(t) and 

i(t) respectively. Then, l(w) = R(w)/S(w), and the response of the 

earth i(t) can be recovered using the inverse Fourier transform on I(w). 

The result of deconvolution processing is that each event on the seismo

gram is replaced by a symmetrical, condensed signal whose central peak 

(maximum value) occurs at the arrival time of the event. In the case 

of these laboratory experiments the deconvolution process differs from 

that used in exploration seismology because the outgoing source pulse 

s(t) can actually be measured. 

In the laboratory experiments it is possible to obtain an estimate 

of the source wavelet by placing the receiver directly below the source 

on the opposite side of the granite slab. Figure II-3-8a shows the 

measured source wavelet truncated in time due to the fact that energy 

received at later times will have travelled along paths other than the 

direct one. The pulse is also shifted to start at time t=O in order 

to eliminate time shifts that would occur during deconvolution. 

With the facilities afforded by the digital recording system, the 

amplitude spectrum of the measured source pulse can be readily obtained 

and plotted. The amplitude spectrum corresponding to the wavelet shown 

in Figure II-3-8a is given in Figure II-3-8b. The received waveform 

is shown in Figure II-3-9a and the corresponding amplitude spectrum is 

shown in Figure II-3-9b. Spectral division is performed with the com

plex values (amplitude and phase spectra) of the spectral components 

over a frequency band where the signal/noise ratio is high. Figures 
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II-3-8b and II-3-9b show that this band must be from 10 kHz to 160 kHz. 

The final deconvolved version of the received waveform is retrieved from 

the complex quotient (Figure II-3-lOa is the amplitude spectrum) by an 

inverse Fourier transform, and the resulting deconvolved trace is shown 

in Figure II-3-lOb. Since the source output pulse starts at zero time, 

the peak of the symmetrical pulse representing the primary SH reflec

tion occurs at exactly the same time (233 ~s) as the much less distin

guishable onset of the unprocessed SH reflection event , 

The deconvolution processing is applied to each of the individual 

traces in Figure II-3-2, with the resulting record section shown in 

Figure II-3-11. Note the ease of picking the arrival times of the de

convolved reflection events, especially for the closer offset data . 

The maximum of the deconvolved wavelet is used as t~e arrival time 

reference since this value should correspond to the onset arrival time 

of the reflection event. An x2-T2 analysis of this data gives a shear 

wave velocity S = 2585 m/s ± 15 m/s and a zero-offset arrival time of 

226.2 ~s ± 10.0 ~s. The calculated depth to the reflector is 29.2 em ± 

1.3 em, which is statistically comparable to the actual depth of 

29.8 em ± 0.2 em. The shear wave velocity estimated from the decon

volved reflection event is also in agreement with the value derived 

from the unprocessed SH reflection data (2610 m/s ± 15 m/s). 

A multiplicity of seismic traces, such as those shown in Figure 

II-3-2, may be weighted and summed in order to create a directional 

sensitivity, i.e., a seismic atenna. The directional properties of a 

simple receiver antenna will be illustrated in the following analysis. 
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Consider N discrete omnidirectional point receivers situated with 

constant offset £ along the surface of a half-space with constant acous-

tic velocity V. A plane acoustic wave of frequency w and unity ampli 

tude propagates upward with an angle 8 from the vertical , and is meas

ured at each receiver point as a function of time t. The signals of 

all receivers are then summed with equal (unity) weighting to give the 

array response ~( w , 8 ), i .e., 

r iw(t + N£vn8H] 
· · · + Le J [I I. 3. 12] 

This response function is complex valued, so that the results of the 

array response are usually expressed in terms of amplitude and phase 

spectra (Officer, 1958). The array amplitude spectral response can be 

written (for temporal frequency f = w/2n): 

[1!.3 . 13] 

and the phase spectral response is: 

[11.3 . 14] 

These two equations are commonly used to estimate the array re-

sponse as a function of angle of incidence 8 for fi xed values of re-

ceiver number Nand spacing £, frequency f, and half-space velocity V. 

For the SH laboratory data set a si x element (N=6) array with spacing 

£ = 1 em , velocity V = 2550 m/s and frequencies f = 20, 70 , and 120 kHz 



is studied. These last values are chosen in order to sample the lower, 

middle, and upper limits of the frequency band of the SH wavelet. The 

amplitude and phase spectra for this particular array are shown in Fig

ures II-3-(12a and b), respectively. 

The purpose of this trace summation technique is to increase the 

amplitude of seismic events with nearly vertical angles of incidence 

(8~0 ) with respect to horizontally propagating events (8~0° ). When 

this process is applied to the SH data of Figure II-3-2, the amplitude 

of the body SH reflection should be increased relative to the ampli

tude of the direct SH body wave. Figure II-3-12a shows that for a 

fixed frequency the amplitude response for waves with incidence angles 

of 15° or less is much larger than the response for waves with a hori

zontal propagation direction. This amplitude enhancement is much more 

pronounced at higher frequencies, and in this particular case very 

little enhancement occurs for waves with a frequency of 20 kHz or less. 

The phase response curves shown in Figure II-3-12b indicate that rather 

large phase shifts are introduced even at low incidence angles by this 

simple summation procedure. 

The SH receiver data presented in Figure II-3-2 are summed in un

weighted groups of six successive traces to yield a single array wave

form. The source-receiver offset for this summed trace is defined as 

the distance from the center of the source to the center of the receiver 

distribution used in the array synthesis. Thus, the 44 individual 

traces in Figure II-3-2 (offsets from 7 em to 50 em) are summed to give 

39 composite traces with offsets from 9.5 em to 47.5 em, which are 

shown in Figure II-3-13. Comparison of these two figures shows unques-
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tionable SH reflection amplitude enhancement (relative to the direct 

event) resulting from the discrete array synthesis. Note also that 

some amplitude enhancement occurs in the time interval from 400-500 ~s. 

although the exact nature of these events is unclear. For offsets of 

20 em or less the single event in this time window is believed to be 

the first multiple SH reflection from the far face of the slab. At 

larger offset distances a number of different events arrive in this 

time window, and the resulting interference pattern masks the arrival 

of each discrete event. Some of these events are thought to be seismic 

energy scattered from the edges of the slab which then sideswipes across 

the receiver line. The arrival of these scattered seismic events places 

a limit on the use of a one-dimensional model in analysis of the data 

obtained from a finite size laboratory model. In the case of a 0.91 m x 

0.91 m x 0.30 m granite slab, only the first 450-500 ~s of each trace 

can be successfully interpreted using the previously described one

dimensional methods of analysis. 

Deconvolution and directive array synthesis may be applied in 

cascade in order to increase the detection capability of these ultra

sonic reflection methods. The deconvolved SH data presented in Figure 

II-3-11 are summed as before to synthesize the response of an unweighted 

5 em array, and the results of this operation are shown in Figure 

II-3-14. Comparison of this figure and Figure II-3-2 shows that the 

application of both deconvolution and directive array processing further 

enhances the visibility of the reflection event when compared to data 

processed using only deconvolution or array synthesis techniques . 
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Figure II-3-15 is a photograph of a large fractured granite cylin

der used in the initial laboratory phase of this research, and Figure 

II-3-16 is a diagram of the top of the cylinder showing the location of 

several experimental traverses. The experiments here were designed to 

simulate work with naturally occurring fractures which are irregular 

and dipping with respect to the observation surface. A tensile frac

ture (see Figure II-3-15) was induced in the 2.0 m (long) x 1.0 m 

(diameter) cylinder at a depth of approximately 0.5 m below the plane 

surface depicted in Figure II-3-16. The axial hole from the surface 

to the fracture was not relevant to these reflection experiments. When 

the upper and lower halves of the cylinder were placed together, a 

fracture was created that was relatively thin (approximately 1 mm). A 

very thorough description of this granite model (including more photo

graphs) is given in Witherspoon, Amick, and Gale, 1977. 

This fracture was air-filled in all of the cases reported in the 

following discussion, all data obtained from this fracture model were 

recorded using the analog acquisition system. In order to utilize the 

full operating range of the boxcar integrator the amplifier gain was 

continually adjusted so that the amplitude of the direct SH event re

mained relatively constant from trace to trace. 

Figure II-3-17 shows the offset SH data obtained along profile 

line L1L on August 15, 1978. Numerous seismic events are visible on 

this record, but only three of these events are easily identified. 

Event A in this figure is the first detectable seismic energy on the 

record, and probably represents some sort of "parasitic" P wave created 

by the SH source that travels directly to the receiver. The large 
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amplitude event B is undoubtedly the direct SH event. Event C of this 

figure is thought to be the SH reflection from the air-filled fracture 

because of its arrival time and hyperbolic moveout. The numerous, 

large amplitude events visible in the time window 100-300 ~s are be

lieved to result from seismic energy diffracted by the axial hole lo

cated at the center of the circular face. Ray-path tracing indicates 

that such diffraction events should indeed arrive in this time window. 

Figure 11-3-18 presents a repeatability check obtained on August 

25, 1978 of the SH data recorded along profile line L1L. The comparison 

between this figure and Figure II-3-17 is good, and indicates that the 

errors inherent in repositioning the receiver are not overwhelming. 

Figure II-3-19 is a SH data set recorded along profile line L2R which 

demonstrates that it was possible to detect the SH reflection event 

along profile lines other than L1L. 

In Figures 11-3-17, 18, 19, the slopes of the straight lines A 

and Bare used to estimate the P and S velocities (a = VA and B =VB). 

No statistical information regarding the fit of these slopes to the 

arrival time data is available using this crude method of analysis. For 

these data sets the P and S velocities lie in the range of a = 3.1-

3.3 km/s and S = 2.2-2.4 km/s. For a horizontal reflector and constant 

velocity medium, the moveout velocity Vc should be the same as the 

direct SH velocity VB. This relationship is valid within the errors 

expected in hand-fitting curves along profile line L2R, but there is 

significant disagreement between velocities VB and VC along profile 

L1L. Thus, either the fracture is dipping beneath L1L, or the S 

velocity beneath L1L is very (unreasonably) low. 
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For a dipping reflector, the moveout velocity derived from an 

x2-T2 plot of the reflection arrival times will not equal the propaga

tion velocity of a constant velocity medium. The moveout velocity for 

L1L shows that the fracture (reflector) has a significant amount of dip 

beneath this profile line. By combining the reflection arrival time 

data from L1L (Figure II-3-18) and L1R (data not shown) to obtain a 

symmetrical spread, a derivation given by Telford et al., 1976, can 

be used to obtain the dip angle of the reflector (angle from the hori

zontal). In this analysis only data from source-receiver separations 

of 20 em or less are used, so that the assumption of constant reflector 

dip would remain valid. Table II-3-1 tabulates the arrival time data 

used in the calculation, and the resulting calculated dip angle. These 

computed angles are very comparable to the observed dip of the fracture 

surface beneath the SH source common to L1L and L1R, the observed dips 

ranging from 3° to 6°. The equation used in calculating the dip angle 

from the arrival time data is: 

[11.3.15] 

where, s = shear wave velocity = 2410 m/s 

t1 = arrival time of reflection event on down-dip receiver ( LlL) 

t2 = arrival time of reflection event on up-dip receiver ( LlR) 

d = source-receiver separation 

8 = angle of dip from horizontal. 

It should be noted that the Poisson's ratio for this granite model 

(using the measured P and S velocities of Figure II-3-18) has a value 
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d 
(mm) 

100 

120 

140 

160 

180 

200 

Table II-3-1 

Tabulation of data used to calculate dip angle 

of the reflector 

t1 t2 e 
along Lll along LlR Lll down-dip 

(~s) (~s) from source 
(degrees) 

413 . 0 406 . 2 4.7 

414.5 407.0 4.3 

417.5 408.1 4.6 

420.5 407.7 5.5 

422.0 410.0 4.6 

425.4 413.4 4. 1 

Averaged measure dip is 4. 6° with Lll down-dip from the source. 
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a = 0.0064. This is an extremely low value, and is due to an uncommonly 

low P wave velocity . Previous experiments were performed on this gran

ite cylinder in which it was subjected to numerous large axial loads 

(Witherspoon, Amick, and Gale, 1977), and it is possible that micro

fracturing of the granite during these tests is the cause of the anoma

lously low P wave velocity. 

The initial SH experiments performed on the granite slab model 

were successful in detecting a discrete SH reflection from the opposite 

face of the slab. Shear wave velocities estimated from both the direct 

and reflected SH events indicate that the model has a fairly homogeneous 

S velocity structure, and that errors inherent in the experimental tech

nique are not overwhelming. The signal processing techniques of decon

volution and directive array synthesis were found to significantly in

crease the amplitude of the reflected SH event in comparison to the 

direct SH amplitude. Experiments performed on a fractured granite model 

deten11ined that an air-filled, irregular, dipping fracture could be 

easily detected using these ultrasonic SH reflection methods. The 

successes of these laboratory studies confirmed the practicality of 

the SH reflection method in fracture detection at this size scale. The 

results of this initial work are encouraging, and suggest that an inves

tigation of P wave reflection methods should follow a similar course. 



Figure Captions 

Figure II-3-1 
Photograph of laboratory SH source and receiver at 13 em source
receiver offset. Polarization direction of SH source and receiver 
is orthogonal to the traverse line. 

Figure II-3-2 
Unprocessed SH traces recorded on the 0. 91 m x 0.91 m x 0.30 m 
granite slab. Note the direct (25-150 ~s) and reflected (230-
270 ~s) SH events. 

Figure II-3-3 
Plan view of the top face of the granite slab showing location of 
SH source and profile line. Position of P wave traverse discussed 
in the next section is also shown. 

Figure II-3-4 
Schematic of an early test in which a decrease of the SH reflection 
event is caused by pressing a lead plate onto the surface of the 
granite slab at the point of reflection. 

Figure II-3-5 
Variation in the amplitude of the reflection event as the force 
on the lead block is increased. Note that the amplitude of the 
direct SH and other events remain constant. 

Figure II-3-6 
Typical response of the SH reflection coefficient as a function 
of axial stress across the lead-granite boundary. It is assumed 
that total reflection (RsH=1.0) occurs when the lead block is 
removed from the reflecting point. 

Figure II-3-7 
Geometry of a single horizontal reflector at a depth d beneath 
the surface in a constant velocity V medium. The reflection 
arrival time T(X) is a function of source-receiver offset X. 

Figure II-3-8 
a) Display of SH source pulse measured on the lower face of the 

granite slab. It has been shifted to start at zero time, and 
truncated to avoid arrivals from different travel paths. 

b) Amplitude spectrum of SH source pulse. 

Figure II-3-9 
a) Received SH waveform. Note asymmetrical character of the 

reflection wavelet and the difficulty in measuring the arrival 
time (=235 ~s). 

b) Amplitude spectrum of the received SH waveform. 
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Figure II-3-10 
a) Result of dividing received spectra by source spectra (only 

amplitude spectrum shown). 
b) Result of retransformation of the spectral quotient. Note 

the sharp peak now at the SH arrival time (233 ~s). 

Figure II-3-11 
Deconvolved SH traces. Unprocessed data shown in Figure II-3-2 . 

Figure II-3-12 
Plane wave response of a 6 element array 5 em in length on a half
space with velocity V = 2550 m/s as a function of angle of inci
dence e. 
a) Amplitude response at frequencies of 20, 70, and 120kHz 
b) Phase response at frequencies of 20, 70 and 120 kHz 

Figure II-3-13 
Traces of Figure II-3-2 summed in unweighted groups of 6 to simu
late a 5 em array. Offset is from 9.5 em to 47.5 em using 1 em 
increments. 

Figure II-3-14 
Traces of Figure II-3-11 summed in unweighted groups of 6 to simu
late a 5 em array. Offsets from 9.5-47.5 em by 1 em increments. 

Figure 11-3-15 
Photograph of a large granite cylinder with an axial tensile frac
ture approximately 0.5 m from one face of the cylinder . From 
Witherspoon, Amick, and Gale, 1977. 

Figure Il-3-16 
Diagram of SH traverses made on the upper face of the fractured 
granite cylinder shown in Figure II-3-15. 

Figure II-3-17 
SH reflection record obtained along profile L1L on August 15, 
1978. Event A is a direct P wave, event B is a direct SH wave , 
and event C is a SH wave reflected from the fracture. The large 
amplitude events occurring between 120-300 ~s are probably dif
fractions from the axial hole at the center of the circular face . 

Figure II-3-18 
SH profile recorded along line L1L on August 25, 1978 in order to 
check the repeatability of these techniques. 

Figure II-3-19 
SH reflection profile recorded along line L2R on August 15, 1978 . 
Note the similarity of this and profiles recorded along L1L. 
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CHAPTER II 

Section 4 

Initial P Experiments 

The initial series of P wave reflection experiments performed in -
the laboratory will be discussed in this section. Because of the simi-

larity in the processing techniques applied to both the P·and SH labor

atory data, much of the background discussion regarding these techniques 

has already been presented in the previous section. For reasons to be 

elaborated, the application of directive array synthesis and determin

istic deconvolution is necessary in order to produce interpretable P 

wave reflection data in the laboratory setting. Thus, useful P wave 

reflection data were obtained only after incorporation of digital re-

cording into the experimental system. 

The far-field radiation pattern of a circular disk of finite radius 

vibrating normally to the surface of an isotropic, homogeneous elastic 

half-space is given in Miller and Pursey, 1954. The elastic wavefield 

radiated from such a source is complicated, and consists of both P and 

SV body waves and Rayleigh waves travelling away from the source. The 

largest fraction of the input source energy travels as a Rayleigh wave 

(approximately 68%). SV body waves take up about 26% of the impressed 

source energy, leaving only 6% of the tot~l energy to radiate into the 

half-space as body P waves (Miller and Pursey, 1956). Thus the piezo-

electric disks used as P wave sources in these experiments are very 

inefficient radiators of body P wave energy. Also, while Rayleigh 



waves diminish in amplitude as R- 112, where R is the distance from the 

source, the compressional (P) body waves diminish as R- 1. In these 

experiments P wave reflections travel at least twice as far as direct 

Rayleigh waves, so for a given receiver offset the P reflections will 

82 

be proportionally reduced in amplitude compared with the direct Rayleigh 

wave. .,. 

A circular P type disk of piezoelectric material has two predomi

nant modes of oscillation, the thickness mode and the radial mode 

(Mason, 1948). An additional complication for P type circular disks 

arises because the radial and thickness modes are coupled through 

Poisson's ratio. The interaction of these oscillatory modes causes 

the radiated elastic pulse to be long and complicated. This "ringing" 

source detracts from the resolution of individual events on the unpro

cessed P wave record section. 

In the laboratory experiments, the P wave source was a P type 

circular piezoelectric plate 50 mm in diameter and 3.2 mm thick. It 

was found that this source would launch a transient elastic pulse (P, 

SV, and Rayleigh wave) with a frequency band of 20-350 kHz into the 

granite slab. This would correspond to wavelengths of 0.23~0.0131 m for 

a P wave velocity of a = 4600 m/s. The laboratory P receiver was con

structed using a P type disc 6.4 mm in dimater and 1.6 mm thick, and 

is shown in Figure II-2-4a. It was pre-sumed that this receiver had a 

relatively flat response over the frequency b~nd 20-350 kHz. 

A P wave traverse was made on the 0.91 m x 0.91 m x 0.30 m gran

ite slab as shown in Figure II-3-3 (previous section). The unprocessed 

data are shown in Figure II-4-1, with the receiver moved in 0.5 em 

• 
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increments over a source-receiver offset of 8 em to 23 em. The P wave 

reflection from the far face of the slab is just recognizable (by visual 

coherence from trace to trace) in the time interval from 140-160 ~s. 

The P reflection event is preceded by a very large Rayleigh wave having 

a time length of about 100 ~s. An X-T plot of the Rayleigh wave event 

is made using the minimum value of the wavelet as a phase reference 

point tn the time window from 15-90 ~s. The Rayleigh wave velocity 

determined by this method is VR = 2400 m/s ± 20 m/s. The direct P and 

SV wave travelling from source to receiver are difficult to identify 

due to their small amplitude and close arrival times with the much 

larger Rayleigh wave. 

Directive array synthesis of the data shown in Figure II-4-1 is 

performed using 5 unweighted traces to simulate the response of a 2 em 

discrete array. The results of this summation are shown in Figure 

II-4-2, and display an immediate increase in the visual standout of 

the P wave reflection occurring at 140-160 ~s. This increased standout 

results from the filtering effect of the directive array on the surface

travelling Rayleigh wave. The amplitude spectral response curves of a 

5 element, 2 em array for half-space velocities of 2400 m/s and 4600 m/s 

are shown in Figure II-4-3a,b. The frequencies of 40, 170, and 300 kHz 

were chosen to span the effective band generated by the laboratory P 

wave source. Cancellation of high-frequency Rayleigh waves (VR = 

2400 m/s) is easily observed in the response curve of Figure II-4-3a. 

Deconvolution of the unprocessed P wave data (Figure II-4-1) is 

attempted using a source pulse measured on the far face of the granite 

slab directly beneath the P source plate. The measured waveform is 



shown in Figure II-4~4, and exemplifies the complex seismic wavefield 

radiated from the P type piezoelectric plate used as a source. The 

difficulty in separating the direct body P wave from the complex series 

of events that comprise this waveform is obvious. Figure II-4-5a shows 

the part of the waveform which is due primarily to the direct P wave 

body event. This windowed event has been shifted to start at zero time 

in this figure to prevent the introduction of fictitious time lags 

during deconvolution processing. The amplitude spectrum of this esti

mated source pulse is shown in Figure II-4-5b. 

The unprocessed P wave reflection data for a source-receiver sepa

ration of 8.5 em is shown in Figure II-4-6a. This trace is also shown 

in Figure II-4-1 at the app~opriate offset. Th~ amplitude spectrum of 

this waveform is shown in Figure II-4.:..6b .. Spectral division (deconvo

lution) is performed to remove the effect of the source wavelet from 

the received waveform. The amplitude spectrum of the deconvolved wave

form resulting·from the spectral division is shown in Figure II-4-7a, 

and the deconvolved waveform is shown in Figure II-4-7b. 

Again, the primary effect of the deconvolution processing is to 

replace theP wave reflection event with a symmetric waveform which 

achieves maximum value at the arrival time of the reflection. Because 

of the choice of pa~s-band in this case, dec6nvolution has also fil

tered out the lower frequency components of the Rayleigh wave, thus 

improvihg the visual standout of the P reflection event. Wrap-around 

problems resultihg from the use of a disc~ete FFT ~re visible at the 

beginning and end of the deconvolved record, but are not significant. 

These effects are cle~rly visible in Figure II-4-8, which is a decon-
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valved version of the unprocessed P wave data shown in Figure II-4-1. 

The P reflection is clearly visible on most traces in the deconvolved 

record section. 
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The deconvolution technique is applied to the 2 em array data shown 

in Figure II-4-2, with the results of this processing shown in Figure 

II-4-9. The action of both of these proces~ing methods yields a clearly 

visible P reflection event in the time interval 132-144 ~s. The arrival 

times of the P reflection are obtained from this section by picking the 

time corresponding to the maximum amplitude in the window from 120-

160 ~s. The P wave velocity derived from the least-squares x2-T2 plot 

is a= 4510 m/s ± 135 m/s, and the zero-offset arrival time is 134.9 ~s 

± 6.2 ~/s. The calculated depth to the reflector is 31.1 em± 1.7 em, 

which agrees with the measured depth of 29.8 em ± 0.2 em. 

Three velocity estimates have been made from the P and SH data 

sets measured on the granite slab. These results are: 

P wave velocity 

S wave velocity 

a = 4610 m/s 

S = 2610 m/s 

Rayleigh wave velocity VR = 2400 m/s 

Using the values for a and S, Poisson's ratio for the Raymond granite 

is calculated to be a = 0.264, very typical for an unweathered granitic 

rock. For this value of Poisson's ratio, the Rayleigh wave velocity 

should be equal to 0.92S = 2400 m/s, which is equal to the observed 

Rayleigh wave velocity. Thus, the above values of a,S and VR are 

internally consistent, and will be considered to be representative 

values for the Raymond granite. 



·.:~~ : 

The initial P wave experiments performed in the laboratory demon-

strate the necessity of using data processing techniques in order to 

generate useful P wave reflection data. The large Rayleigh waves 

radiated from the laboratory P source are chiefly responsible for 

11 masking 11 the P reflection in the unprocessed record section. Appli-

cation of directive array synthesis and deconvolution processing are 

found to preferentially· filter the Rayleigh waves, resulting in a 

visibly larger standout of the P wave reflection. Reflection arrival 

times can then be used in order to calculate the compression wave vela-

. t · x2 T2 · 1 · c1 y us1ng an - ana ys1s. 

86 

.-



Figure Captions 

Figure II-4-1 
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Unprocessed P wave reflection profile showing a very large Rayleigh 
wave (0-140 ~s) preceding the faintly distinguishable P reflection 
(between 140-160 ~s). 

Figure II-4-2 
Data in Figure II-4-1 summed in unweighted groups of 5 to simulate 
a discrete 2 em array. 

Figure II-4-3 
Amplitude response as a function of incidence angle e for a 5 ele
ment, 2 em array for frequencies of 40, 170 and 300 kHz. 
a) Half-space velocity V = 2400 m/s 
b) Half-space velocity V = 4600 m/s 

Figure II-4-4 
Seismic wavefield measured beneath laboratory P wave source. Ini
tial direct P wave pulse (60-100 ~s) is followed by a complex 
series of other P and S events, causing the wavefield to be visibly 
complex. 

Figure II -4-5 
Truncated estimate of the direct P wavelet shown in Figure II-4-4 
shifted to start at zero time to avoid time lags after deconvolu
tion. 
a) Estimated P source wavelet 
b) Amplitude spectrum of the wavelet 

Figure II-4-6 
Unprocessed received P data at a 8.5 em source-receiver offset. 
P reflection arrives at approximately 140 ~s. 
a) P receiver data 
b) Amplitude spectrum 

F i g u re I I -4-7 
Deconvolved P data resulting from division of receiver and source 
spectra. 
a) Deconvolved amplitude spectrum 
b) Inverse Fourier transform yields the time domain deconvolved 

P receiver data 

Figure II -4-8 
Results of applying deconvolution to unprocessed P data shown in 
Figure II-4-1. Note symmetrical P reflection visible on most 
traces in this record. 

Figure II-4-9 
Results of applying deconvolution to 2 em array P data shown in 
Figure II-4-2. Note the easily distinguishable P wave reflection 
on all traces in this record. 
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CHAPTER II 

Section 5 

Conclusions 

97 

The series of laboratory experiments detailed in this chapter have 

been conducted in an initial attempt to apply ultrasonic seismic reflec

tion techniques in the detection of fracture discontinuities in a crys

talline (granitic) rock. A theoretical study of the P and SH reflection 

coefficients from a simple planar fracture model was performed. The 

results of this study showed that the amplitude of the P wave reflection 

is small if the fracture is thin compared to the P wavelength within 

the fracture. Thus, it is necessary to have both P and SH reflection 

data in order to reliably detect both air and water-filled thin frac

tures and to determine the type of infilling fluid (air or water). 

Development of both P and SH reflection systems seemed to be desirable 

since information about the type of fracture interstitial material 

(gaseous or liquid) can be a critical engineering factor. 

The initial SH experiments (performed on a 0.91 m x 0.91 m x 0.30 m 

granite slab) were successful in detecting a discrete reflection from 

the opposite face of the slab. Signal processing techniques borrowed 

from the field of exploration seismology, such as deconvolution and 

directive array synthesis, were used to improve the visual standout of 

the reflection event and to simplify the picking of arrival times. 

Experiments performed on a fractured granite model determined that an 

irregular, dipping fracture (as would be found in nature) can be easily 

detected using SH reflection methods. 
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It was much more difficult to obtain a distinct P wave reflection 

event in the laboratory study because of the presence of large amplitude 

Rayleigh waves emitted by the source. Application of deconvolution and 

directive array processing greatly improved the visual standout of the 

P reflection, and greatly simplified the determination of the reflection 

event arrival time. The application of these digital processing tech

niques was critical to the success of the initial P wave experiments. 

The results of these laboratory studies confirmed the practicality of 

using P and SH reflection methods in fracture detection at this size 

scale, and suggested that a field investigation of this technique should 

be performed. 



References--Chapter II 

Banks, B., Oldfield, G. E., and Rawding, H.; 1962; Ultrasonic Fl~w 
Detection in l~etals; Prentice-Hall, Inc.; Englewood Cliffs:r:f.J.; 
256 pp. -

Bevington, P. R.; 1969; Data Reduction and Error Analysis for the 
Physical Sciences; McGraw-Hill Book Co.; 336 pp. 

Bycroft, G. N.; 1956; 11 Forced Vibrations of a Rigid Circular Plate on 
a Semi-Infinite Elastic Space And On An Elastic Stratum 11

; Philos. 
Trans. Royal Soc. London; Ser. A; V. 248; pp. 327-368. 

Cherry, J. T.; 1962; 11 The Azimuthal and Polar Radiation Patterns Ob
tained from a Horizontal Stress Applied at the Surface of an Elas
tic Half Space 11

; Bull. Seismological Soc. America; V. 52; No. 1; 
pp. 27-36. 

Cherry, J. T. and Waters, K. H.; 1968; 11 Shear-Wave Recording Using 
Continuous Signal Methods; Part I- Early Development 11

; Geophys.; 
V. 33; No. 2; pp. 229-239. 

Erickson, E. L., Miller, D. E., and Waters, K. H.; 1968; 11 Shear-Wave 
Recording Using Continuous Signal Methods; Part II - Later 
Experimentation 11

; Geophys.; V. 33; No. 2; pp. 240-254. 

Fehler, M. C.; 1979; Seismological Investigation of the Mechanical 
Properties of a Hot Dry Rock Geothermal System; submitted in 
partial fulfillment of the Ph.D. requirements, Massachusetts 
Institute of Technology; 344 pp. 

Jolly, R. N.; 1956; II Investigation of Shear Waves 11
; Geophys.; V. 21; 

No. 4; pp. 905-938. 

Krautkramer, J. and Krautkramer, H.; 1969; Ultrasonic Testing of 
Materials; Springer-Verlag, Ind.; New York; 521 pp. 

r~ason, w. P.; 1948; 11 Electrostrictive Effect in Barium Titanate 
Ceramics 11

; Physical Review; V. 74; No. 9; pp. 1134-1147. 

Mason, W. A.; 1964; Physical Acoustics; V. 1; Part A; Academic Press; 
Washington, D.C. 

Miller, G. F. and Pursey, H.; 1954; 11 The Field and Radiation Impedance 
of Mechanical Radiators on the Free Surface of a Semi-Infinite 
Isotropic Solid 11

; Proc. Royal Soc. London; Ser. A; V. 223; pp. 
521-541. 

Miller, G. F. and Pursey, H.; 1956; 11 0n the Partition of Energy Between 
Elastic Waves in a Semi-Infinite Solid 11

; Proc. Royal Soc. London; 
Ser. A; V. 225; pp. 55-69. 

99 



Officer, C. B.; 1958; Introduction to the Theory of Sound Transmission; 
McGraw-Hill Book Co.; New York; 284 pp. 

Pao, Yih-Hsing and Mow, Chao-Chow; 1973; Diffraction of Elastic Waves 
and Dynamic Stress Concentrations; Crane, Russak--, and Co.; New 
York; 694 pp. 

Rayleigh, Lord; 1945; The Theory of Sound; Dover Publications; New York; 
2nd Edition; 504 pp. · 

Rzhevsky, V. and r~ovek, G.; 1971; The Physics of Rocks; Mir Publica
tions; Moscow; 320 pp. 

Telford, W. lv1., Geldart, L. P., Sheriff, R. E., and Keys, D. A.; 1976; 
Applied Geophysics; Cambridge University Press; London; 860 pp. 

Waters, K. H.; 1981; Reflection Seismology; 2nd Edition; John Wiley and 
Sons; New York; 453 pp. 

White, J. E., Heaps, S. N., and Lawrence, P. L.; 1956; "Seismic Waves 
from a Horizontal Force 11

; Geophys.; V. 21; No. 3; pp. 715-723. 

Witherspoon, P.· A., Amick, C. A., and Gale, J. E.; 1977; "Stress-Flow 
Behavior of a Fault Zone with Fluid Injection and Withdrawal 11

; 

Annual report for period June 1, 1974 to December 30, 1976, to 
U.S. Geol, Survey under Contract no. 14-08-0001-14583; 159 pp. · 

100 



CHAPTER III 

Section 1 

Introduction 

The results of the preliminary laboratory study presented in 

Chapter II prompted a series of field experiments that were performed 

during the summers of 1979 and 1980.. These experiments attempted to 

detect naturally occurring fractures~ situ using the high frequency 

SH reflection techniques developed during the laboratory studies .. A 

very suitable field site was found with the assistance of Bob Warnert 

of the Raymond Granite Company. This site is located in the Shaw 

quarry, an old granite monument and building stone quarry inactive 

since the Depression era of the 1930's. The Shaw quarry is located at 

the end of Road 411 near the town of Knowles, Madera County, California, 

and is easily located on the map in Figure III-1-1. Living accommoda

tions at the nearby San Joaquin Experimental Range were provided through 

the courtesy of Jeanne Larson and Don Duncan of the United States Forest 

Service, Department of Agriculture. 

A photograph of the particular site studied at the Shaw quarry is 

shown in Figure III-1-2. The SH reflection data were gathered on the 

sunlit, exposed face behind the truck in this photograph. This obser

vation face is shown in greater detail in Figure II-1-3. The SH source 

and receiver are visible in the right-center of this picture mounted to 

the rock face. 
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The purpose of this study is to detect the two jointing fractures 

lying below the observation face as shown in Figure III-1-2. Only SH 

reflection methods were used during this field study since detection 

of the target fractures was deemed of primary importance. The results 

shown in Figure II-1-3 (Chapter II, Section 1) seemed to indicate that 

P wave reflection events from a thin (< 0.5 mm), water-filled fracture 

would be very small in amplitude in the frequency band 2-20kHz, and 

consequently would be much more difficult to detect. Since reflection 

of SH waves from a water-filled fracture is assumed to be total, the 

use of SH reflection methods seemed preferable in the field experiments. 

The two target fractures appear at the outcrop to be roughly 

parallel (within 5-10°) to the observation surface, so that mode con

version of the incident SH wavelet should not be a serious problem. The 

shallower of the two fractures, at a depth of approximately 1.5 m, 

is not continuous along the vertical cut near the truck in Figure 

III-1-2, and may not be completely continuous beneath the observation 

face. The deeper fracture, at a depth of approximately 2.5 m, is con

tinuous across the vertical cut, and can be seen terminating in the 

exfoliation blocks at the top of the quarry. The visible lateral 

extent of this fracture strongly supports the assumption that at least 

this fracture extends beneath the locations of the SH traverses on the 

observation face. We then expect that there is a fracture discontin

uity roughly parallel to the observation face and at a depth between 

1 and 3 meters. The goal of these field experiments was to detect this 

probable fracture using ultrasonic SH reflection methods. 
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. ... 

SH reflection data were collected during August and September of 

1979 and 1980 at two locations on the observation face, as shown in 

Figure Ill-1-4. This figure may be compared to the photograph shown 

in Figure III-1-3. Two SH profiles were recorded at each location in 

an attempt to estimate both the dip and depth of the fracture, and the 

near-surface S velocity of the Shaw quarry granite. The SH source and 

receiver used in the field experiments were secured on the rock face 

with a platform attached to the surface using four 1/2 11 rock bolts (see 

Figure III-1-3). A close-up view of the SH source and receiver attached 

to the rock surface is shown in Figure III-1-5. The granite surface was 

ground flat along the traverse line in a strip about 10 em wide so that 

good coupling of the source and receiver to the rock face would be in

sured. 

The SH source was constructed using a 51 mm x 51 mm x 10 mm S 

piezoelectric plate mounted to an epoxy backing rod. The backing rod 

and source plate were connected by swivels to the support platform. 

The source plate was bonded to the rock surface using a piece of lead 

foil (to smooth surface irregularities) coated on both sides with a 

sticky resin (see Figure III-1-5). The receiver used in the field ex

periments is similar in design to the laboratory receivers, except that 

a 12.7 mm x 12.7 mm x 3.2 mm S plate was used in the field receiver . 

Again, this receiver is expected to have a relatively flat amplitude 

response because of its small size in comparison to the wavelength of 

the incident seismic waves. 

It was not possible to transport the digital recording equipment 

to the field site, so it was necessary to use an analog tape recorder 
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to record the SH reflection data at the site. This analog recording 

could then be played back into the digital system at a later time. 

The instrumentation tape recorder used in this study was a Hewlett-

104 

Packard Model 3964A. Since this is a four channel recorder the receiver 

signal, trigger pulse, and a voice annotation could be simultaneously 

recorded. This particular model, at a tape speed of 15 ips, has a pass

band (± 3 dB) of 0.5-64 kHz, a time-base error of ± 4 ~s, and a S/N 

ratio of 38 dB. The frequency band limitation of the tape recorder will 

not be important because of our choice of seismic frequencies for the 

field experiments. The timing error should not be significant as the 

digital sampling interval was set at 10 ~s during the A/D conversion 

of the field tapes. The limitations on the dynamic range (S/N ratio) 

of the analog recorder may present a severe problem in recording re-

fleeted events that have been strongly attenuated. 

Previous analyses have been based on the assumption of perfect 

elasticity, which provides only an idealized explanation of seismic 

wave propagation. Actual observations have shown that elastic energy 

is dissipated as a seismic wave propagates through rock. For the pur

poses of the following analysis, a specific model of anelastic attenu-

ation will be adopted. 

In this model, which is described by Aki and Richards, 1980, a 

plane seismic wave (P or S) is assumed to be travelling in the x direc-

tion, and the direction of maximum attenuation is along this axis. The 

attenuation factor Q is defined as: 

1/Q 
!::.A = -1/TI A [II I. 1. 1] 



where A is the maximum amplitude of a monochromatic plane wave, and 6A 

is the loss of amplitude of the plane wave over one spatial cycle. The 

spatial attenuation of such a plane wave is described by: 

A(x) [III.1.2] 

where, A(x) = amplitude after the wave has travelled a distance lxl 

A0 = reference amplitude at x = 0 

c = phase velocity of the wave 

f = temp ora 1 frequency (Hertz). 

The choice of phase velocity depends on whether compressional (c = a) 

or shear (c = B) wave propagation is being considered. This model is 

commonly used in the geophysical literature (Johnson and Toksoz, 1980a; 

Winkler and Nur, 1981) in the quantitative analysis of anelastic atten-

uation in rock. 

However, there is no specific requirement that the value of Q is 

the same for both P and S waves in a given material. In fact, if it is 

assumed that there is no elastic loss in the compressibility cycle of a 

seismic wave, then the following relation can be developed (Anderson 

and Archembeau, 1964): 

where, Q5 = attenuation factor for S wave propagation 

Op = attenuation factor for P wave propagation. 

[I I I. 1. 3] 

This kind of relation between Op and Q5 is typically observed ,;n satu-
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rated, porous sandstones (Johnson and Toksoz, 1980a}, although it is un

reported whether this effect occurs in low porosity granitic rocks. 

Equation 111.1.2 will be used to quantify the attenuation loss of 

a band-limited SH plane wave pulse due to anelastic effects. The choice 

of values for the variables in III.1.2 will attempt to approximate the 

conditions expected at the Shaw quarry. A typical S velocity for a 

Raymond (Shaw quarry) granite in air-dry room conditions is s = 2000 m/s, 

which is considerably less than the S velocity typical of the Raymond 

granite used in the laboratory models (S = 2600 m/s). An attenuation 

constant Op = 120 is quoted from Johnson and Toksoz, 1980b, for an air

dry Westerly granite at room-temperature and pressure. The value Os = 

55 is calculated using the relation given in Equation 111.1.3. Since 

the fracture is expected at a depth of 1-3 meters, then the propagation 

distance· lxl will range from·2~6 meters. A0, the reference amplitude 

at lxl = 0, is set equal to one. 

These values are used:to calculate the amplitude loss (in dB) as 

a function of propagation distance at three different frequencies (2, 

10, and 20 kHz). The results of these calculations are presented in 

Figure III-1-6, and also denoted in this figure is the dynamic range of 

the analog tape recorder (-38 dB). If the reference amplitude is re

corded on the analog recorder, then the -38 dB level represents the 

minimum amplitude signal that can be reproduced above the inherent back

ground noise of the tape recorder. Attenuation of the SH reflection 

wavelet due to anelastic loss does not fall below the -38 dB level for 

the ranges of the variables used in these calculations. If anelasti

city is the only loss mechanism acting on the SH wavelet, then both the 



initial and attenuated wavelets can be recorded on the same channel 

within the 38 dB dynamic range of the recording machine. Since the 

38 dB level represents the optimum dynamic range of the analog recorder, 

this analysis presents a 11 best case 11 estimate of the effects of anelas

tic attenuation on the amplitude of the recorded signal (SH reflection 

data). 

However, the SH sources used in these experiments emit spherical, 

rather than plane, waves so that the consequent decay in amplitude due 

to spherical spreading of the SH wavefront must also be taken into ac

count. In a typical field situation the depth to the reflector (frac

ture) is approximately 2-5 times the source-receiver offset distance. 

This means that the reflected SH event will travel about 4-10 times the 

distance of the direct SH event. Thus, the reflected event is reduced 

to 1/4-1/10 of the amplitude of the direct event by spherical spreading 

alone. This then represents an additional loss of -12 dB to -20 dB to 

the amplitude of the reflected SH event beyond any losses due to ane

lastic effects. 

Since both geometric and anelastic attenuation will decrease the 

amplitude of the reflected SH wavelet, the loss due to geometric spread

ing should be included in the amplitude loss curves shown in Figure 

III-1-6. Since the geometric loss appears to be on the order of -12 to 

-20 dB, the curves in this figure should be decreased by this amount. 

However, even this additional loss causes the amplitude curves in Figure 

III-1-6 to become depressed below the -38 dB level only at the longest 

propagation distances and highest frequencies used in the calculations 

of these curves. The dynamic range of the analog tape recorder should 
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not severely limit the ability to reproduce a seismic trace containing 

both the direct SH event and a SH event reflected from a deep (> 2 m) 

fracture. The validity of this conclusion depends very strongly on the 

estimate of Q5, which at best represents a limited guess at the actual 

value of Q5 at the Shaw quarry field site. 

The SH reflection data recorded during this field study are pre

sented in the following sections of this chapter. Processing and analy

sis of these data was performed in a manner similar to that used in the 

previous laboratory experiments. Two different models were developed 

to explain the ori.gin of the events arriving after the direct SH body 

wave. The first model interprets these later arriving events as primary 

SH reflections from irregularly dipping fracture segments. This model 

assumes a homogeneous S velocity in the layer above the fracture, and 

that SH reflection from the fracture is total. 

The second model used in interpreting the later-arriving events 

in the field data assumes that the S velocity of the granite at the 

survey site increases with depth. This inhomogeneous velocity struc

ture will create a surface-propagating, dispersive Love wave in addition 

to the other SH body wave events expected in_ the seismic section. A 

dispersion analysis was performed on these later-arriving events to 

determine if these events could be interpreted as Love waves. However, 

presentation of the Love wave analysis will be deferred until Chapter V. 

The analysis of the SH field data using the dipping reflector model 

was indecisive for a number of reasons. The ambiguity of these results 

suggested that further laboratory experiments be performed to investi

gate: 
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1) the assumption that SH reflection from a water-filled 

fracture is total, and, 

2) the assumption of a homogeneous S velocity for the quarry 

granite. 

109 

The results of these laboratory experiments will be presented in Chapter 

IV. 



Figure Captions 

Figure III-1-1 
t1ap of Madera County, California and surrounding area showing 
the location of.the Shaw quarry. 

Figure III-1-2 
View of the study site at the Shaw quarry, showing the two frac
ture targets and observation face. 

Figure III-1-3 
Close-up view of the observation face showing the SH source and 
receiver bolted to the rock face at Location 2. 

Figure III-1-4 
Diagram of the position of Locations 1 and 2 on the observation 
face shown in Figure III-1-3. 

Figure III-1-5 
Detailed view of the field SH source and receiver shown in Figure 
III-1-3. 

F i g u re I I I - 1-6 
Amplitude loss of a plane SH wave as a function of propagation 
distance at three different frequencies (2, 10, and 20kHz). S 
velocity B = 2000 m/s and Gs = 55 are used in the calculation of 
these curves. 
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Figure III-1-2 
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Figure III-1 - 5 
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CHAPTER III 

Section 2 

Field Experiments at the Shaw Quarry 

The SH field experiment performed at the Shaw Quarry during 1979 

and 1980 are discussed in detail in this section. The unprocessed SH 

profiles recorded at the two survey locations are presented. Array 

synthesis techniques similar to those used in previous laboratory ex-

periments were applied to the unprocessed field data. A number of 

events visible in these array-processed SH profiles could potentially 

be regarded as reflections from a subsurface fracture. Analysis of the 

arrival time data from these events was performed using a x2-T2 method 

modified to take into account reflection from a dipping, planar inter

face. The results of x2-T2 analysis at both survey locations are in

consistent with any model that uses only a single, dipping, planar 

reflector beneath each survey location. Rather, the arrival time data 

of these events requires that two planar reflector segments with oppos

ing dips occur beneath each survey location. 

A number of SH seismic profiles were recorded at two separate 

locations on the observation face, as shown in Figure III-1-4 (Section 

1). A symmetric source-receiver spread, similar to the recording geo-

metry used previously in the cylindrical laboratory model experiments, 

was used at field site Location 1. At site Location 2 a 11 Split-spread 11 

geometry was use9 (Dobrin, 1960). In this method a series of evenly 

spaced receivers record separate data sets for source positions that are 

symmetrically disposed to either side of the receiver spread. 
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The relationship between the dip angle of a reflecting interface 

and the moveout velocity obtained from the slope of the x2-T2 curve 

will be derived in the following analysis. The geometric model, shown 

in Figure III-2-1, consists of a planar, dipping reflector underlying 

a constant velocity layer. Two receivers are disposed symmetrically 

about a source in order to simulate the 11 Symmetric spread 11 geometry. 

Th~ planar reflector has a true dip angle e from the horizontal when 

the profile line and dip direction of the reflector are parallel. When 

the profile line is not in the direction of dip, the angle e is the 

apparent dip of the reflector, i.e., the projection of the true dip 

angle onto the vertical plane containing the profile line. The depth 

measured perpendicular to the reflector is denoted h, and the overlying 

layer is assumed to have a constant velocity V. The square of the 

reflection arrival times T~(X) and T~(X) at up-dip receiver Ru and 

down-dip receiver R0 are, respectively, 

2 2 2 = (X-2hsin8) + 4h cos e, 
v2 v2 

[II I. 2. 1] 

. .· 
If we define the instantaneous moveout velocity V (valid for x > 0) as: 

[III.2.2] 

Then the moveout velocities Vu and v0 at receivers Ru and R0 are (neg

lecting th~ zero-offset constants): 
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-2 v2x2 
v = 2 
U [X-2hs i n8] 

[11!.2.3] 

-2 v2x2 
v = -~...:...;_-.,..... 
0 [X+2hsin8] 2 

When 8 = 0 (no dip), then the moveout velocities become Vu = v0 = V, as 

is expected for a horizontal reflector underlying a constant velocity 

layer. For a non-zero dip 8 at any x > 0, the moveout velocity Vu 
determined using receivers located up-dip from the source is always 

greater than the constant propagation velocity V. Also the moveout 

velocity v0 determined using receivers down-dip from the source is 

always less than V. This peculiar property of the moveout velocity will 

be used later in this section in the analysis of the SH field data. 

The unprocessed SH data recorded in 1979 at Location 1 along the 

right receiver spread are shown in Figure III-2-2. The true amplitude 

of. the individual SH traces was lost because of field recording proce-

dures. In the field the amplifier gain was continuously adjusted to 

fully use the dynamic range of the tape recorder. Although these un-

processed data are 11 noisy, 11 a number of arrival events occur in this 

record section that might be interpreted as reflected SH energy. The 

most obvious arrival events in Figure III-2-2 are in the direct SH 

event between 0.4-0.8 msec, and a later event occurring between 1.1-1.7 

msec. 

Directive array synthesis was found to smooth the irregularities 

in the unprocessed SH data, and to exhibit the expected cancellation 

properties. An 11 element array 10 em in length was found to give ade

quate cancellation of horizontally propagating events, and minimum can-
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cellation of events with small vertical angles of incidence (< 25° ). 

The amplitude response curves for this array at three different frequen-_ 

cies (2, 10, and 20 kHz) for a half-space velocity of 2000 m/s are shown 

in.Figure III-2-3. The amplitude spectrum of the unprocessed SH trace 

at .75 m offset in Figure III-2-2 is shown in Figure III-2-4. This 

figure shows that the frequency band of this SH field trace is limited 

to roughly 2-25 kHz~ which was a typical bandwidth in these SH field 

experiments. 

The array summed SH record section is shown in Figure III-2-5, 

where III-2-5b is an expanded scale version of the later time portion 

of III-2-5a (using a gain factor of four). The direct SH event is 

clearly visible between 0.4-1.0 msec, and three other events arriving 

later in time (termed events E#l, E#2, and E#3) are clearly coherent 

from trace to trace across Figure III-2-5. Event E#1 occurs between 

1.1-1.7 msec, event E#2 between 2.1-2.7 msec, and event E#3 between 

3.2-3.6 msec. The arrival times for all events were picked using the 

point of maximum amplitude within the time windows about each event 

shown in Figure III-2-5. Both X-T and x2-T2 best fits were obtained 

for all except the direct SH event. Table III-2-1 presents the velo

cities derived from the slopes of the X-T and x2-T2 curves, and the 

zero-offset constant from the x2-T2 fit. The S wave velocity along the 

right spread of Location 1 estimated using the direct SH event is 

2080 m/s ±·55 m/s (from Table III-2-1). This value is then assumed to 

represent the constant layer velocity of the simple reflector model. 

The moveout (X2-T2) velocities of the three later events given in 

Table III-2-1 are slower than the assumed half-space velocity of 
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Table III-2-1 

Location 1 Right Spread 1979 

Event X-T 2 2 X -T 2 2 X -T 
Velocity Velocity - Arrival Time 

(m/s) (m/s) (msec) 

Direct 2080 ± 55 

E#1 3115 ± 85 1465 ± 45 1.159 ± 0.107 

E#2 2825 ± 155 1045 ± 60 2.197 ± 0.213 

E#3 6115 ± 1120 1290 ± 250 3.329 ± 0.311 



granite (2080 m/s). Then the results of Equation III.2.3 indicate 

that the planar reflector associated with these events dips downward 

from source to receiver. 

At this point it must be noted that if SH reflection from a frac

ture is total, then it is not possible to detect any fracture beyond 

the first encountered using SH reflection methods. Under this assump

tion events E#2 and E#3 cannot be interpreted as reflection arrivals 

from progressively deeper fractures, but must propagate along other 

possible raypaths. The relationship of the zero-offset arrival times 

suggest that events E#2 and E#3 could be the first and second multiple 

reflections of the primary SH reflection event E#1. However, the move

out velocities for these events are inconsistent with the expected move

out velocities of the first and second multiple reflections originating 

from the fracture associated with event E#1. Because of the assumption 

of total SH reflection at a fracture, only event E#1 will be interpreted 

as possibly being a primary SH reflection from a sub-surface fracture, 

and no further interpretation of events E#2 and E#3 was attempted in 

this study. 

The unprocessed SH data recorded in 1980 at Location 1 along the 

left receiver spread are shown in Figure III-2-6. Again, arrival events 

are visible at later times in this somewhat "noisy" record section. 

These data are summed into an 11 element, 10 em array as before, and the 

summed record section is shown in Figure 11-2-7. Three distinct later

arriving events (E#1, E#2, and E#3) are coherent from trace to trace 

across Figure 111-2-7. These three events can also be correlated by 

arrival time to events E#1-3 observed in the right spread data shown in 
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Figure III-2-5. The arrival times for the three events are again ob

tained by using the point of maximum amplitude within the time windows 

about each event (see Figure III-2-7). Again X-T and x2-T2 fits were 

obtained for each arrival time data set, and the results of these cal-

culations are presented in Table III-2-2. 

The constant S wave velocity of the layer beneath the left spread 

is estimated using the direct SH event, and has a value of 1995 m/s ± 

50 m/s. This is in good agreement with the previous estimate from the 

right spread data (2080 m/s ± 55 m/s). 

The moveout velocity obtained for event E#1 left-spread data is 

slower than the S wave velocity estimate obtained from the direct SH 

event (1995 m/s). The slower moveout velocity of event E#1 again indi-

cates that the reflector associated with this event dips downward along 

the receiver profile. 

The x2-T2 analysis of events E#1 in the left and right-spread data 

at Location 1 indicate that the reflector associated with this event 

must dip downward from the source along both receiver spreads. Thus, 

any interpretation that associates only a single planar reflector with 

event E#1 will not be consistent with the arrival time data of this 

event. 

The perpendicular depth to the reflector h and dip angle 8 of a 

single planar reflector beneath a receiver spread can be calculated 

using the constant layer velocity V, the zero-offset arrival time T(O), 

and the reflection arrival time T(X0) at an offset distance x0. Using 

the results in Equations III.2.1 and 3 for the case in which there

ceivers are downdip from the source (V0 < V), hand 8 are given by: 
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Table III-2-2 

Location 1 Left Spread 1980 

Event X-T 2 2 X -T 2 2 X -T 
Ve 1 ocity Velocity Zero-Offset 

Arrival Time 
(m/s) (m/s) (msec) 

Direct 1995 ± 50 

E#1 2700 ± 110 1350 ± 60 1. 108 ± 0.136 

E#2 2585 ± 90 1025 ± 40 2.060 ± 0.178 

E#3 2535 ± 160 850 ± 60 3.028 ± 0.285 



'• 

h = T(O)V 
2 [III.2.4] 

8 = 
. -l [ [T ( x0) 

2
- T ( 0) 

2
1 V] 

sln 2XaT(O) [III.2.5] 

The zero-offset arrival time T(O) is obtained as a result of the x2-T2 

best-fit analysis of the reflection event, and the constant layer velo

city V is estimated using the X-T moveout of the direct SH event. The 

arrival time T(X0) is obtained using both the moveout velocity V and 

zero-offset constant T(O) determined from the x2-T2 fit in the equation: 

[III.2.6] 

The depth h and dip angle e associated with event E#1 are determined for 

each receiver spread at Location 1 separately, and the results of these 

calculations are summarized in Table III-2-3. 

Figure III-2-8 is a view of the vertical plane through the SH pro-

file at Location 1, showing the source and receiver positions, and the 

interpreted location of the reflector segments associated with event 

E#1. Because of geometric considerations a finite length receiver 

spread will. sample reflected energy from a proportionally smaller length 

along the reflecting interface (Waters, 1982). Thus only the portion 

of the reflector E#1 actually sampled by the left and right receiver 

spreads is shown in Figure III-2-8. An explanation of the graphical 

method used to determine the portion of a dipping reflector sampled by 

a finite length receiver spread is given in Appendix I. 
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Table III-2-3 

Event E#1 Event E#2 
Left Spread Right Spread 
Location 1 Location 1 

Constant Layer Velocity V(m/s) 1995 2080 

r~oveout Velocity V(m/s) 1350 1465 

Zero-Offset Arrival Time T(O) (msec) 1.108 1.159 

Calculated Arrival Time T(X0) at 
x0 = 1.0 m (msec) 1.333 1.345 

Calculated Depth h (m) 1.11 1. 21 

Calculated Dip Angle e 29.6° 24.7° 

.-



·. 

In Figure III-2-8 the dip of the reflector segments is consistent 

with the slow moveout velocity of event E#1 along each receiver spread. 

However the steep dip of these reflectors causes the portion of the 

reflector sampled by the receiver spread to be displaced laterally. In 

this particular case the reflector segment associated with the right 

receiver spread is displaced to the left of the source, and likewise 

the segment associated with the left spread is displaced to the right 

of the source. This figure demonstrates that the true reflection point 

migrates updip from the mid-point of a source-receiver pair. 

Three SH data sets were recorded at Location 2 using the 11 Split

spread11 geometry previously described. The fon·1ard traverse at this 

location (Loc. 2F) was surveyed separately in 1979 and 1980 as a· test 

of the yearly repeatability of the SH reflection data. A single reverse 

profile (denoted Loc. 2R) was recorded during 1980 at this location. 

The position of Location 2 on the observation face at the quarry is 

shown in Figure III-1-4 (Section 1). 

Figure III-2-9 shows the unprocessed SH data recorded at Loc. 2F 

during the summer of 1979. A direct SH event is clearly observable 

(0.15-0.60 msec), and other later-arriving events are visibly coherent 

from trace to trace. The unprocessed traces are summed into 10 em array 

as before, and the summed record section is shown in Figure III-2-10. 

The largest amplitude event arriving after the direct SH event occurs 

between 1.1-2.0 msec, and will be termed event E#1. The arrival times 

of event E#1 at' Loc. 2F have good correspondence with the arrival times 

of event E#1 observed at Location 1. 
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Figure III-2-11 shows the unprocessed SH data recorded at Lac. 2F 

during the summer of 1980. Events on this record section are easily 

correlated with those on the section recorded in 1979 at this same lo

c~tion (shown in Figure III-2-9). The unprocessed SH data shown in 

·Figure III-2-11 is summed to simulate the response from an 11 element, 

unweighted 10 em array, and the resulting summed SH record section is 
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shown in Figure III-2-12. Comparison of this figure and Figure III-2-10 

shows that major events arriving before 2.0 msec are easily correlated 

in both of these SH profiles. In fact the summed SH data recorded at 

this location during 1979 and 1980 is visually very repeatable. 

·As before, the arrival times of the direct SH event and E#1 were 

picked using the point of maximum amplitude within the time window 

about each event. The arrival time data sets obtained at Lac. 2F during 

1979 and 1980 were analyzed using X-T and x2-T2 methods. The X-T and 

x2-T2 velocities, and x2-T2 zero-offset arrival time obtained from 

this analysis, are given in Table III-2-4. The velocity values shown 

in this table for the 1980 survey at Lac. 2F are consistently 5-7% 

lower than the velocities obtained from the 1979 survey at this loca-

tion. 

Only the SH data recorded in 1980 at Location 2 will be treated 

in the following analysis. The S wave velocity of the constant velo

city layer at Loc. :2F is estimated from the direct SH to be 1925 m/s ± 

25 m/s. ·The moveout velocity (930 m/s ± 20 m/s) for event E#1 along 

this profile is much slower than the estimated S velocity of the granite 

(1925 m/s). Again, this slower moveout velocity indicates that the 

reflector associated with E#1 has a component of dip with the receivers 

down-dip from the source. 

.· 
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Table Ill-2-4 

Location Event X-T 2 2 X -T 2 2 X -T 
(Year) Velocity Velocity Zero-Offset 

Arrival Time 
(m/s) (m/s) (msec) 

Direct 2050 ± 25 
2F 

(1979) 
E#1 2040 ± 35 1000 ± 20 1.190±0.097 

Direct 1925 ± 20 
2F 

(1980) 
E#1 1730 ± 25 930 ± 20 1.146 ± 0.104 

i 

Direct 1880 ± 25 
2R 

(1980) 
E#1 · 1785 ± 30 935 ± 15 1.171 ± 0.092 

.. 



The unprocessed SH data recorded at Loc. 2R during 1980 are shown 

in Figure III-2-13, and the summed 10 em array profile is shown in 

Figure III-2-14. Again, the direct SH event (0.15-0.70 msec) and event 

E#1 (0.90-2.0 msec) are clearly visible in this figure. Arrival times 
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for these events were determined using the point of maximum value within 

the time windows shown about each event. X-T and x2-T2 analyses of 

these arrival time data were performed, and the results of these cal

culations are shown in Table III-2-4. Once again the results of the 

direct and moveout velocities indicate that the reflector must dip 

downward from source to receiver. 

Figure III-2-15 is a view of the vertical plane through the pro-

file line at Location 2, showing the source and receiver positions, 

and the reflector segments calculated from E#1 arrival time data at 

each source position. The perpendicular depth h and dip angle e are 

determined separately for each receiver spread at Location 2 using 

Equations 111.2(4 and 5), and the results of these calculations are 

given in Table III-2-5. From these results the positions of these re

flector segments are derived using the graphical method described in 

Appendix I. The arrival times data for event E#l require that the 

reflectors have a very steep dip, and as a consequence the reflection 

point for a given source-receiver pair is displaced laterally, as seen 

in Figure III-2-15. This lateral displacement requires that the steeply 

dipping reflector segments be located quite near the ground surface, 

and not at the 1-3 meters depth expected from the outcrop projection 

of the two target fractures. Visual inspection of the observation face 

demonstrated that these hypothetical fracture segments did not extend 

vertically and outcrop on the surface near Location 2. 
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Table III-2-5 

Event E#1 Event E#1 
Lac. 2F Lac. 2R 

Constant Layer Velocity V(m/s) 1925 1880 

Moveout Velocity V(m/s) 930 935 

Zero-Offset Arrival Time T(O) (msec) 1. 146 1.171 

Calculated Arrival Time T(X0) at 
Offset x0 = 1.0 m (msec) 1. 571 1.586 

Calculated Depth h (m) 1.10 1.10 

Calculated Dip Angle e 75.9° 66.7° 



In review, a number of later-arriving events were observed in the 

SH reflection data recorded at two locations at the Shaw quarry in 1979 

and 1980. These later-arriving events were interpreted using a model 

based on the following two assumptions:· 

1) SH reflection from the first fracture encountered is total, 

and, 

2) the S wave velocity of the quarry granite at the survey 

location is constant. 

Because of the first assumption, only the major arrival occurring be

tween 1-2 msec (and termed event E#1) could be interpreted as a primary 

SH reflection from a fracture. Events arriving after E#1 (termed E#2 
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and E#3 at Location 1) could not then be considered as primary SH reflec

tions from deeper fractures, and no further analysis of these events was 

attempted. 

An x2-T2 analysis of event E#1 was performed on the SH reflection 

profiles recorded at both locations. The results of these analyses 

indicate that the observed arrival times of E#1 cannot be explained 

using only a single, dipping, planar fracture as a model. However, two 

planar fracture segments with opposing dips can be used as a model that 

is consistent with the arrival times of event E#1 (see Figures 

III-2-(8 and 15)) at both survey locations. To this point we have 

tried to interpret the field data using a model in which the event E#1 

is considered as the primary SH reflection from a sub-surface fracture. 

At each receiver spread, interpretation of event E#1 indicated that 

the reflector associated with this event dips downward from source to 

receiver. The coincidence that a down-dip interpretation is required 



for each SH profile recorded during this field study is indeed suspi

cious, and alternate interpretations of event E#1 should be sought. 

An X-T fit of the arrival time data for event E#1 was also per-

formed at both survey locations, and the phase velocities derived using 

this X-T fit are given in Tables III-2-(1, 2, and 4). These velocities 

all range in value from 1700-3100 m/s, which is within the range of S 

wave velocities observed for a Raymond granite. The uncertainties in 

the phase velocity estimates summarized in these tables are no larger, 

in percentage terms, than the uncertainties in the moveout velocity 

derived from the x2-T2 fit. Using the percentage uncertainty as a 

criterion, neither of the X-T or x2-T2 fits to the arrival time data of 

event E#1 are superior to the other. 

The good X-T fit to event E#1 suggests that this event may propa-

gate in a direction nearly parallel to the ground surface. If horizon

tal propagation is assumed, the apparent velocities of event E#1 ob

tained using Equation 11.3.1 (Chapter II, Section 3) fall within the 

range of S velocities observed in field and laboratory specimens of 

Raymond granite. These observations suggested that a second model be 

considered in the interpretation of event E#1. In this model, event E#1 

was interpreted as a fundamental mode Love wave, and a dispersion analy

sis of this event was performed. However, in keeping with the basic 

chronological order of this dissertation, the Love wave analysis of 

the SH field data will be deferred until Chapter V, the concluding 

chapter. 
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Figure Captions 

Figure III-2-1 
Geometry of a dipping, planar reflector underlying a constant 
velocity layer. Reflector has a dip angle e from the horizontal, 
and a perpendicular depth h. Layer has a constant velocity V. 
Ru is the up-dip receiver, and R0 is the down-dip recejver. 

F i g u re II I-2-2 
Unprocessed SH data recorded along the right spread at Location 1 
during 1979. Straight line traces indicate that no SH data could 
be recorded at that particular offset. 

Figure I II -2-3 
Amplitude response of an unweighted 11 element array 10 em in 
length for frequencies of 2, 10, and 20 kHz. Half-sp~ce velocity 
is 2000 m/s. 

Figure II I-2-4 
Amplitude spectrum of the unprocessed SH trace shown in Figure 
III-2-2 at a 0.75.m offset. Note that the frequency band of the 
trace is limited to the range of 2-25 kHz. 

Figure II I-2-5 
Array summed SH profile obtained using the unprocessed right spread 
data in Figure III-2-2. 11 unprocessed traces are summed into a 
10 em linear array. Arrival times for the direct SH event, and 
events E#1-3, are obtained by picking the point of maximum ampli
tude within the time windows shown about each event. 
a) Summed traces clearly showing direct SH event and event E#1 
b) Expanded scale version of a) using a gain of four to more 

clearly show events E#2 and E#3 

Figure III-2-6 
Unprocessed SH data recorded along the left spread at Location 1 
during 1980. 

Figure III-2-7 
Unprocessed left spread data summed to give response of an un
weighted 11 element array 10 em in length. Arrival times of events 
picked using the point of maximum amplitude within the time windows 
shown. 
a) Summed traces clearly showing direct SH and event E#1 
b) Expanded scale version of a) using a gain of four 

Figure III-2-8 
View of the vertical plane through the SH profile at Location 1, 
showing the source and receiver positions, and the interpreted 
locations of the reflector segments associated with event E#1. 
The locations of these reflector segments were determined using 
the graphi ca 1 method described in Appendix I. 
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• 
Figure III-2-9 

Unprocessed SH data recorded at Lac. 2F during the summer of 1979 . 

Figure III-2-10 
Unprocessed SH data at Lac. 2F (1979) summed to give response of· 
an 11 element array 10 em in length. Arrival times of events are 
picked using the point of maximum amplitude within the time windows 
shown. 

Figure III-2-11 
Unprocessed SH data recorded at Lac. 2F during the summer of 1980. 
Comparison of this figure and Figure III-2-9 gives a visual com
parison of the yearly repeatability of the SH data recorded at a 
particular location. 

Figure III-2-12 
Unprocessed SH data at Lac. 2F (1980) summed to give response of 
an 11 element array 10 em in length. Arrival times of events are 
picked using the point of maximum amplitude within the time windows 
shown. Comparison of this figure and Figure III-2-10 gives a 
visual comparison of the yearly repeatability of the summed SH 
data sets recorded at this location. · 

Figure III-2-13 
Unprocessed SH data recorded at Lac. 2R during the summer of 1980. 

Figure III-2-14 
Unprocessed data recorded at Lac. 2R summed to give response of 
an 11 element array 10 em in length. Arrival times are picked 
using the point of maximum amplitude within the time windows shown. 

Figure III-2-15 
View of the vertical plane through the SH profile at Location 2, 
showing the source and receiver positions, and the interpreted 
locations of the reflector segments associated with event E#1. 
The locations of these reflector segments were determined using 
the graphical method described in Appendix I. 
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CHAPTER III 

Section 3 

Conclusions 

Field experiments were performed in the late summers of 1979 and 

1980 at an abandoned granite quarry in an attempt to detect~ situ 

fractures using high-frequency SH reflection techniques. An ideal site 

was found (Figure III-1-(2 and 3)) where a fracture sub-parallel to an 

accessible observation surface can be expected to occur at a depth of 

1-3 meters. Numerous SH reflection profiles were recorded at two loca

tions on this observation face. Processing and analysis of these data 

were performed in a manner similar to those used in the laboratory re

flection experiments. 

A number of events arriving after the direct SH body wave were 

consistently observed in the SH profiles. x2-T2 fits of the arrival 

time data for these events were performed, and in each case the small 

value of the moveout velocity obtained from the x2-T2 fit indicated that 

the reflector had a significant amount of dip, with the receivers always 

downdip from the source. In this chapter the SH field data was inter

preted using a model that assumes: 

1) SH reflection from any sub-surface fracture is total, and, 

2) the S velocity of the granite is homogeneous beneath each 

survey location. 

Because of this first assumption, only event E#1 could be inter

preted as a primary SH reflection from a sub-surface fracture. Events 
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occurring after E#1 could not then be considered as primary SH reflec

tions from deeper fractures, and no further interpretation of these 

events was attempted. The dip angle and depth of the reflector associ

ated with event E#1 were calculated separately for each SH profile using 

Equations 111.2.(4 and 5). A homogeneous S velocity distribution is 

necessary so that the S velocity of the granite at a given profile loca

tion can be estimated from the X-T fit of the direct SH event. This 

constant S velocity estimate is necessary in calculating the dip angle 

and depth of the reflector. 

The results of th~se calculations indicate that the observed arri

val times of event E#1 at each of the two survey locations cannot be 

explained using only a single, planar, dipping fracture as a model. 

However, two planar fracture segments with opposing dips can be used 

to model consistently the arrival time data of E#1, and the fracture 

geometries at the two survey locations are shown in Figures III-2-(8 

and 15). The positions of the reflector segments shown in these figures 

were derived using a graphical method described in Appendix I. 

The irregular, steeply dipping nature of the fracture segments 

interpreted from the SH reflection data is not consistent with the rela

tively planar nature of the fractures observed in outcrop. Also, the 

down-dip interpretation required for event E#1 at each SH profile makes 

this interpretation somewhat suspect. Finally, the good X-T fits to 

the arrival time data of event E#1 suggest that this event may propagate 

nearly parallel to the observation surface. All of these factors taken 

together require that alternative interpretations of event E#l be con

sidered. A second model will be considered in which E#1 is interpreted 
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as a Love wave event. However, for chronological consistency, discus

sion regarding the Love wave model will be deferred until Chapter V. 

The ambiguous results of the analysis of the SH field data using 

a dipping reflector model suggested that further laboratory experiments 

be performed to verify the assumptions inherent in this model. The 

results of experiments investigating SH reflection from a water-filled 

fracture and the variation of S velocity with water saturation of the 

Raymond granite will be presented in Chapter IV. 
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