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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.

Previous technical reports in this series are listed below.

1. Swedish-American Cooperative Program on Radioactive Waste Storage in Mined Caverns by
P.A. Witherspoon and 0. Degerman. {LBL-7049, SAC-01}.

2. Large Scale Permeability Test of the Granite in the Stripa Mine and Thermal Conductivity Test by
Lars Lundstrom and Haken Stille.  (LBL-7052, SAC-02).

3.  The Mechanical Properties of the Stripa Granite by Graham Swan. (LBL-7074, SAC-03).
4. Stress Measurements in the Stripa Granite by Hans Carlsson. (LBL-7078, SAC-04).

5. Borehole Drilling and Related Activities at the Stripa Mine by P.J. Kurfurst, T. Hugo-Persson,
and G. Rudolph. {LBL-7080, SAC-05).

6. A Pilot Heater Test in the Stripa Granite by Hans Carlsson. (LBL-7086, SAC-06).

7. An Analysis of Measured Values for the State of Stress in the Earth's Crust by Dennis B. Jamison
and Neville G.W. Cook. {LBL-7071, SAC-07).

8. Mining Methods Used in the Underground Tunnels and Test Rooms at Stripa by B. Andersson and P.A.
Halen. {LBL-7081, SAC-08].

9. Theoretical Temperature Fields for the Stripa Heater Project by T. Chan, Neville G.W. Cook, and
C.F. Tsang. (LBL-7082, SAC-09). : :

10. Mechanical and Thermal Design Considerations for Radioactive Waste Repositories in Hard Rock.
Part T: An Appraisal of Hard Rock for Potential Underground Repositories of Radioactive Waste
by N.G.W. Cook; Part II: In Situ Heating Experiments in Hard Rock: Their Objectives and Design
by N.G.W. Cook and P.A. Witherspoon. (LBL-7073, SAC-10).

11. Full-Scale and Time-Scale Heating Experiments at Stripa: Preliminary Results by N.G.W. Cook and
M. Hood. (LBL-7072, SAC-11}.

12. Geochemistry and Isotope Hydrology of Groundwaters in the Stripa Granite: Results and Preliminary

Interpretation by P. Fritz, J.F. Barker, and J.E. GaTe. (LBL-8285, SAC-12).

13. Electrical Heaters for Thermo-Mechanical Tests at the Stripa Mine by R.H. Burleigh, E.P. Binnall,
A.0. DuBois, D.0. Norgren, and A.R. Ortiz. {LBL-7063, SAC-13).

14. Data Acquisition, Handling, and Display for the Heater Experiments at Stripa by Maurice B. McEvoy.
(LBL-7063, SAC-14).

15. An Approach to the Fracture Hydrology at Stripa: Preliminary Results-by J.E. Gale and P.A. Wither-

spoon. (LBL-7079, SAC-15}.

16. Preliminary Report on Geophysical and Mechanical Borehole Measurements at Stripa by P. Nelson,
B. Paulsson, R. Rachiele, L. Andersson, T. Schrauf, W. Hustrulid, 0. Duran, and K.A. Magnussen.
(LBL-8280, SAC-16).

17. Observations of a Potential Size-Effect in Experimental Determination of the Hydraulic Properties

of Fractures by P.A. Witherspoon, C.H. Amick, J.t. Gale, and K. Iwai. (LBL-8571, SAC-17j.

18. Rock Mass Characterization for Storage in Nucler Waste in Granite by P.A. Witherspoon, P. Nelson,
T. Doe, R. Thorpe, B. PauTsson, J.E. Gale, and C. Forster. (LBL-8570, SAC-18).

19. Fracture Detection in Crystalline Rock Using Ultrasonic Shear Waves by K.H. Waters, S.P. Palmer,
and (W.F. Farrell. (LBL-7051, SAC-19).
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EDITOR'S NOTE

One of the difficult problems at Stripa was to detect the
presence of fractures within the rpck mass. The presént work
presents new resuits on a method of frécture 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 cohpressiona] (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 seismfc energy reflected from the opposite face of the slab. It
was found that processing techniques such as deconvoliution 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 Tlabor-
atory. Interpretation of the Tater-arriving events observed in the SH
field data as reflections from a steeply-dipping fracture was incon-
clusive.

Subsequent Taboratory 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



gap. P and SH reflection data recorded prior to and after filling the
gap with water confirmed previous theoretical predictions concerning
ref]ection 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 Tow velocity surface layer created by drying of the granite

during the hot, dry California summer.

Chairman, Thesis Committee
Y Ao P
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CHAPTER I

_Introduction

Q

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 informatibn for
hydrologists involved in estimating permeability and other hydrau]i;
parameters. Informatjdn regarding the nature of the materia] filling
the fractures is also desirable, as water flow is usually confined to
"open" fractures,(i.e. those fractures not completely filled by ca];ite,
epidote, clay, etc.). The detection of fractures and othérvgeologiéal
discontinuities near the working face of a mine or tunnel would a]so
aid in the prediction of.roof co]1apsé and othér mine safety problems.
In fact, most fafa] mining accidents occur in areas of advanciné 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 qetect 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 ref]ectibn system developed during
this research was tested under various laboratory conditions so that

its limitations could be determined. The applicability of these reflec-



tion methods to fracture detection in an ideal field situation was tested
at a Tocal 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 cépab]e of generating inter-
pretable ultrasonic seismic reflection data is described in Chapter II.
Both compressional (P) and horizontally pb]arized shear (SH) wave re-
f]ectioh data were obtained under various 1aboratory 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
presénted in which an attempt was made to detect a natura11y occurring,

in situ fracture using the reflection techniques developed in the lab-

oratory. The résults of this field test suggested that a series of
1aboratory experfments be conducted to study the effeét of different
interstitial fluids (air or water) on the reflection of P and SH waves
from a b]aﬁar fracture. These experiments are described in detail in
Chapter IV. In Chapter V the results of the field ekperiment are
examined in 1light of the results of the laboratory fracture study. A
reeva]uatibn of the field expekiment is presented,‘as well as conclusions
regarding the préctica]ity of this technique fof fracture detection in
an underground environment. |

| Some of the earliest references in fhe geophysical Titerature rele-
vant.to this study are the results of a number of seismic mode]ing ex-
periments published in the mid-1950's (e.g. Levin and Hibbard, 1955;
Evans, 1959). In these experiments low-frequency (1't0'100 Hz) seismic

wave propagation in a layered earth is modeled using laboratory scale



physical models and a consequently higher frequency band (10 to 300 kHz).
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 explokation seismology (Dampney,
Mohanty, and West, 1972; Waters, Palmer, and Farrell, 1978; Palmer,
Smith, and Waters, 1981; Tatham, Goolsbee, Masée]], and Nelson, 1981).
The application of ultrasonic reflection methods to fracture detec-
tion in a mining environment was initially studied during the late
. 1950's (Szendrei and Lochner, 1958; Lutsch, 1959). Further research
into practical applications of the technique continued into the mid-
1970's, meeting with Timited success in the detection of in 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).

A1l of the previously mentioned studies involved With in 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



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 po]arizéd 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
interstitia] fluid of the fracture (air or water) is only possibie 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 equatioh in an
isotropic, homogeneous, linear elastic whole space frequently involves
methodssthat separate the compressional (P) and shear (S) components
of the vector disp]acemenf. The source-free elastodynamic wave equation

can be written:
o 28 = (VU + wvhu [11.1.1]

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



VZU = V[Veu] - ¥ x[Vxu]

Substituting this into II.1.2, then:

2

@
o

o = (A+2u)V [Veu] - (Vx [Vxu] Ju [11.1.2]

~n

ot

To obtain the P wave equation of motion, let g = v - G} and taking the

divergence of I11.1.2;

2

o 23 = (wan)vée o [11.1.3a]
ot
COmpreésiona1 (P) waves then propagate with a velocity a = AYZy

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

Q =V x u, and taking the curl of Equation II.1.1, then:
pﬁzi: Wwea [1I.1.3b]
ot _
where the identity v x [v[veul] = 0 is used. Shear (S) wave then pro-
pagate with velocity B = \/u/p, where B < q.

Figure II-1-1 depicts a monochromatic plane é]astic wave propaga-
ting through a linear, isotropic whole spéce. The total displacement
of a plane elastic wave u can be separated into its compressional Up
and shear Ug components, as shown in this figure. As a matter of con-
venience the Cartesian coordinate system is defiﬁéd so that the unit
wave normal v lies in the X] - 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 para11e1 to the ground (obsefvation)
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 Py and P wave velocity aq 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, ang the analysis of
this problem is taken from Rayleigh, 1945.

The solution to this problem is usually pfesented as a complex
reflection coefficient Ra,vwhich is the.ratiovof the displacements of
the incident and reflected plane P waves measured at Xg = 0. For this
particular geometry, the compiex reflection coefficient is:

= (z/zl-zl/z)/(z/zl—zl/z +2icot (gg)) ‘ [I1.1.4]

1

x
I

where z = pa and Zy = pq0-

Ra can be resolved into its amplitude ]Ral and phase 9y spectra,

which are presented in the following two equations.

2 1/2
(z/zl-zl/z)
IR | = ) — [11.1.5]
a (z/zl-zl/z) +4cot (wd/al)
-2cot(§9) '
1 1 [11.1.6]

¢u:=tan' Zz/zl-zl/25
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It should be noted that this solution is equally valid for plane SH
waves normally incident on the thin layer if the P wave velocities o
and a; are replaced by the corresponding S wave velocities B and By-
For example, the amplitude spectrum of the compiex SH reflection coef-

ficient is:

5 1/2

(z/zl-zl/z)

)2 2 [11.1.7]
+4cot (wd/Bl)

R,| =
| B (z/zl-zl/z

where z = pB and z) = plsl.

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., 8 = 2500 m/s, o = 4235 m/s, and p =
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 1I-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 II.1.5 and II.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, thé S wave velocity in air is zero,

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



*
Calcite

o = 2.71 gn/em®

Quartz

p = 2.65 gm/cm3
Air

p~0
Water

o=1.0 gm/cm3

Raymond Grani te

o~ 2.75 gn/cms

Table 11-1-1
o = 6230 M/S
B = 4590 M/S
o = 6000 M/S
B = 4390 M/S
o ~ 300 M/S
=0
a = 1500 M/S
B =0
o = 4320 M/S
g = 2500 M/$

*Va1ues from Rzhevsky and Novik, 1971.

11
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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 smail 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, dnd a
variable fracture thickness of 0.1-0.2 mm, the results of Fehler's
analysis indicate that the viséosity 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 phenoménon 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 amp]itudé 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 Timitations
in the Sensitivity'of these techniques will cause fractures with small
reflection coefficients (perhaps-|Ra’8| < 0.1) to be undetectable.

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 differentiate between air or water as the partic-
ular interstitial fluid of the fracture. [f 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
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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
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.q.
quartz or calcite) were deemed a 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., u = 0),
then the reflection coefficient for a SH wave normally incident on a
water-filled fracture isunity for all frequencies of interest in this
study. However, in this same situation the P wave ref1éction 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 d and acoustic impedances of the thin layer and
lower half-space (z1 and Zy 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 possib]é to determine the unknown parameters h, zZq5 and Z,- In
fact, it is necessary to obtain the P reflection coefficient at fre-
quencies high endugh so that the layer thickness h just equals a quarter
wavelength of the incident wave in the 1ayer.» This high frequency con-

dition may be expressed as:

Q

!
fo=ar -

~

Taking h = 1 mm, and-a1 = 1500 m/s (from Table II-1-1 for a water-filled
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fracture), then fm = 375 kHz 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 375 kHz 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, Zq5 and

z, 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 de]ineéte 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 II-1-1
Cartesian coordinate system used in separating shear and compres-
sional components of the total displacement. up is the compres-
sional component; ug is the shear component. v is the wave normal
of the plane wave. Shear wave motion uc can be resolved into its
vertical (SV) and horizontal (SH) components.

Figure II-1-2
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, By, and pj 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 II-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. v
a) P wave response (amplitude spectrum)
b) SH wave response (amplitude spectrum)

Figure II-1-6
Mode conversion of an incident compressional wave on a plane with
a unity reflection coefficient. o and B are the P and S velocities
of the medium, and Snell's Taw is used to determine the angles 61,

er, and ¢r'
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CHAPTER 11
Section 2

Description of the Experimental System

Descriptions of the equipment and methods used fo 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.v

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 app]icafion 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.
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~ 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 us 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 II-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 recorded in either analog
or digital form. Various signal processing techniques can then be
applied prior to the analysis of these data.

A Velonix Model 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 us),
high voltage (100-200 V) boxcar puise into a 200 ohm resistive ‘load
with Tittle 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 sigha]s 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 Fecord-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 of the oscilloscope is effectively reduced. The
averaged signal can then be easily displayed on a standard X-Y 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
equipment is a Tektronix Model WP1200 waveform processing system con-
trolled by a Digital Equipment Company (DEC) PDP 11/34 minicomputer.

Thé 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 devfces 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
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,
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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 thevplate 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 voiltage
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 p]ate; 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 Milier 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 of elastic radiation-de-
scribed by each. Most notably, in the far-field both compressional

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

wave, generally termed a Rayleigh wave, propagates along the surface of
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the half-space. Indéed.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,

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's results use an asymptotic expansion for the
Hankel functions Hé(ér) and Hi(gr) for large values of the argument &r,
and also assume that fhe 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 I1-2-4). The receiver stands vertically on the rock
surface under its own weight, and a stiff silicone grease is used as a

coupling agent.
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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 Taboratory P and SH reflection data will be outlined in the fol-

lowing sections of this chapter.
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Figure Captions

Figure I1I-2-1
Schematic of the equipment used in the laboratory study. The-
lower box outlined by dashed 1ines 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 1I-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 Tines.
a) P type polarization
b) S type polarization

Figure II-2-3
Piezoelectric plates used in the laboratory experiments as P or
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 1I1-2-5
Typical experimental set -up showing a SH source connected to the
Velonix pulse generator at left, and a SH 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 XZ-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
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 Tineation 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
B = 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 Tittle 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 1line 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 fixed 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 cm increments along a source-receiver separation that ranged

from 7 cm to 50 cm, as measured from the center of the source to the
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center of the receiver. The position of this traverse is shown in plan
view in Figure II-3-3.

The earliest event observed in the SH data of Figure II-3-2, occur-
ring from 25 us to 150 us, 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 ¢ for a plane shear wave in a homo-

geneous medium is defined as:
c = B/sin 6 [11.3.1] .,

where 6 is the angle between the wave normal and vertical. Then a di-
rect SH wave propagating horizontally (6=90°) will have a phase velo-
city Coge = B. 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 Towest 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 (6=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 velo-
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 =a, i box. Consider an experiment where N number of measurements
of y1(1=1,2,...,N) are made at corresponding values of x;. In a
realistic situation, experimental uncertainties will be introduced into
the measurements of X; and Y; so that the relation Yy = ag * boxi will
not be exact. However, since x. and y; are somehow linearly related,

:
this experimental relationship may be expressed as:

yi = a* bxy [11.3.2]

where experimental values a and b are used to estimate the corresponding
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parent coefficients a and bO' Using the method of least-squares, in
which the sum of the squares of the deviations A? = [yi-a-bxi]2
minimized, the coefficients a and b are estimated from the data (xi,yi)

using the expressions:

Zx?Zyi-inzxiyi
a = 5 5 [L.3.3]
NZX:=(Zx.)
j i
NIX.Y:= X.ZY.
b= ——— [11.3.4]
Nin-(in)

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

for each of the data points y; are equal (°1=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
dependent quantity Yy then the standard deviation o can be approximated

by the sample variance s defined as:

of = s = gy L (ygma-bxy)? [11.3.5]
The standard deviation a, of the determination of any parameter z

is given by:
=ty 027’ (11.3.6]
- P .

Using this equation, the standard deviations (o., and ob) of the zero-

a
offset coefficient a and slope b are determined by:
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2 GZfo 522x§
oy = > 5 ~ > 5 1LI.3.71]
Nin—(Zx.) NIX:-(Zx.)
i i i
2 2
0t2> 5 ZNO 5~ 2NS ; [11.3.8]
Nin-(in) Nin—(in)

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
picking the arrival times. Since the direct event has an angle of inci-

dence of 6 = 90°, then the best-fit slope of the X-T plot gives an esti-

I+

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

1]

constant determined in this analysis is a = 2.69 us + 0.36 pus.

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 Targe event occurring in the time window from 225-325 us 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.
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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 Tead 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 Toading
cycle are shown in Figure II-3-5. The large amplitude event occurring
between 240-280 us 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. A§ 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 us) 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 Tead 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 us 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:
T2 = x2/v2 + ad?/v@ [11.3.9]

reflection arrival time at offset distance

where, T(X)

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



as a function of the square of the offset distance (XZ), 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 ﬂ%?-is the squared reflection arrival time

at zero source-receiver off;gt. 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
the wavelet as a reference point. An XZ-T2 plot of these data is made,
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 B = 2610 m/s = 15 m/s, and the
zero-offset arrival time is 231.2 us * 9.3 us. Using the velocity and
zero-offset values, the calculated depth to the reflector is 30.2 cm =

1.2 cm, which compares favorably with the actual measured depth of

29.8 cm £ 0.2 cm. This estimate of the shear wave velocity (B =
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2610 m/s) is slightly (but significantly) higher than the estimate ob-
tained using the direct SH data (g = 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),

r(t) = s(t) ®i(t) {11.3.10]

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

the product:

49
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R(w) = S(w)I(w) [1I.3.11]

where R(w), S(w) and I(w) are the Fourier transforms of r(t), s(t) and
i(t) respectively. Then, I(w) = ﬁ(w)/g(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, condehsed 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=0 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 1I-3-8a 1is 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 I1I-3-10a is the amplitude spectrum) by an
inverse Fourier transform, and the resulting deconvolved trace is shown
in Figure II-3-10b. 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 ps) as the much Tess 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 the 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 B = 2585 m/s = 15 m/s and a zero-offset arrival time of
226.2 pus = 10.0 pus. The calculated depth to the reflector is 29.2 cm +
1.3 cm, which is statistically comparable to the actual depth of

29.8 cm = 0.2 cm. 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
[1-3-2, 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 2 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 6 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 Y(w,8), i.e.,

,iw(t_l_zs\ilne) 1w(t+NQ,SV'|n9)
+ es TlE [11.3.12]

V(w,8) = /N |&'*F +[e
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/2m):

. D
[w(,8)]° = [sin(w)/Nsin(m%me—)] [11.3.13]

and the phase spectral response is:

w] [11.3.14]

o(f,0) = tan’l[ 7

These two equations are commonly used to estimate the array re-
sponse as a function of angle of incidence 6 for fixed values of re-
ceiver number N and spacing %, frequency f, and half-space velocity V.
For the SH laboratory data set a six element (N=6) array with spacing

2 =1 cm, velocity V = 2550 m/s and frequencies f = 20, 70. and 120 kHz
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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
(6a0° ) with respect to horizontally propagating events (6~90°). When
this process is applied to the SH data of Figure I1I-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
proﬁounced 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 lTow 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 cm to 50 cm) are summed to give
39 composite traces with offsets from 9.5 cm to 47.5 cm, 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 us,
although the exact nature of these events is unclear. For offsets of

20 cm 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 1imit 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 us 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
[I-3-11 are summed as before to synthesize the response of an unweighted
5 cm array, and the results of this operation are shown in Figure
I[I-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 1I-3-15) was induced in the 2.0 m (Tong) 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 us 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 II-3-18 presents a repeatability check obtained on August
25, 1978 of the SH data recorded along profile line LIL. 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 1ines other than LI1L.

In Figures II-3-17, 18, 19, the slopes of the straight lines A
and B are 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 B = 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 Tine L2R, but there is
significant disagreement between velocities VB and VC along profile
LIL. Thus, either the fracture is dipping beneath L1L, or the S

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

12 12

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 LI1R (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 cm 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:

6 = sin™! [8(t;-t,)/2d] [11.3.15]
where, B = shear wave velocity = 2410 m/s
t1 = arrival time of reflection event on down-dip receiver (LIL)
t, = arrival time of reflection event on up-dip receiver (LI1R)
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



Table I1I-3-1

Tabulation of data used to calculate dip angle

of the reflector
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d t] 1) 8

(mm) along L1L along LIR L1IL down-dip

(ps) (us) from source

(degrees)

100 413.0 406.2 4.7
120 414.5 407.0 4.3
140 417.5 408.1 4.6
160 420.5 407.7 5.8
180 422.0 410.0 4.6
200 425.4 413.4 4.1

Averaged measure

dip is 4.6° with L1L down-dip from the source.



b4

o = 0.0064. This is an extremely Tow 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 Tloads
(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 thé
direct SH amplitude. Experiments performed on a fractured granite model
determined that an air-filled, irreqular, 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.
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Figure Captions

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

Figure I1I1-3-2
Unprocessed SH traces recorded on the 0.91 m x 0.91 m x 0.30 m
granite slab. Note the direct (25-150 us) and reflected (230-
270 us) SH events.

Figure II-3-3
Plan view of the top face of the granite slab showing Tocation 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 II1-3-6
Typical response of the SH reflection coefficient as a function
of axial stress across the lead-granite boundary. It is assumed
that total reflection (Rgy=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 sou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>