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PREFACE

~This report is one of a series documenting the results of the
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scientists explore the geological, geophysical, hydrological, geochemical,
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 (LBL).

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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ABSTRACT

An ultrasonic shear wave reflection profiling system for use in the
detection of water-filled cracks occurring within a crystalline rock mass is
being tested in a laboratory environment. The first priority is to develop
a source-receiver pair that will enable the detection of seismic energy
reflected from the back face of a 1.0 m x 0.65 m x 0.30 m rectangular granite
slab. We presently are able to produce very good results (i.e., the direct
observation of the primary reflection and its first multiple) using a
source-receiver pair that broadcast and receive horizontally polarized shear
(SH) waves. Because shear (S) waves should not propagate in a fluid (or into
a fluid-filled crack), we concluded that SH wave reflection techniques should
theoretically yield the best results in the detection of water-filled cracks.
However, natural cracks are not perfectly flat, so experiments testing these
techniques were performed on an irregular tensile crack induced approximately
0.5 m below one circular face of a 1.0-m diameter, 1.8-m-Tong granite cylin-
der. We again obtained good reflection data from this irregular crack with
the crack either air filled or water filled. During this last study, data
were collected that suggest a frequency-dependent SH wave reflection coeffi-
cient for a granite-water interface.

Waves that propagate along the free surface of a rock mass (surface
waves) can severely hinder the detection of reflected events. We have inves-
‘tigated two methods of reducing this surface wave noise. The first technique
uses physical obstructions (such as a slit trench) to scatter the surface

waves. The second technique, commonly used in petroleum exploration seis-



mology, uses a linear array of receivers located on the free surface to

cancel waves that are propagating parallel to the array (e.g., surface waves),
thus enhancing waves with propagation vectors orthogonal to the Tinear array
v(e‘g., réf]ected events). DeconVo]ution processing, which is simply the
convd1utidh of the inverse of the soufce input with the feceived output, was
found to be another mefhod useful in surface wave cancellation. We feel that
thé results of these éxperiments aré very encouraging, and that further
research should incTude a éma]]-sca]e field test using shear wave reflection

techniques.

1. INTRODUCTION

The future use of nuclear fission for electrical power generation will
be feasible only if the radioactive by-products of the fission reaction can
be suitably isolated from the environment. One solution to this problem,
presently being studied by the Swedish-American Cooperative Program on
Radioactive Waste Storage in Mined Caverns in Crystalline Rock, proposes to
store the nuclear waste in an underground repository located in a very
impermeable crystalline rock mass. The permeability within a crystalline rock
formation is very dependent on the presence of interconnected fractures. Thus,
jdentification of cracks and fissures. near such an underground repository is
important to insuring the success of this method of waste isolation.

The ultimate goal of our research is to perfect a high-frequency (5- to
- 100-kHz) seismic reflection profiling system that will enable detection of
discontinuities that do not intersect the underground opening. If successful,
this system would assist in the correlation of fracture patterns between test

boreholes. This profiling system, with further refinement, could be used as



an inexpensive reconnaissance tool for crack detection where no borehole data
are available. At present, however, this profiling system is reminiscent of
the gar]iest pulse radar techniques, in that it employs a singly pulsed
transducer to create the source waves. Receiving transducers are placed near
the source to detect energy scattered from inhomogeneities near the source-
receiver pair. Cracks, jointing and blasting fractures, gouge zones, and the
1ike represent the type of inhomogeneities expected adjacent to a hard-rock
undefground kepository. |

This report details the development of a seismic profiling system that
has been successful in using reflected shear (S) waves to detect artificial
and natural cracks in large,laboratory rock specimens. Previous studies
that have used compressional (P) wave reflection techniques to detect cracks
in laboratory samples have been quite encouraging (Yu 1967, Yu and Telford
1973, deta 1972, Dampney et al. 1972). However, attempts at using P wave
reflection techniques to detect in-situ fractures have met with only limited
success (Gupta 1972, Price 1975). Evans (1959) conducted a succeséfu1 series
of laboratory scale shear wave ref1ect}on experiments, but his models were
constructed of metal, rather than rock. We have not been able to locate any
published study using ultrasonic S wave reflection techniques to locate in-
situ discontinuities. Thus, in order to test the feasibility of such a
survey, we decided to perform a number of model tests in the laboratory as a
first step in our research. The results of our laboratory experiments are

presented in this report.



2. WAVE PROPAGATION IN AN ELASTIC MEDIUM
Two kinds of elastic waves can propagate through an unbounded, homogen-
eous, isotropic, perfectly elastic medium. These are classified as:

a) Compressional (P) waves, which have a propagation velocity

and

b) Shear (S) waves, which have a propagation velocity B8 = vVu/p ;

where 1 = shear modulus of the medium
p = density of the medium
A = Lameé constant

In general u =0 (thus B=0) for fluids, so that shear waves cannot propa-
gate in a fluid medium. The displacements associated with P waves are
paraliel to the direction of propagation, whereas the displacements of S
waves are perpendicular to the propagation direction. Thus, in a Cartesian
coordinate system it is possible to separate the total shear motion of a plane
propagating elastic wave into its vertical and horizontal components, which
are termed the SV and SH components of the shear wave motion (see Fig. 1A).
When the boundaries of a multi-layered medium are parallel to the horizontal
plane, the equation of motion of the SH component becomes decoupled from the
pair of equations that describe the P and SV motions. This simplification
in the mathematics that describes the SH motion is very convenient, but is
only applicable to certain planar geometries.

The assumption of perfect linear elasticity inherent in the previous
development does not allow for the observed frictional dissipation of seismic

energy. Thus, it is necessary to include a term that will aeccount for this
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Fig. 1. (A):Cartesian coordinate system used in separating shear and
compressional components of the total displacement. Up is the
compressional component of displacement, and Usis the shear
component of displacement. k is the propagation vector of the
plane wave. (B): Geometry used in derivation of the reflection
coefficient for an interface between two different elastic media.



energy dissipation. If the attenuation is a result of solid frictional
heating, then the amplitude of the dissipating wave will depend exponentially
on the first power of frequency. For a plane wave with amplitude Ao at position

FO, the amplitude A(r) of the wave at position r is given by:

A(F) = exp ['g{- |;-;0|] ,

where
f = frequency of the propagating wave
¢ = propagation velocity of the wave in the medium
|r-—FO| = distance between r and r,

Q = a "loss" constant which is a material property
of the medium.

Finite size seismic sources, such as the SH source used in this research,
produce spherical waves rather than plane waves. The amplitude of a spheri-
cal wave decreases with increasing distance from the seismic source, as the
total seismic energy of the spherical wave is spread out over the ever in-
creasing surface area of the wavefront. This effect, termed geometrical
spreading, has an r_1 spatial dependence for a point seismic source, where

r is the distance from the point source to the observer.

When a propagating elastic wave encounters an interface between two
different media (e.g., rock and water), part of the wave is reflected and
part transmitted into the second medium. For the SH component of a plane-
propagating elastic wave incident .on a horizontal planar boundary between two
different media, it can be shown that the amplitude reflection coefficient

(RSH) is expressed by (see Fig. 1B):



Viu,p, cos j, - Vup, cos j,
Rey =

SH — . .
H,Py COS 3,y * M0, COS J,

For normal incidence, the amplitude reflection coefficient becomes:

Re,, = S Vrthz 0B, -P,8,

SH
Vrhlpi + Vrﬁzpz 0181+ szz

Similarly, the amplitude reflection coefficient for a plane P wave normally

incident on a planar boundary between two different media is:

POy 7 P8,

p p10('1 * pZO('Z

For a granite-water interface, RSH = 1.0, and Rp = 0.7688, if we assume

It
i}

for granite: o, = 4400 m/s, 8, = 2700 m/s, p, = 2650 kg/m’,

H
I
1]

for water: 0. 1000 kg/m3.

2

1524 m/S ’ BZ 0 s p2

Since RSH = 1.0 (ignoring any small viscous coupling), then a horizon-
tally polarized S wave is totally reflected from a granite-water interface.
Thus, no SH wave energy should penetrate a water-filled crack which has a
nearly horizontal orientation. However, in a similar situation some P wave
energy is transmitted into the water. The behavior of this transmitted energy
depends strongly on the frequency of the P wave excitation, and on the thick-
ness of the water-filled crack. Figure 2 shows that for a unit impulse input,
the reflection consists of a series of pulses separated by the two-way travel
time through the medium (water).

In order to show the effects of crack thickness (h) and frequency con-

tent of the incident P wave, we write the series of reflected pulses shown 1in
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Fig. 2. Multiple reflections of an impulsive, plane P-wave normally inci-
dent on a water-filled crack. a) Wave-front loci and amplitudes
plotted against the distance measured perpendicular to the plane
of the crack (ordinate) and time (abscissa). b) The reflected
pulse sequence when Rp = 0.7688, appropriate for p%al = 11.66 x
106 kg(s-m2)-1 (granite) ppap = 1.524 x 106 kg(s-m2)=1 (water).
The time interval between pulses is the two-way travel time of a
P-wave through the water layer.

Fig. 2 in the form:

a(t) = 2{: a, §(t - 2z/a - 2nAt)
0

=
fl

where & is the Dirac delta function, o is the P wave velocity in granite, z
is the observer's distance above the upper crack boundary, and At is the one-

way P wave travel time across the water-filled crack. The Fourier transform



of a(t), using the properties of the &-function, the shift theorem, and the

notation E = exp [-i2nfAt] is:

-ignfz/a] R_[1-E*]
A(f) = e ] —Jl~v7;7;—
1- RpE
For the squared modulus of A(f) we get:

1-cos (4nfAt)

2

P

IA(F)] = 2R

1+R_-R” cos (4nfAt)

2 2
PP
from Born and Wolf (1975). Thus, as the product (fAt) becomes small (the
crack thickness becomes small compared to the wavelength of the P wave), then
the modulus of the reflected pulses |A(f)| goes to zero. This response
severely Timits the detection of thin, water-filled cracks using P wave
reflection techniques. In theory, however, there should be no such frequency
dependence for SH waves incident on a fluid-filled crack.

Depending upon the given boundary conditions, various surface waves may
propagate along the free boundary of a homogeneous or layered half-space.
One type of surface wave, termed a Rayleigh wave, has a retrograde particle
motion in the direction of propagation. The Rayleigh wave velocity is
approximately 0.9198 (for a Poisson's ratio o= 0.25). Love waves are surface
waves which have a particle motion lying along the free surface and at right
angles to the propagation direction. Love waves are a result of the mutual
interference of SH waves trapped within the top surface layer. Surface

waves are generally a source of undersirable noise in a seismic reflection

experiment.
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EXPERIMENTAL EQUIPMENT AND PROCEDURE

The equipment used in this experiment consists of:
piezoelectric ceramic plates polarized in the shear mode,
a high voltage pulse generator,
an oscilloscope for display of pulse and receiver signals,
a band-pass amplifier,
a boxcar integrator,

and an X-Y recorder (see Fig. 3).

OSCILLOSCOPE BOXCAR XY
MONITOR AVERAGER RECORDER
WA =
Q 22
| KILOVOLT l e |
PULSER_
SYNCHRONIZATION
SIGNAL
PULSE y = BANDPASS
™S R > AMPLIFIER
I J_A_ZW__QE:'_“_ .
SN W
3#5 // \‘_)d_v,

XBL 795-9776

Fig. 3. Experimental arrangement on laboratory granite slab. Source (S)

emits elastic waves when an electric field is created across it.
For suitably polarized material, and suitable plane of observa-
tion, the elastic wave is predominantly a horizontally polarized
shear (SH) wave. Upon reflection from the lower granite surface,
the wave travels up and impinges on receiver R, generating a pro-
portional electrical voltage. Other waves pass directly from S
to R, as shown by the wavy line and more complex reflected ray
paths exist, some of which are sketched in Fig. 4.
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A transient SH elastic wave is launched into the rock slab by applying a

large voltage pulse of ~3us duration across the SH source piezoelectric plate.
This transient elastic wave results from the coupling of the strain.and
electric displacement fields within a piezoelectric material. The receiver

is Tikewise a piezoelectric ceramic plate polarized so that SH oriented par-
ticle motion will create a voltage across the two faces of the receiver plate.
An excellent review of the piezoelectric phenomenon and its application in
ultrasonics is presented in Mason (1964). This receiver signal is amplified
and displayed on the oscilloscope. Also, a permanent, high-quality record

is obtained by using the X-Y recorder in conjunction with the boxcar inte-
grator. The boxcar integrator performs an analog averaging of a repetitive
signal, thus increasing the signal/noise ratio. In addition, 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.

The two rock models used in this experiment are hewn from a very
homogeneous, unweathered Sierran granodiorite. The first model used in the
experiment is a 1.0 m x 0.65 m x 0.30 m rectangular slab with cut and
polished faces. In order to simulate the irregular surface of a natural
crack, a tensile fracture was induced approximately 0.5 m below one circular
face of a 1.0-m-diameter, 1.8-m-long granodiorite cylinder, normal to the
cylinder axis. The crack induced in this second model has approximately
8 cm of relief along its irregular surface, and appears very similar to

jointing fractures found in natural settings.
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The maximum separation of this crack along the circumference of the
cylinder is observed to be 1/8 inch. A very thorough description of the
cylindrical model (including photographs) is given in Witherspoon et al. (1977).

The first consideration in our model experiments was to obtain SH
reflections from the bottom surface of the rectangular slab. A SH wave

source (S) and receiver (R) were set up on the rectangular slab (see Fig. 4)

so that SH waves would propagate through the thin dimension of the model.

ZGRANITE SLAB

XBL 795-9777

Fig. 4. A Sy source (S) and receiver (R) are positioned on the Tlargest
face of a 1.0 m x 0.65 m x 0.30-m granite slab. Paths Py, Py, P,
and P4 represent various paths along which Sy waves can pass from
source (S) to receiver (R). Path P4 is termed the first multiple
reflection.
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The receiver was successively moved out in equal increments to more distant
positions in order to obtain a multi-trace record, such as is shown in Fig. 5.
Three separate events visible in these records are:

1) a direct SH wave that travels along the surface from source to

receiver (path P, in Fig. 4),

Direct event Reflection from bottom surface

Path P3 Source-receiver
/_ separation

1 cm
I3cm

i(5cm

I7cm

g

19cm
2lcm

23cm

| | | | \
0] 100 200 300 400 500

Time, microseconds

XBL 795-9771

Fig. 5. A multi-trace reflection record obtained by moving the receiver
away from the source in equal increments. The direct event
(path P1 of Fig. 4) and the event reflected from the bottom of the
granite slab (path P2 of Fig. 4) are clearly visible. The event
moving forward in time with increasing source-receiver separation
is believed to correspond to path P3 of Fig. 4. The slope of the
direct event (P1) corresponds to a shear wave velocity of B =

2.60 km/s, and the X2-T2 slope of the reflected event corresponds
to a shear wave velocity of 8 = 2.65 km/s.
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2) a SH wave that is simply reflected from the bottom free surface
of the slab (path Po in Fig. 4),
3) a reflected SH wave that has a more complex path involving an
additional reflection from the back vertical face of the model
(path Py in Fig. 4).
The moveout of an event on such a multi-trace record (i.e., the deviation in
arrival time as the source-receiver separation is increased) contains informa-
tion regarding the ray-path geometry of the event. Events that travel directly
along the surface from source to receiver (e.g., path P] of Fig. 4) have a
linearly increasing moveout (direct event of Fig. 5). Events that have been
reflected from a boundary or scatterer (e.g., path P2 of Fig. 4) will have a
hyperbolically increasing moveout (e.g., reflected event of Fig. 5).
Obtaining a good estimate of the propagation velocity of the media is
critical in the interpretation of the SH reflection data. Because the phase
and propagation velocities are equal for an angle of incidence j=290°
(C = g/sin j), we may use the slope of the direct path (P1) moveout as an
estimate of the propagation velocity. The second estimate of the propagation
velocity can be made from a standard X*-T? plot of the reflection event
arrival times, assuming that the reflector has a horizontal dip angle. Thus,
we have two independent methods of measuring the S wave velocity of our
rectangular model. Since the raypaths of the direct and reflected events
sample different spatial regions within the slab, comparison of these two
velocity estimates will give some indication regarding the degree of velocity
inhomogeneity within the model. It should be noted that the apparent vel-

ocity obtained from the X*-T? plot depends very strongly on the dip of the
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reflector, and this apparent velocity is only identical to the propagation
velocity of the media when the reflector is flat-lying. From the data pre-
sented in Fig. 5, one obtains a shear wave velocity B = 2.60 km/s from the
direct SH event, and a velocity B = 2.65 km/s from an x2-1? plot of the re-
flection event. These values lie within the ranges of experimental error,
and indicate that the shear wave velocity of the granite slab is reasonably

homogeneous.

4.  RESULTS OF Sy REFLECTION EXPERIMENT SIMULATING CRACK CLOSURE UNDER AN
APPLIED STRESS

Repeated experiments on the rectangular slab clearly demonstrated
our ability to receive SH energy reflected from the bottom surface of the
slab model. We then designed an experiment to study the effect of a simu-
lated crack closure on the amplitude of a SH pulse reflected from the crack.
A crack was simulated by pressing a lead block to the rock slab at the re-
flection point of a source-receiver pair. The experimental arrangement is
shown in Fig. 6. The supposition of this experiment is that some of the
energy contained in the reflected event will "leak" into the lead block upon

incidence, consequently reducing the received amplitude of this event. The

reduced amplitude may be interpreted as resulting from a change in the
reflection coefficient of the "crack": As the axial stress across the Tead
block is increased, the reflection coefficient of the "crack" varies.
Figure 7 shows the typical response of the reflection coefficient and the
axial stress across the "crack." The data presented in Fig. 8 clearly show

the decrease in the reflected pulse amplitude as the axial load on the lead
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Fig. 6. Experimental arrangement used in measuring the reflection
coefficient as a function of axial stress across a simulated crack.
Note the importance of locating the lead block at the reflecting
point of the source-receiver pair. The characteristic shear wave
impedance (product of density p and shear wave velocity B) is:

for lead,

£ = p B = (11.34x10°% kg/m®) (700 m/s) = 7.94x108 kg (-m?)71

for granite, Zg = p B = (2650 kg/m*®) (2700 m/s) = 7.16x10¢ kg (s-m2)7° 1,

Pq"q
Thus, the reflection coefficient RSH for the granite-lead interface

is RSH = +0.05 for a normally incident plane wave.

block is increased. Because the shear wave impedances (product of the density
and shear wave velocity) of lead and granite are nearly equal, we beljeve
this experiment will give the approximate behavior of an air-filled rock

fracture being closed by a uniaxial Toad.
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Fig. 7. Response of the Sy 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 (i.e., there is no axial stress). Figure 8
shows some of the reflection data used to determine the reflection
coefficient response presented in this figure.

Repeated experiments have demonstrated that the response shown in Fig. 7
is representative. The reflection coefficient decreases linearly as the Tload
is applied, until a stress of approximately 225 psi is reached. The reflec-
tion coefficient then remains relatively constant as the stress is further
increased. The reflection coefficient appears to be directly dependent on
the amount of contact area between the lead block and granite surface. The
initial linear decrease of the reflection coefficient as the axial stress is
applied probably results 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 irregularities have been filled, further
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Fig. 8. Data showing the decrease in the amplitude of the reflected event
as the axial stress across the lead block is increased. The
reflection coefficient is obtained by dividing the amplitude
(measured from peak to following trough) of the reflected event
at a given axial stress by the reflected event amplitude when the
Tead block is not in contact with the granite slab. These data
were used to obtain the first four data points shown on the graph
of Fig. 7.

loading will not produce any change in the contact area, and consequently the
reflection coefficient will remain unchanged. The significant result of

this experiment is that it is possible to alter the reflection coefficient
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across the reflecting boundary by varying the normal stress across this

interface.

5.  RESULTS OF SH REFLECTION EXPERIMENTS CONCERNING THE DETECTION OF AN
IRREGULAR, FLUID-FILLED CRACK

Naturally occurring fractures are not perfectly flat, but are rather

rough and irregular. Thus, we thought it necessary to verify that our SH

LIFTING HOLD
7cm DEEP

HOLE

CONTINUOUS
TO CRACK

XBL 795-9780

Fig. 9. Positions of Sy sources and profile lines on the circular face
nearest the fracture of the cylindrical model. The hole Tocated
in the center of the circular face continues axially downward
until it reaches the fracture surface. This tensile fracture
is approximately 0.5 m below the circular face shown in this
figure, and is normal to the cylinder axis. The two 7-cm-deep
1ifting holds were used for transporting the cylinder at the
quarry.
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reflection profiling technique would successfully detect fractures with
irregular surfaces. For this purpose a large, fractured, granite cylinder
(described in Section 2) was acquired, and numerous profile lines (shown in
Fig. 9) were surveyed along the circular face of the cylinder nearest the
crack. A hole drilled axially from the circular face to the fracture
prevented the Tocation of profile lines near the center of the circular face
(see Fig; 9). When the upper and Tower sections of the fractured cylinder
are fit back together, a crack is created that is relatively thin with
respect to the wavelengths contained in the incident SH pulse (wavelengths
of 2.5 cm to 25 cm for frequencies of 100 kHz and 10 kHz , respectively).
This crack was air-filled in all cases except during a series of experiments
in which the response of a water-filled crack was studied.

The SH sources were bonded to the rock surface with a fast-setting
epoxy at the positions shown in Fig. 9. A movable SH receiver, loaned to us
by Prof. L. R. Johnson, was used in obtaining multi-trace records similar to
the record shown in Fig. 5. In order to utilize the full operating range of
the boxcar integrator, the amplifier gain was continually increased to com-
pensate for increased source-receiver separations so that the amplitude of
the direct event remained relatively constant.

Figure 10 shows the multi-trace record obtained along profile line
LiL on August 15, 1978. Numerous seismic events are visible on this record,
but only three of these events are easily identified. Event A in Fig. 10

represents the first detectable seismic energy in the record. This event

probably represents some sort of "parasitic" P wave energy created by the SH

source, that travels along the most direct path from source to receiver (i.e.,
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A multi-trace reflection record obtained along profile line L1L on
Aug. 15, 1978 using a fixed Sy source and a movable Sy receiver.
Event A is a direct P wave, event B is a direct Sy wave, and event
C is a Sy wave reflected from the air-filled tensile fracture.

The Targe amplitude events occuring between 120 us and 300 us
probably are reflections and diffractions from the axial hole
located at the center of the circular face. The slopes of straight
Tines A and B are used to obtain the P and S wave velocities

(Vy = o and Vg = B). For a horizontal reflector the X2-T2 velocity
(Vc) should be the same as the direct velocity Vg, assuming that
the model has a homogeneous shear wave velocity. Thus, either the
crack is dipping beneath LIL, or the velocity beneath L1L is very
(unreasonably) Tow.
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along or just under the free surface). The large amplitude pulse, designated
event B, is most likely an SH wave traveling along a similar direct path from
source to receiver. Because of its arrival time and hyperbolic moveout, event
C of Fig. 10 is thought to be the SH reflection from the air-filled crack.

The numerous, large amplitude events that are visible in the portion of the
record between 100 ps and 300 ps are believed to result from seismic energy
diffracted by the axial hole Tocated at the center of the circular face.
Ray-path tracing indicates that such diffraction events should indeed arrive
along this portion of the record.

Figure 11 presents a check on the repeatability of the data obtained
during our seismic profiling experiments. This figure presents the multi-
trace record obtained along profile Tine L1L on August 25, 1978, and so
should be compared to Fig. 10. The comparison between these two records is
good, and indicates that the errors inherent in repositioning the receiver
are not overwhelming. Figure 12, a multi-trace record obtained along profile
1ine L2R, shows that it is possible to detect the SH crack reflection event
along profile lines other than LIL.

Table 1 lists the measured data and mean P and S wave velocities along
each profile line obtained from the direct P and S events. The S wave vel-
ocity appears to be fairly constant along this face of the cylinder, but the
P wave velocity seems to vary spatially along this face. It appears that
the direct P wave velocity increases as one moves from L2R toward LIR. Also,
the measured P wave velocities (ranging from 3.16 to 3.69 km/sec) are much
slower than the typical in-situ P wave velocities reported for granites,

which range from 4.0 to 5.7 km/sec (Dobrin 1960). We believe that the slow
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Fig. 11. A multi-trace profile recorded along line L1L on Aug. 25, 1978.
Comparison of this figure to Fig. 10 will give an estimate of the
repeatability of the experimental technique.
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Fig. 12. A muiti-trace reflection profile recorded along line L2R on
Aug. 15, 1978. Note the similarity with profiles recorded along
LiL, including the reflection event C.
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Table 1. Velocity data measured along survey lines shown in Fig. 9.

Profile Measured Mean Standard Measured Mean Standard
Tine - values o deviation values B. deviation
of a (km/s) of mean o of B (km/s) of mean B
(km/s) , (km/s) (km/s) (km/s)
3.42 2.38
L1L 3.32 - 3.39 +0.08 2.34 2.36 +0.04
3.42 2.37
3.40 2.34
- 3.52 : 2.54
L1IR 3.58 3.59 +0.08 2.45 2.47 +0.08
: 3.63 » 2.43
3.61 -
3.24 2.28
L2L 3.33 3.32 +0.14 2.38 2.37 +0.21
3.29 2.29
3.43 ' 2.54
3.25 2.36
L2R 3.13 3.16 +0.11 2.27 2.30 +0.07
3.17 - - 2.30 :
3.10 2.28
3.72 2.34
L3L 3.69 3.69 +0.09 2.52 . C2.41 +0.14
3.62 2.37
3.74 - 2.42
3.34 : - 2.36
L3R 3.40 3.34 +0.08 2.26 2.31 +0.07
3.32 --
3.29 --

Note: The compressional (a) and shear (B) wave velocities are obtained from
the slopes of the direct events.

P wave velocity measured along the face of the cylindrical model is probably
due to the numerous axial load tests performed on this specimen during

previous unrelated experiments.
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For a dipping reflector, the apparent velocity derived from a X2-12 plot
of the reflection arrival times will not equal the propagation velocity. The
X?-T% velocity for L1L shows that the crack (reflector) has a significant
amount of dip beneath this profile 1ine. By combining the reflection data
from L1L (Fig. 10) and L1R (Fig. 17, page 35) to obtain a symmetrical spread,
we can use a derivation given by Telford et al. (1976) to obtain the dip
angle of the reflector (angle from the horizontal). In this analysis only
data from source-receiver separations of 20 cm or less are used, so that the
assumption of constant reflector dip will be valid. Table 2 tabulates the
data used in the calculation, and the resulting computed dip angle. These
computed dip angles are very comparable to the observed dip of the fracture
surface beneath the source common to profile lines L1L and L1R, which varies
from 3° to 6° beneath Tine L1.

Figure 13 shows the multi-trace record obtained along profile Tine LIL
on September 15, 1978, which is about two months after the SH source plate
was epoxied in position on the rock specimen. Comparing this record to pre-
previous surveys along L1L, one observes a considerable increase in the high
frequency (80- to 100-kHz) content of this record. We believe that the
increased "ringing" of this later record is due to the deterioration of the
epoxy bond between the piezoelectric source plate and the rock surface.

With a good epoxy bond, most of the seismic energy created by the applied
voltage pulse is immediately transmitted into the rock medium. Some

seismic energy is not transmitted into the rock, and so remains "trapped”
within the source plate. This "trapped" energy is internally reflected

within the source plate, and consequently causes the source to "ring" at a
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Table 2. Tabulation of data used to calculate dip angle
of the reflector.

d t1 to o

(cm) along L1L along L1R LiL down-dip
(us) (us) from source

(degrees)

10 413.0 406.2 4.7

12 414.5 407.0 4.3

14 417.5 408.1 4.6

16 420.5 407.7 5.5

18 422.0 410.0 4.6

20 425 .4 413.4 4.1

Note: From Telford et al. (1976), the dip angle © of a reflector
is given by: N

sin _— .
2d

@ =
where d = source - receiver separation
t1 = arrival time of reflection event on
down-dip receiver
to = arrival time of reflection event on

up-dip receiver
B = shear wave velocity
Data used in this analysis are taken from line L1L (Fig. 10)
and line L1R (Fig. 17). The shear wave velocity B is the
average of the mean velocities along L1L and L1R given in
Table 1, i.e., B = 2410 M/S.

Average Dip is 4.6° with LIL down-dip from the source.
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SOURCE-RECEIVER
PROFILE LiL SEPT.15, 1978 SEPARATION,
; 5 : : z ! : ; L ; : cm
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Vy =340 km/s Ve =1.84 km/s
Vg=2.34 km/s

XBL 795-9790

Fig. 13. A multi-trace profile recorded along Tine L1L on Sept. 15, 1978.
Note the "ringiness" of this record when compared to previous
profiles along L1L (Fig. 10).
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resonant frequency determined by the thickness of the plate (the fundamental SH
thickness mode). The piezoelectric source plates used in our experiment
have an SH thickness mode resonant frequency of approximately 100 kHz. As
the epoxy bond deteriorates, less energy contained in the initial pulse will
be transmitted into the rock medium, and consequently more energy remains
"trapped" within the source plate. Thus, as the epoxy bond deteriorates,
the source plate "rings"” with a Targer ampiitude at its resonant frequency.
We believe that a deteriorating epoxy bond is the primary cause of the
large-amplitude (90- to 100-kHz) energy visible on the record shown in
Fig. 13, and on all profiles subsequently recorded along L1L.

Figure 14 shows a multi-trace record obtained along L1L on September 30,
1978 (in this case the crack is air-filled). Note the significant amount of
high frequency energy visible in this record, presumably due to the effect of
source bonding. Figure 15 presents another record obtained along L1L on
September 20, 1978; in this case the crack and axial hole have been filled
with water. One can easily observe a marked decrease in the high-frequency
content of this record when compared to Fig. 14. We believe that these data
indicate that there is a significant viscous transfer of shear wave energy
across a rock-water interface. Because the viscous force term increases
Tinearly with frequency, high frequency SH waves are more efficiently
transmitted across a rock-water interface when compared to the transmission
of lower frequency SH waves across an interface. Due to time and equipment
limitations, further analysis of this phenomenon has been deferred for the
present. If this phenomenon is reproducible (i.e., real), it could provide
a useful method of determining whether a crack is filled with a gas or

Tiquid.
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Note the

increased "ringiness" of this record when compared to Fig. 13,

which presumably indicates further deterioration of the epoxy
The crack is air-filled, as is the case in all previous
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profiles along L1L.
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SOURCE-RECEIVER

PROFILE LiL SEPT. 20, 1978 SEPARATON,

cm

26

28

30

15.

00 200 300 400 500
TIME (MICROSECONDS)

x2-T% SLOPE
V= 1.85 km/s
XBL 795-9788

A profile recorded along line L1L on Sept. 20, 1978, as in Fig. 14,
but in this case the crack and axial hole have been filled with
water. Note the strong attenuation of the high-frequency energy

in this record when compared to Fig. 14, which might be due to
viscous coupling of the shear wave into the water.
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6. EXPERIMENTS ON METHODS OF REDUCING SURFACE WAVE NOISE

Surface waves, such as direct P and S, Love, and Rayleigh waves, present
a source of undesired noise in seismic reflection profiling. Since such sur-
face waves can be thought of as a spatially coherent noise source, temporal
averaging of a single seismic trace will not enhance reflection events with
respect to the surface wave noise. We have investigated two methods of
reducing the surface wave noise:

¢ Physical scattering of the surface wave
¢ Use of a directive receiver array

A very simple way of decreasing surface wave noise in a seismic reflec-
tion survey is to interpose a surface wave scatterer, such as a slit trench,
between the source and receiver. Two such slits, used as lifting holds, are
present on the circular face of the cylindrical model (see Fig. 9). A source
was located behind one of these slits, so that data taken along L3I would
give an indication of the usefulness of this techngiue. The source was placed
far enough behind the slit so that the downgoing waves associated with the
reflection event would not be severely diffracted by the slit. Figure 16
presents results of a typical multi-trace profile obtained along L3I which
can easily be compared to similar multi-trace profiles, such as those recorded
along LIL. For small source-receiver separations (12 cm to 16 cm) along L3I,
the reflection event is greatly enhanced by the scattering of the surface wave
when compared to data obtained with no surface scatterer present (e.g., source-
receiver separations of 12 to 16 cm along L1L). From this comparison, it
appears that the presence of the slit decreases the amplitude of the surface

wave approximately fourfold times with respect to the reflected event. This
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SOURCE RECEIVER

PROFILE L3I AUG. 25, 1978 SEPARAﬂgy.
: N N N c

......

TIME (MICROSECONDS

XBL 795-9787

Fig. 16. A multi-trace profile recorded along L3I on Aug. 25, 1978 where
the source and receiver are separated by a slit trench (1ifting
hold) as is shown in Fig. 9. Note the enhancement of the reflec-
ted event for source-receiver separations of 12 cm to 16 cm. The
velocity information obtained from the slope of the direct event
moveout is Tost using this technique.

is indeed a significant improvement, but this technique destroys the velocity
information contained in the direct P and SH events.
The use of linear geophone arrays to reduce surface wave noise is a

standard practice in petroleum exploration seismology. Various patterns of
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detectors can be used to give directivity (direction sensitivity) to the
reception of incoming seismic waves. The theory and design of directive
receiver arrays is thoroughly reviewed in Waters (1978). A large (2" x 2" x
1/8") SH sensitive, piezoelectric plate was used as a continuous linear array
in this study. This array has to be designed to exhibit good rejection of
surface traveling waves in our model experiment.

Figure 17 presents a standard profile recorded along L1R on August 2,
1978, using a small (1/4" x 1/4" x 1/16") point Sy receiver. This receiver
should not exhibit any surface wave cancellation because of its small spatial
coverage. We have used the trace recorded for a source-receiver separation
of 20 cm on L1R for comparison with traces recorded at this Tocation using the
linear receiver array. Figure 18 shows a trace recorded along L1R on
August 3, 1978 with the center of the receiver array separated 20 cm from
the source.

By comparing the amplitude of the reflected event to the amplitude of
the initial surface wave event, a measure of the directive properties can be
obtained. We believe comparison of Figs. 17 and 18 in this manner shows that
the linear array enhances the reflection event by a factor of two when com-
pared to the response of the point SH receiver. We believe that the Targe-
amplitude event occurring between 170 us and 250 us on the trace shown in
Fig. 18 is due to a surface traveling P or Rayleigh wave reflected from the
axial hole drilled at the center of the circular face. This event would
arrive along the linear array in phase and with a particle motion essentially
parallel to the SH polarization. Because of the in-phase arrival, this event

is also enhanced with respect to the direct surface waves. From these initial
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. 17. Profile recorded along L1IR on Aug. 2, 1978 with a point Sy
receiver. The trace recorded at a source-receiver separation of
20 cm is compared to a trace recorded with a Tinear receiver array
with its geometrical center located 20 cm from the source. For a
point receiver, the direct Sy event has about twice the ampTitude

of the reflected Sy event.
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LiR AUG. 3,1978 2" sy RECEIVER ARRAY
(SOURCE -RECEIVER SEPARATION CM)

REFLE¢TED
E f T .

200 300 400 500
TIME (MICROSECONDS)

XBL 795-9785

Fig. 18. A seismic trace recorded along line L1R on Aug. 3, 1978 using a 2"
Sy Tinear receiver array. The geometrical center of the receiver
array is located 20 cm from the source. The direct and reflected
SH events are of nearly equal amplitude in this figure. Comparison
to Fig. 17 indicates that the reflected event amplitude is nearly
doubled with respect to the direct event when a receiver array is
used to obtain the seismic signal. The large event occuring at
~200 us is believed to be a surface-travelling P or Rayleigh wave
that has been reflected from the axial hole located at the center
of the circular face.

experimental results, we believe that these techniques would be worth

developing in greater detail.

7. DECONVOLUTION PROCESSING
The character of the waveform emitted from the piezoelectric source
strongly influences the appearance of the received waveform. We believe that

the records presented ip Figs. 13 and 14 show the effect of a changing source
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waveform on the received records. Deconvolution processing (undoing the
effects of a previous convolution, or filter) is a procedure that replaces
each "event" on the seismogram by a symmetrical (zero-phase), band-1imited
pulse. Deconvolution is simply the convolution of the inverse of the

source waveform with the receiver signal. To mathematically describe the
deconvolution process, we assume that the received signal s(t) is constructed
by summing a series of pulses with varying amplitudes and delay times. Each
pulse, designated f(t), represents the functional description of the source

wavelet. Thus:

[%]
—~
ct
~—
i

alf(t—rl)-Fazf(t—Tz) + ...-*anf(t-Tn)]
or

s(t) = a16(r1) ® f(t) + a26(r2) ® f(t) + ... + and(rn) ® f(t)

where ® 1is the convolution operator. The purpose of the deconvolution
process is to remove the effect of the source wavelet f(t). This can be

done by convolving s(t) with the inverse of f(t), i.e., f']

(t). If an

infinite bandwidth is available, the convolution f(t) ® f_](t) will result
in f(t) ® f_](t) = 6(0). However, if the bandwidth of f(t) is limited to
interval (wl,wz), then the result of f(t) ® f—](t) will be a band-Timited

auto-correlation function A(w,,w,,t). Finally,

-1

s(t)® f '(t) = alA(wl,wz,t) +aAlw, ,w,,t) + ...+ anA(wl,wz,t) .
In model experiments using the rectangular granite slab, it is possible

to estimate the source wavelet f(t) by locating the receiver vertically below

the source on the far side of the slab. Figure 19 shows the waveform recorded
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Fig. 19. Waveform recorded directly beneath source on the far face of the
rectangular granite slab. This waveform is used as an estimate of
source wavelet f(t) in the deconvolution processing.

by a receiver located directly below the source on the far face, so that this
waveform may be used to represent the source wavelet f(t). This estimate of
f(t) may then be applied to receiver traces s(t) recorded on the top surface
of the slab, such as the trace shown in Fig. 20.

We note that the convolution s(t) ® f’l(t) can be rewritten as the
quotient §Kw)/?(u9, where S(w) and F(w) are the Fourier transforms of s(t)

and f(t), respectively. The inverse Fourier transform is then applied to this
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Fig. 20. Waveform recorded on the top surface of the granite siab with a
source-receiver separation of 14 cm. This waveform is used to
represent the received signal s(t) in the deconvolution processing.

quotient to yield the time domain representation of the deconvolved trace,
j.e., s(t) ® f'l(t). The method used to obtain the deconvolved trace shown
in Fig. 21 is outlined as follows:
1. Obtain the Fourier spectrum §(w) of the received signal s(t) shown
in Fig. 20.
2. Obtain an estimate of the source wavelet f(t). In this case
we use the received waveform shown in Fig. 19 as the source

wavelet f(t).
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Fig. 21.  Deconvolved version of the received signal s(t) shown in Fig. 20.

The "ringing" visible in this deconvolved record is due to the
boxcar window used in the editing of the quotient S({w)/F(w)

.

3. Add a small amount of random noise to f(t). This prevents
the problem of dividing by zero when forming the complex quotient
S(w)/Flw).

4.  Perform the complex division S(w)/F(w).

5. Edit the quotient S(w)/F(w) to Timit the spectrum to the frequency

Timits that exist in the source-generated wavelet. This process
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is rather subjective, but can be accomplished using more sophisti-
cated methods than could be implemented within the time Timits

placed upon us. The editing used in this case was simply a

boxcar window spanning the frequencies from w, to w,. It is
evident in the deconvolved trace of Fig. 21 that this sharp trunca-
tion resulted in some"ringing" in the final deconvolved record.
6. Apply the inverse Fourier transform to the quotient §(w)/?kw) to
obtain the deconvolved, time-domain record shown in Fig. 21.
The peaked spike occurring around 220 us in the deconvolved trace of
Fig. 21 corresponds to the reflection event of Fig. 20. We believe that the
smaller amplitude spike occurring near 445 us on Fig. 21 represents the first
multiple reflection event (path P4 of Fig. 4). As was previously mentioned,
a less "ringy" deconvolved trace could be attained by applying a smoother
truncation window to the spectral quotient §Xw)/?(w). Because many surface
waves (e.g., Love waves) are an interference phenomenon, the spectral content
of these surface waves usually will not resemble the spectral character of the
source wavelet. Since the reflection coefficient of a rock-fluid interface
is possibly frequency independent, then a reflected SH event will have the
same basic spectral characteristics as the source wavelet (ignoring anelastic
attenuation). Thus, in certain instances it appears that deconvolution pro-
cessing will provide another technique useful in reducing surface wave noise.
This effect, in addition to the improved arrival time and amplitude data
available from the deconvolved record, makes deconvolution processing a very

promising technique.
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8.  CONCLUSIONS AND RECOMMENDATIONS

The purpose of our research is to develop a seismic reflection profiling
system that can detect fluid-filled cracks within a crystalline rock mass.
Our initial efforts were aimed at developing a working, laboratory-scale
reflection profiling system that could be easily modified for larger-scale
field studies. Our SH reflection profiling system has successfully detected
an irregular crack (either air- or water-filled) induced with a large Tlabora-
tory specimen. Experiments simulating a crack closure under an applied
stress suggest that it is possible to cause a change in the crack reflection
coefficient by varying the normal stress across the crack. Other experiments
seem to indicate that the reflection coefficient of the crack depends
strongly on the type of fluid filling the crack. This phenomenon may be due
to viscous coupling between the rock and fluid media. If this is the case,
it may be possible to determine the type of fluid filling the crack through
spectral analysis of the reflected waveform.

Model studies performed by Evans (1959) using SH reflection techniques
demonstrate that large amplitude Love waves occur when a thin, Tow-velocity
surface layer is present. Because surface waves represent a source of un-
desirable noise in seismic reflection surveys, two methods of reducing
surface wave noise have been investigated. The first method requires the
placement of a scattering body, such as a slit trench, between source and
receiver. Surface waves traveling from source to receiver are diffracted by
the s1it, which causes a consequent decrease in the surface wave amplitude at
the receiver. The experimental results of this technique are encouraging;

however, some important velocity information is lost through the employment
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of this technique. The second method of surface wave cancellation involves
the use of linear receiver arrays, a practice that is commonly used in land-
based exploration seismology. Our initial experiments suggest that this
technique can be successfully applied to high-frequency seismic reflection
studies. Other experiments suggest that deconvolution processing (convolution
of the inverse of the source input wfth the received output) can be useful
under certain conditions in the cancellation of surface wave noise.

The success of the Taboratory-scale SH reflection profiling system
suggests that this system should be modified for larger scale field testing.
The ubiquitous presence of a low velocity surface layer in any field situa-
tion leads to the emanation of large-amplitude Love waves from an SH
seismic source. The detection of reflected events hidden within this surface
wavé noise will be an important consideration during field testing of the SH
reflection profiling system. Thus, linear array and deconvolution processing
should be performed on the data collected during the field test. Another
very important consideration in the future field application of this system
will involve the design of a suitable source transducer. The principal dif-
ficulty will be in producing a portable, reusable SH source transducer that
is easily bonded to the vertical walls and ceiling of an underground opening.

The data obtained during the laboratory phase of the research will en-
able a rough estimate of the behavior of the prototype field system. The
maximum depth of penetration of the field system will be approximately 10
meters in a reasonably unfractured rock mass. This maximum penetration
depth will be significantly less in a highly fractured setting, but no lab-

oratory work has been performed in order to quantify this effect.
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In Section 1 it was noted that all incident SH energy is totally re-
flected from a crack filled with a non-viscous fluid. This implies that the
SH reflection technique will detect only the nearest fracture beneath the
source-receiver pair. This indeed is the case if the nearest fracture
is gas-filled, as gases exhibit negligible viscosity. However, water
possesses a significant viscosity which must be taken into account when
developing the analytical expression for the reflection coefficient of a
crack filled with water. The final form of this reflection coefficient will
depend on the frequency of SH wave excitation, the shear wave velocity of the
surrounding elastic medium, the viscosity of water (which is temperature-
dependent), and the thickness of the crack. At the frequencies used by the
SH field reflection system, theory indicates that incident SH energy will be
totally reflected by water-filled cracks with thicknesses greater than 1.0 mm,
and totally transmitted for cracks with thicknesses less than 0.01 mm.
Partial reflection will ocecur for water-filled cracks with thicknesses lying
within these bounds. Thus, the maximum depth of penetration of the field
system and its resolution of crack thicknesses are interrelated, and both of
these quantities depend on the size, sfructure, and fluid content of the
fracture system at that particular field site. Further laboratory and field
experimentation will be necessary in order to more exactly quantify these

effects.
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