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CHAPTER T

INTRODUCTION

Scope of Study

The study of the earth's materials by means of their physical prop-
erties with appropriate instruments is the field of geophysics. The
ever-increasing necessity for natural resources (oil, gas, water and
minerals) , has created a growing interest in this field, which in turn
has led to great improvements in both the theory and technology used in
the exploration and application of geophysics.

Geophysical prospecting for oil and gas is only about half a cen-
tury old and its first contribution to oil discovery was in 1924 (2).

The scarceness of oil and gas, at shallow depths of the earth, led
to the necessity of drilling and looking for these natural resources at
thousands of feet below the earth's surface. The geophysical technigues
used for this exploration are: seismic, gravitational, magnetic,
electrical, electromagnetic, radioactivity, and well logging.

The method most widely used, for oil and gas explorations, is the
seismic reflection method. This is mostly due to the ability of this
method to penetrate deeply into the earth's sublayers and to the high
resolution and accuracy it provides.

Briefly, the seismic reflection method maps the subsurface forma-

tions by using the time required for a seismic pulse to return to the



surface (or receivers), after reflections from interfaces having differ=-
ent acoustic impedances. The acoustic impedance is the product of the
subsurface density and the wave's velocity. The seismic pulse is gener-
ated by means of a near-surface explosion or a nearby sound source
(dynamite, mechanical impact, or vibration). The reflected pulses are
recorded by a variety of detector arrays in response to the ground
motion. The recorded data is stored on magnetic tape, so that computer
processing can be used to enhance the signals with respect to the noise,
extract the significant information, and display the data in such a form
that a geological interpretation can be carried out readily. From the
reflected data, the depths to reflecting interfaces can be obtained by
analyzing the variation in reflection times and velocity information.
Also, the attenuation and velocity characteristics can be used for iden-~
tifying lithology. Thus, with the reflected data, it is possible to
locate formations associated with the presence of oil and gas, such as
anticlines, faults, salt domes, and reefs. Figure 1 gives a graphic
illustration of such formations (11).

In order to extract more information from the reflected data,
laboratory measurements are made on rock samples under conditions repre-
senting as closely as possible those occurring in the rock naturally.
These measurements have revealed that seismic velocities in rocks are
dependent on porosity (the volume of fluid enclosed in the sample by the
volume of the sample), lithology, overburden and pore fluid pressure,
temperature, nature and amount of pore fluids, intergranular elastic be-
havior, and microcracks.

The scope of this thesis is to investigate experimentally some of

the acoustic properties of sandstone. Sandstone is one of the most
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familiar sedimentary rocks. It can be composed of many materials, but
quartz grains are usuall? most abundant. The particles of sand in most
sandstones are cemented by calcite, silica, or iron oxide. Aas with any
sedimentary rock, sandstone can be_characterized by its solid elastic
matrix, randomly distributed pores, and saturating fluid. From these
facts, one can conclude that the major factors that influence the
velocities and attenuation in sandstone are, the degree of anisotropy of
the solid matrix, the materials comprising the rock, the type of fluid
saturating the pore spaces, and the effects of overburden and pore fluid
pressure on the rock matrix.

The experimental set-up for this thesis is designed to apply only
uniaxial confining (or overburden) stress on the sample (the effect of
pore fluid pressure is not investigated here). The uniaxial stress, can
be applied to the rock samples either in a direction perpendicular to or
parallel to the decomposite layers (bedding planes). The velocity
measurements are found by measuring the time it takes a seismic pulse to
traverse the sample, both in the direction of the applied stress and
perpendicular to this direction. This is done by placing ceramic
piezoelectric crystals paralleled and perpendicular to the sample's
bedding planes. The reason these measurements are made is to investi-
gate the degree of velocity anisotropy in the samples and to determine
how the uniaxial stress affects the velocity. The term velocity in this
experiment refers only to the dilatational group velocity. In general,
when a plane wave is incident on a free surface, it gives rise to both a
reflected dilatational wave (P-wave) and a reflected shear wave (S~wave),
which are polarized in a plane containing the incident and reflected

waves. Since S-waves are not transmitted in liquids, they are not



investigated in this thesis.

The velocity is investigated for two different frequencies (20k Hz
and 200k Hz). The effect of microcracks on the velocity are looked at
for two of the experimental samples. The porosity of each sample is
calculated and the composites of each sandstone sample are analyzed with

the electron microscope and X-ray diffraction.
Review of Literature

One of the most common assumption in the field of exploration geo-
physics is that the subsurfaces of interest consist of beds whose prop-
erties are independent of direction. However, the assumption that the
media are isotropic is a poor one. McCollum and Snell (9) reported that
measurements made on outcrops of the Loraine shale in Canada, gave com-
pressional wave velocities (P-wave) in the direction of the bedding
planes (horizontal direction), nearly 33 percent greater than those in
the vertical direction (perpendicular to the bedding planes) (9). 1In
1955, using geophones in wells and shots at various distances from the
wells, Uhrig and Van Melle (16) indicated that horizontal P-wave speeds
were 15-20 percent higher than vertical P-wave speeds for finely strat-
ified media. These investigations established that many rocks are
anisotropic. Anisotropy can be caused by many sources. The most
probable of these for normal earth sectioning is called transverse iso-
tropy. Transverse isotropy assumes physical properties are the same in
all planes perpendicular to the one axis of symmetry (9). Postma (10)
showed that earth section conéisting of alternating plane and homogene-
ous alternating layers will appear to a seismic pulse to be transversely

isotropic, for wavelengths long compared to individual bed thicknesses.



The axis of symmetry is vertical. Other kinds of anisotropy are quasi-
anisotropy, associated with stratification not necessarily fine compared
to the wavelength and homogeneous anisotropy in each homogeneous rock
(16) . There is also fractures in large volumes of inherently isotropic
rock, that will cause the overall structure to be anisotropic. Finally,
unequal preloading in the three directions, caused by large applied
stresses, will cause an inherently isotropic rock to respond aniso-
tropically (17).

The influence of liquid saturation and confining pressure on dila-
tational-wave velocity in sedimentary rocks has been discussed and
determined experimentally by a number of workers, such as Hicks and
Berry (7), Willie and collaborates (21), and Toksoz and collaborates
(15) . These workers have found that an increase in hydrostatic confin-
ing pressure with constant pore pressure increases both, the dilata-
tional and shear wave velocities. Their data for changes in pore pres-
sure indicates the velocity of dilatational wave to be a function of the
difference, (Pl—Pf), between the hydrostatic confining pressure (Pl),
and pore pressure (Pf). These results agree with Biot's detailed
analysis of the propagation of elastic waves in liquid-saturated iso-
tropic porous media, in low frequency range and in the high frequency
range (l1). Two main conclusions from Biot's analysis are: First, the
shear-wave velocity in a liquid saturated porous material will always be
less than in the dry material. Second, the dilatational wave velocity
in a liquid saturated porous material will generally be higher than in
the dry material, except for materials having very low bulk compressi-
bilities. Figure 2 (8) shows P-wave and S-wave group velocities versus

the change in confining pressure for Boise sandstone, both dry and
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saturated with NaCl and with kerosene. This figure shows that both the
P-wave and S-wave velocities behavior are in agreement with the theory
predicted by Biot.

Since sedimentary rocks may be partially saturated with one or more
fluids, experimental data and theoretical models have been developed to
see how does the partial saturation effect the compressional and shear
velocities in sedimentary rocks. The important conclusion is that the
undersaturation causes P-wave velocity to decrease more than the S-wave
velocity, resulting in an observable decrease in the velocity ratio
Vp/vs' Incorporating such data with the "bright spots" leads to a good
mean for detecting zones of gas saturation. Bright spots, or reflection
amplitude anomalies, are a consequence of large seismic P-wave velocity
and density (known as acoustic impedance) contrasts at boundaries of
subsurface gas reservoirs caused by differences between the gas satura-

ted reservoir rock and surrounding material.



CHAPTER II

EXPERIMENTAL PROCEDURE

OCrigin of the Rock Samples

Four of the sandstone samples used in this experiment were collected
from Noble County, Oklahoma. These samples are labeled as sample #1, #2,
#3, and #4. The approximate location of the area from which each sample
was collected is shown in Figure 3 (12). According to Shelton (12},
Sandstones from this area are part of the constituents of the Wellington
formation, the lower most unit of the Cimarronian Series and of the Per-
mian system. Such sandstones were characterized by Shelton (12) as being
very fine grained, well to very well sorted, and quartz rich subarkoses.

The other two samples used in this experiment were cores from low
permeability reservoirs. These cores were collected from the Department
of Energy, at Bartlesville, Oklahoma. One of these samples came from a
depth of 6088 ft. at Cockran No. 1 well, Pushmataha County, Oklahoma.
The other sample came from a depth of 10570 ft. at No. 1 Mesa unit, Sub-
lette County, Wyoming. The first sample will be referred to as the

Cockran sample and the other as the Mesa sample.

Basic Equipment

The major experimental apparatus used for the velocity measurements

is shown in Figure 4. It consists of a Shlumberger sweep generator, two
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sets of hydrophones (transducers), a frequency descriminator, an ampli-
fier, an oscilloscope, a pressure apparatus and a water tank.

The frequency generator is used to apply a sinusoidal voltage pulse
to a transdgcer at its resonant frequencies, chosen to be 20k Hz and
200k Hz. The mechanical pulse produced by the transducer is transmitted
"through the saturating fluid (water in this experiment), the rock sample,
and is then detected by a second transducer which is mounted at the
other end of the sample. The set of transducers, source and receiver,
are placed so that waves reflected or refracted by the tank boundaries,
the water's surface, or the pressure apparatus' boundaries reach the
receiver well after the direct wave. The electrical signal produced by
the receiving transducer is amplified with a high gain differential
amplifier. Meanwhile, a frequency descriminator is used to pick up
those frequencies within the range of 10k - 30k Hz, or 10k - 300k Hz,
depending on whether the source was resonating at 20k Hz, or 200k Hz.
The amplified signal is displayed on the Hewell packet 1980-B oscillo-
scope. The oscilloscope's digital waveform storage function is then
used to digitize and store the received signal at different amplifica-
tions. Finally the stored signals are recalled for time measurements of
the pulse's duration from the source to the receiver.

The pressure apparatus is shown in Figure 5. It basically consists
of an Enerpac hydraulic pump and cylinder. The hydraulic oil pump is
hand operated and it can apply a pressure ranging from 0 -~ 10,000 psi to
the hydraulic cylinder's ram. Connected to the end of this ram is an
aluminum plate. Similarly, another plate of the same dimensions 1is
placed at the lower part of the pressure apparatus. Each one of these

plates has a hole drilled in its center. The dimensions of these holes
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are large enough for placing the transducers (source and receiver) in-

side the plates. These transducers are kept in their position by using

plastic holders to support them inside the hole, then each hole is

covered with a stainless steel plate. These stainless steel plates have

small holes drilled throughout to allow for the transmission of the

seismic pulse's energy.
Porosity Measurement

The dependence of the measured velocity on the porosity is shown in
the time average formula, as suggested by Wyllie et al. (18). This
formula defines the intergranular porosity in terms of the total forma-
tion velocity, rock matrix velocity and fluid velocity. The relationship
is expressed in the following equation:
= & 10

L +
Vm Vf r

(2-1)

<

where Vm = measured velocity, V velocity in saturating liquid,

£
Vr = velocity in rock solid, and ¢ = volumetric porosity fraction. Also,
since the porosity of a sample gives an idea of the available pores for
enclosing either gas or oil, this makes porosity measurements very im-
portant in classifying the physical properties of different rock
samples.

The porosity measurements carried in this lab are done by cutting
sub-samples from the original sandstones. These samples are placed in
a desiccator and left under an aspiration précess for at least 24 hours.

After taking each sample out of the desiccator, the excess water on its

surface is dried with paper towels, and the saturated sample's weight
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is recorded up to 1/10000 of a gram by using the 'Storius' pan scale.
Afterwards, the samples are left at room temperature and atmospheric
pressure for a few days, the weight and dimensions of the completely dry
samples are recorded. The porosity of each sandstone sample is found by
taking an average of its sub-samples' porosities. These are found by
dividing the volume of pore spaces (Vp) by the sample's volume (VS).
Now, if all the pores were saturated with water, their volume can be
found by using Vp =va'mw where Py is the water density (1 gr/cm3) and

m_ 1is the mass of water occupying the pores. In terms of an equation

the porosity is written as:

3
mw « (1 gr/cm™)

\Y
s

But mw = m(saturated sample) - m(dry sample), thus,

¢ = m(saturated sampée) - m(dry sample) (1 gr/cm3) (2.2)
s

Velocity Measurement

Basically, there are three laboratory techniques suitable for mea-
suring the dilatational wave velocities on rock samples subject to con-
fining stress, these are: the resonance method, the rotating plate tech-
nique and the pulse first-arrival technigque (8). 1In this experiment,
the pulse first-arrival technique is used in measuring the time it takes

a sinusoidal pulse to traverse a known thickness of a rock sample. Since



16

the oscilloscope is triggered at the start of the generated sine pulse's
first cycle, the time it takes the pulse to traverse the distance from
the source to the receiver is measured from this point to the beginning
of the received pulse (as shown in Figure 6).

The transducers in the direction of ﬁhe applied stress are not
placed directly on the saturated sandstones, they are separated by water
and stainless steel plates. However, the distance between the trans-
ducers and the sample is fixed. Thus, with the aluminum blocks bound
together, a measurement is made to obtain the time taken for the seismic
pulse to travel through the water and stainless steel plates. The rock
sample is then placed between the two aluminum blocks, and a second
measurement is made to obtain the time taken for a seismic pulse to
travel through the water, stainless steel plates and the rock sample.
Subtracting from the second time value (time taken for the pulse to
traverse the stainless steel plates, water and rock sample), the first
time value (time taken for the pulse to traverse the stainless steel
plates and water), we obtain the time taken for the pulse to traverse
the rock sample. Dividing this value by the measured thickness of the
sandstone sample we obtain the velocity in the direction of the applied

stress. Labeling this velocity by V the thickness of the sample in

ll

the direction of the applied stress by D., and the first and second time

1

values by t. and t_, then Vl can be written in terms of an equation as

1 2

v = —. (2.3)

The velocity in the direction perpendicular to the applied stress

is found by placing a second set of transducers between the two aluminum
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blocks (see Figure 5). The transmitting and receiving transducers in
this direction are moveable along a rail fixed to the pressure appara-
tus, and are submerged in the water tank. Due to practical experimental
convenience, these hydrophones (transducers) are not connected directly
to the sandstone samples. This means that the received pulse travels
partially in the water and partially in the saturated sample. The time
it takes a seismic pulse in water to traverse a distance D between the
source and receiver (with no sample present) is tw = D/Vw, where VW is
the velocity of a ;eismic pulse in water. If a sample of thickness D2

(D2 < D) is placed between the source and receiver there will be a dis-

tance Dw where the direct pulse travels in water. This is given by

In this case, the time (T) it takes the pulse to traverse the distance

between the source and receiver is given by,

]
t
£
+
o

or

V. = [——-———-+V—] (2.4)
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Thus by measuring tw' T, D2 and Vw we can use the last equation to
find the sample's velocity in the direction perpendicular to the applied

stress. This velocity is denoted by V

2



CHAPTER III
THEORETICAL BACKGROUND
Reflection and Transmission Phenomena

When a wave front meets a boundary, it gives rise to reflected and
transmitted waves. The nature of these waves depends on several factors
including tlie properties of the incident wave, the angle of incidence,
the nature of the boundary, and so forth.

The simplest case deals with plane waves at normal angles of inci-
dence with the boundary. Considering the boundary to be an infinite
plane, then this becomes a boundary value problem. At one side of the
boundary there is an infinite half plane with acoustic impedance plcl,
and on the other side another infinite half plane of acoustic impedance
PCye Taking the direction of incidence as the x-axis, the displacement

on each side of the boundary can be written as,

a
[

Ai exp(i(kx - wt)) + Ar exp(-i(kx = wt)), (3.1)

c
I

At exp(i(k'x - wt)) (3.2)

Where Ai, Ar and At correspond to the amplitudes of the incident, re-
flected, and transmitted waves (respectively), k and k' are the wave
number in media 1 and 2 (respectively), and w is the angular velocity of

the wave. At the boundary (x=0) the displacement and the normal com-

ponent of stress are continuous. Applying from the first boundary

20
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condition, the following equation is obtained,

Ul(x=o) = U2(x=0)

or

A. +A = A (3.3)

From the continuity of the normal component of stress

2 2
peif@u /sG] o = e,cllu,/80]
we obtain,
cz(kA -ka) = czk'A (3.4)
P191M% T T .

Substituting the value of At from Equation (3.3) leads to,

2 2
. - - 1 +
plcl (kAi kAr) p2c2k (Ai Ar)
_ 2 2., 2 2,
Ar/Ai = (olclk p2c2k )/(plclk + p2C2k )

but, k = (w/Vl) = (w/cl) and k' = (w/c2), then,

Ar/Ai = (plcl - .ozcz)/(olcl + 02c2) . (3.5)

This ratio describes the reflection coefficient, which is a measure
of the reflected amplitude with respect to the incident amplitude, it is

denoted by R, where

R = Ar/Ai (3.6)
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The transmission coefficient, T, describes the ratio between the trans-

mitted amplitude and the incident amplitude:

T = At/Ai (3.7)

The above ratio is found by solving for Ar in Egquation (3.3) and substi-

tuting the result in Equation (3.4). Thus,

At/Ar = (2olcl)/(plc + p c2) . (3.8)

1 2

Note that when p, = p_ and c_, = ¢ this leads to the trivial result of

1 2 1 2’
R=0 and T=1, which is in fact the expected result when the wave travels

in the same medium. The same result is obtained if both media have the

= p_.c.}). In this case the incident wave

same acoustic impedance (plcl 25

does not see the boundary and continues its path as if there was no
change in the medium.

This sample analysis of the trivial case for the reflection and
transmission phenomena can be made more challenging by adding more bound—
aries. The next case would be to introduce another infinite plane, a
distance & from the original infinite plane boundary as shown in Figure
7. This can be thought of as an infinite sample of thickness 1, and

acoustic impedance p immersed in a medium of acoustic impedance

c
272
P16+ Only one dimensional plane waves at normal incidence with the

boundary, will be considered here. Furthermore, the transient effects
that may exist initially are not considered. That is, the assumption

that the field is-fully developed is made here. With these conditions,

the displacement in the three media (shown in Figure 7) are given by:

U1 = Ai exp(i(kx - wt)) + Ar exp(-i(kx + wt)) (3.9)
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U = Bi exp(i(k'x - wt)) + Br exp(-i(k'x + wt)) (3.10)

c
I

A, exp(i(kx - wt)) (3.11)

Now applying the boundary conditions at x=0 and at x=1,

Ul(x=O) = U2(x=0), U2(x=l) = U3(x=l)

2 2
plcl(aul)/(ax)lx=o 02c2(8U2)/(3x)’x=O

2 2
o2c2(3U2>/(ax)|x=l °1°1(3U3’/<3X’Ix=1 ..

After the appropriate substitutions, the following equations are ob-

tained at the boundary x=0,

A, +A = B, +B (3.12)
1 r 1 r

’k-(a, -A) = p.c>k' - (B, -B) (3.13)

8 A R i T P2 i~ Cr :

and at x=a,

B,exp(ik'l) + B exp(-ik'l) + A _exp(ik1) (3.14)
2vB (exp(ik'l - B exp(-ik'l)) = ’ka e (ik1) (3.15)

pzc2 ; (exp (i r p(-1 = ol 1¥AL xp (i . .

These last four equations can be arranged in a matrix form such as,



r

2 2., 2, 5
plclk ozczk pZCZk 0 5
¢} exp(ik'l) exp(-ik'l) -exp(ikl) Br.

2 . 2 .
(0] pzcik' exp(ik'l) —pzczk' exp(-ik'1l) -plclk exp (ik1l) At

Letting "DET" be the determinant of the 4 by 4 matrix, and after the

mathematical manipulations, it is found that,

- 2 3 . ' - 3 2 2 s 1
DET = w exp(ikl) (4plclr202cos(k 1) 21((plcl) + (p2c2) )sin(k'1l))

Solving for At it is found that,

-1 1 1 1
2 2, 2, 2
Peik Pye Kk P, K Pk
- Ai
0 exp(ik'1l) exp (-ik'1) 0]
' -3l - [ —_11
0 pzczk exp(-ik'1) p2c2k exp(-ik'1l) 0
A =
t

DET
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2°p.c_p.C_*A,
A = 1122 1 (3.16)

where,

M= exp(ikl)'(2plclpzc2cos(k'l) - i((plcl)2 + (02c2)2 sin(k'l)) .

Similarly, the reflection amplitude is found to be:

2 2
i((p,c)) = (p,c.) )sin(k'l) A,
A = 2 2 11 L (3.17)

r . . o 2 2.2 .2 .
2 plclpzczcos(k 1) 1((plcl) + (0202) ) sin (k'l)

From Equations (3.16) and (3.17), it is apparent that both At and
Ar have complex amplitudes; implying that the incident wave is not in
phase with the transmitted and the reflected waves. Considering the

ratio of transmitted to incident intensities (It/Ii)'

.*
Te PR 4 - (3.18)
I, A, *A* :

(=]

2, : 2 .2
i i 4cos (k'l) + (pzcz/p2c2 + p2c2/plcl) sin (k'l)

Similarly, the ratio of reflected-to-incident intensities (Ir/Ii) is

given by,
I A -A¥ (p.c./p.c, = c./p.C )2 i 2(k'l)
v o P2%7P1%1 T P15 P Sim . (3.19)
I. a.°a* 2 2 . 2, :
i i7i 4cos (k'l) + (pzcz/plcl + plcl/pzcz) sin (k'l)
Note that when pl = 02 and cl = c2, this gives the trivial result

of the energy's total transmission, It/Ii =.1 and Ir/Ii = 0. Also, in

the case of P1Cy = P5C5s the whole energy is transmitted. In this case

the three regions have the same acoustic impedances, and the incident
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wave continues its path as if the material of thickness 1 was transpar-

ent to it. When pzc2 >> plcl, Equations (3.18) and (3.19) reduce to,
e 4
I, 2., 2 .2 .,
i .d4cos (k'l) + (pzcz/olcl) sin (k'l)
and
1 (p.c./2°p-c.) 2sin®(k'1)
ro_ PpCy/ ™0, Cy) Sin
I, 2, ., . 2,2,
i cos (k ;) + (p2c2/2 plcl) sin (k'l)

This case is similar to having air in media, 1 and 3 and a dense solid
in medium 2.

From Equations (3.18) and (3.19), it ig seen that the transmission
coefficient and reflection coefficient are strongly dependent on k'l
(wl/c2). More specifically, if we have a material of a given thicknes§

1 and compressional acoustic velocity c then (It/Ii) and (Ir/Ii) be~-

2’

come very strongly dependent on the frequency. We also see that there

are many frequencies for which (It/Ii) =1 and (I /I,) = 0. These
r i

frequencies are found by setting,
sin(k'l) = O

which leads to,

k'l = — = nm where n =0, 1, 2, ...

Such frequencies correspond to the characteristic frequencies of the

region 0 £ x £ 1. So, if the incoming wave has a frequency that
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matches one of these characteristic frequencies then we get resonance.
This resonance causes the sample to act as a perfect transmitter.

The change of It/Ii with wl/c2 is shown in Figure 8 for different
values of characteristic impedances ratio. This figure demonstrates,

for a given value of 1 and c the effects of frequency on transmission.

57
We see that for most frequencies, the sample acts as an effective bar-
rier for seismic wavefronts, except in the range of resonant frequen-
cies, where the transmitted energy approaches the incident energy's
amplitude. The same figure, also, demonstrates that the larger the

difference between the two characteristic impedances, the smaller the

\ ts.
Et/El gets

- Shear and Compressional Wave Velocities in

Fluid Saturated Porous Solids

The purpose of this section is to give a general background to the
derivation of elastic wave velocities in porous elastic solids satur-
ated by a viscous fluid.

Biot (1) gave a general theory for a three-dimensional propagation
of elastic waves in a fluid saturated porous solid. Since the develop-
ment of this theory, it has been known that in such a system (fluid-
solid system), provided both solid and fluid consist of continium, two
entirely different, coupled, dilatational waves and shear waves are
generated as a sound source (4).

According to Biot (1), the basic equations describing such dila-
tational waves in a fluid saturated solid are,

2

2 3 u¢2 3
Vl{(P+S)e + Qe} = g;a-(plle + pl2€) + —E-§E-(e—a) (3.20)
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V2{Qe + Re} = é—5-(9 e + p,,8) - 5 3¢ (e-€) (3.20)
In this set of simultaneous differential equations, 'e' represents

the absolute dilatation of the solid and 'e' that of the fluid. Simi-

larly, the basic equations that govern the propagation of pure rotational

waves are (1),

2 o w+ ) NV
0., W+ p = N-Vu
e2 11 12
(3.21)
32 w + ) =
7 Pputey, ) = 0

These last two equations imply a coupling between the rotation $ of the
solid and that of the fluid 5. In Equation (3.20) and (3.21) it is
assumed that the wavelength is appreciably larger than the largest di-
mensions of the sample's grain sizes, and that the fluid is compressible
and may flow relative to the solid causing friction to arise (1).
The meaning of the various symbols used in the above equations,
and symbols that will be used in the following equations, is given below:
H, P, S, Q, R = Elastic deformation constants.

N = Lame's coefficient

Gb = Shear modulus of bulk material
Cb = Bulk compressibility
Cr = Matrix compressibility

Cl = Fluid compressibility

k = Permeability
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p = Density (with the subscripts b, 1, r corresponding

to the bulk, fluid and matrix densities, respec-

tively) .

pll = Total effective mass of the solid moving in the
fluid.

022 = Total effective mass of the fluid moving in the
solid.

P15 = Mass coupling parameter between fluid and solid.

¢ = Porosity
B = Fluid viscosity
w = Angular frequency

w_ = Characteristic angular frequency

Cr/Cb
Now, if we consider first Equation (3.21) for the shear wave, then

>
by eliminating @ in these equations, we get

02 2~
N Vo = o (L - il 3—% . (3.22)
1122 ot

This proves that there is only one type of shear waves whose propagation

velocity is given by,

VS = 5 . (3.23)

o}
0. (1 - —2L

1L P11P22

The coefficient p22 is given by Geertsma and Smit (4) as,

2
Poy = o) P (3.24)
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where pc is defined by Geertsma (4) as

o, = k %? (3.25)
Thus,
Poy = G koo (3.26)
The coefficient 1o is given by,
P1p = b Py = &0 (1-k) (3.27)
and the bulk density N is given by
P, = P11 % 2015 * Py
Thus,
Py = P~ b (2-K . (3.28)
Substituting Equations (3.24), (3.25) into Equation (3.28) gives:
P1p = Py~ ¢ o (2 - k) (3.29)

Finally, substituting Equations (3.24), (3.27) and (3.29) into Equation

(3.23), the shear wave velocity becomes,

vV = N (3.30)

)
©

= e

R

Ob(l -

o |o

At zero frequency, that is when the coupling between the pore fluid

and matrix is perfect (k=«), Equation (3.30) reduces to,
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Y
v, = (N/Db) (3.31)

S

and when there is no coupling between the fluid and matrix, k=1, Equa-

tion (3.30) becomes,

v - [oofoes ¢];2 (3.32)
b e

Equations (3.30), (3.31) and (3.32) are similar to those given by
Domenico (3).

For the dilatational waves, Equation (3.20) predicts the existence
of two kinds of such waves. These are denoted as waves of the first
and second kind (1). The waves of the second kind are highly attenuated
and have a lower velocity than the shear waves. Due to their high
attenuation with increasing distance, these waves are not considered in
seismic analysis. The velocity of these waves is given by Geetsma and

Smit (4) as,

2 5
v = (gllﬁjiil_E_L J&Q (3.33)
2 p-H w
c
where:
K = (1-R)
(l—cb—B)Cr + ¢Ce
. (B/Cr + 3/4 Gb)
(l-CD—B)Cr + ¢Ce
2
_ (1-8) B 4
H = + (C + Gb) .
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The wa&es of the first kind are true waves and have a higher veloc-
ity than those of the second kind. The velocity of these waves was ob-

tained by Geertsma and Smit (4) as shown below,
5 wc 2
+ -2Y —
v, = H (Yc OL e 0K) o w)
P 2 wc 2
(Yc Ye)(Yc UL 2YL K) (m )

(3.34)

where:

©
©

= < = <
Ye o Yo 5 %

From Equation (3.34), letting w approach zero, we find

(1-)
-¢-prC_ ¥ 9C_

- (Hyr o _ o1
= (=) & [

B . 4 e
Vl(w=o) o} * Cr * 3 Gb)]}

Note that in this equation the velocity is independent of the frequency.

Now, if we let w go to infinity in Equation (3.34), then,

2%
(yc + UL 2Y2 GK) )

H
e = % v -y )2
YC Ye

These last two equations are similar to those given by Domenico

(3).



CHAPTER IV
RESULTS AND DISCUSSION

Physical Characteristics of the

Sandstone Samples

In general, sandstone matrix is composed of: sand grains cemented
together with clay elements, and pores of different shapes and sizes
randomly distributed over the matrix. Due to this, the sandstone
samples in this experiment are characterized by the distribution of
their grain sizes, their porosities, the elements composing each sample's
matrix, and the clay minerals.

The grain sizes are found by scraping sand particles from each
sandstone sample, and measuring their diameters with the help of a
microscope. In Figure 9, histograms of the grain sizes for the experi-
mental samples are shown. From this figure it is clear that the dia-
meters of the sand grains fall between 0.1 mm to 0.3 mm. With grains
of diameters 0.1 mm to 0.2 mm being the most dominant for most samples.

The porosity of each sample was found by following the procedure
outlined in Chapter II, and are recorded in Table III. It is clear that
this experiment's sandstone samples vary over a wide range in their
porosities. In Figure 10, a plot of the compressional velocity versus
the porosity (at zero pressure) for the experimental sandstone samples

is shown. It is apparent that the best curve that fits the experimental

35
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Histograms For The Sand Grains' Distribution Of The Experimental Samples

Figure 9.
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points is a straight line, and that as the porosity incfeases the veloc-
ity decreases, as expected from Equation (2.1).

The elements composing each sample were detected by using the X-ray
diffractiop analyses. This analysis gave: the energy. spectrum of each
sandstone sample, the element corresponding to each energy, and the area
under each element's energy peak. The percent abundance of each element
was found by dividing the area under that element's energy peak by the
total area under all energy peaks. Table I shows the elements present
in each sample and their percent abundances. As seen in this table, all
the experimental samples have silicon as the most dominent element, that
is they are quartz rich subarkorkoses, containing approximately 70 per-
cent quartz, with tﬁe other elements representing the cementing materials
and clays. To investigate more about the kind of clays present in each
sample, a scanning electron microscope was used to determine the morpho-
logy and textural relationships of these clays. Pictures taken from this
analysis were compared to those given by Wilson and Collaborates (18).
The clay minerals present in each sample were determined from these pic-
tures, and the relative abundance of the following elements (18):
aluminum (kaolinite), potassium (illite), iron o6r magnesium (chlorite),
and calcium or sodium (smectite). Table II shows the clay minerals
believed to be present in each sandstone sample. WNote that all of the
samples have more than two types of clay minerals in them.

In general, we can conclude that this experiment sandstone samples
are very fine grained, well sorted, quartz rich, contain small amounts of

clay and can be regarded as clean.
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TABLE I

THE PERCENTAGE ABUNDANCE OF SANDSTONE ELEMENTS

Elements
Sample si Al Cl Fe K Ca S Mg
1 90 5 2 1.6 1.4
4 67 1 0.4 2 1 7 28 ' 0.5
3 96 1 1 1 1
2 85 6 1 4 3 1
Cockran 75 5 3 5 11 1
Mesa 89 3 3 3 2




CLAYS IN THE SANDSTONE SAMPLES

TABLE IT

40

Sample Kaolinite Illite giiﬁiite Smectite Hemitite
1 Yes Yes Yes No No
2 Yes Yes Yes Yes No
3 Yes Yes No Yes No
4 Yes Yes No No Yes
Cockran Yes Yes Yes Yes Yes
Mesa Yes Yes Yes Yes Yes
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Preliminary Results

Preliminary experiments were performed to determine the velocity of
seismic pulse in water. The value of this velocity was determined by
finding the time it takes a seismic pulse in water to traverse a known
distance. Plotting a distance versus time graph (Figure 11), and taking
its slope we find the desired velocity. In this experiment, the average
valué for a seismic wave's velocity in water, at room temperature and
atmospheric pressure, was 1504 m/sec. This value is in very good argu-
ment with the value given by Temkin (13) at 250C (1497 m/seci, where the
percent error between the two values is 0.5%.

The absolute accuracy of the velocity measurements, as carried in
this experiment, was tested by using an aluminum block of known thick-
ness and measuring its dilatational wave velocity. First, this velocity
was measured by placing the piezoelectric crystals directly on two oppo-
site faces of the block and recording the time of flight of the seismic
pulse. The average velocity, in the aluminum block using this method,
was found to be 6424 m/sec. Next, the aluminum block was put inside the
water tank and the velocity was measured in two directions using the
methods outlined in Chapter II. The values found were 6132 m/sec and
6258 m/sec. The conclusions from these measurements are:

1. There is a 5% error introduced in the measurement inside the
water tank.

2. Using the two sets of hydrophones to record the time of flight
of the seismic pulse, as explained in Chapter II, the recorded veloci-
ties found by using Equations (2.3) and (2.4), respectively, differ by

2 percent. This error is within the expected experimental error, which
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will be discussed later.

Sandstone samples were also used to check if the velocity measure-
ments found by using the two sets of hydrophones (as explained in Chap-
ter II) give the same value; provided the velocity with both methods is
measured either parallel or perpendicular to the sample's bedding
planes. It was found that the velocities found by both methods agree
to less than one percent difference, which is well within this experi-
ment's expected error. This Qart of the experiment established the de-
gree of accuracy and reliability of this experimental sef up.

Next, the reproducibility of the measurements was tested by taking
each sandstone sample through the aspiration process, recording its
velocity and mass, then carrying the same cycle again. It was found
that for the same saturation level, the velocities were reproducible to
within one percent error.

An error analysis, as shown below, illustrates the expected exper-
imental relative error. Using Equation (2.3) we get:

Dl~(li61)

VvV, (1x8) = .
1 t2(li62) - tl(li53)

Where the §'s are the expected errors in the quantities they are multi-

plied with. V_, D t. and t_ represent the same parameters as explained

1 1" 1 2
in Chapter II. Using sample 4 as an example where: Dl = 4.80 cm,
t2 = 5.5553 x 10-6 sec and tl = 26 X 10—6 sec. It is found that,
§, = (0.05 em/D)x100 = 1%, 6, = (0.05 x 107° sec/t,) x 100 = 0.9% and
63 = (5 x 10—8 sec/tl) x 100 = 2%. Using the fac£ that relative errors

in a produce or a gquotient equals the sum of the relative errors in the

input equation, it is found that § = 2%. That is, the calculated maximum
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relative error in the sample's velocity is 2%. However, taking differ-
ent measurements for this sample's compressional wave velocity, it was
found that the relative error between them is 0.1%. For the other
samples this error goes up to about 1.5% (as long as the saturation
level is the same from one run to the other). For sample 1, it was
found that when the saturation level changed by 2%, this caused the
velocity to change by 4%, from 2070 m/sec to 2151 m/sec. This example
illustrates that the saturation level of sandstone does indeed effect
its compressional wave velocity.

Thus, this part of the experiment establishes that the reproduci-
bility of the measurements is well below the exéected experimental

error, as long as the saturation. of the sample does not change.
Velocity-Time Dependence

When each sandstone sample was taken out of the desiccator and put
into the water tank for the velocity measurement, it was observed that
the time of flight of the seismic pulse through the sample decreased for
the first 35 to 60 minutes and then remained constant. This means that
the velocity increased and reached a value where it stabilized. This
behavior is shown in Figures 12, 13 and 14 for the sandstone samples 1,
4 and 5. For sample 1, it took 50 minutes before the value of the
velocity stabilized, during which time there was a 10% increases in the
compressional wave velocity. For sample 4 there was a 3% increase in the
velocity for the first 45 minutes, then the value of the velocity stabi-
lized. For sample 5 there was a 7% increase in the compressional wave
velocity during the first forty minutes. This increase in the velocity

is due to the change in the sample's environment. While in the desicca-
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tor, the sample was surrounded by aspirated water at 2lOC. However,
when placed in the water tank the surrounding water was nonaspirated and
at room temperature (23OC). The moving of the sample from desiccator to
water tank caused the formation of air bubbles on the sample's surface
(as observed by a microscope). These air bubbles increased in size over
time and, after having reached a certain volume, escaped from the sam-
ple's surface.

This part of the experiment shows that before any experimental mea-
surements, the sandstone samples should be left inside the water tank for
about one hour, during which time the sample reaches an equilib?ium with

its surroundings.
Velocity-~Frequency Dependence

The effect of the seismic wave frequency on the velocities in satu-
rated sandstone samples was investigated by taking each velocity measure-
ment at two frequencies, 20k Hz and 200k Hz. The velocities were record-
ed as the uniaxial stress on the sample was being increased. It was
observed that for most of the experimental samples there was a hystore-
sis effect, with higher velocities being recorded after the first pres-
sure cycle. The difference in velocities due the hysteresis effect was
mostly observed at low values of the applied stress (zero to 500 psi)
and this difference ranged from 1 to 7 percent depending on the sample.
However, for all the samples used in this experiment the hysteresis
effects diminished after running the sample through two cycles of
pressure.

Figures 15, 16, 17 and 18 show the change of velocity in the direc-

tion of the applied stress for both frequencies (20k Hz and 200k Hz).
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The stress was applied perpendicular to each sample's bedding planes. In
these figures, the solid curves represent those measurements made at 20k
Hz, while the dashed curves stand for those measurements at 200k Hz.

All the curves were plotted by interfacing an x-y plotter to the H-P 85
minicomputer; then executing a polynomial curve fitting program through
the data points.

Analyzing the frequency dependence of each sample, it was found
that for stresses above 1200 psi, the percent difference between the vel-
ocities at 20k Hz and 200k Hz (for all of the experimental sandstone
samples) fell within the expected experimental error. However, for low
stress values (those below 1200 psi), it was hard to distinguish 1f the
percent difference was due to experimental error or to the change of
velocity with frequency. At zero applied stress, sample 4 (Figure 17)
shows a 4% difference between the velocities at the two frequencies. As
the applied stress increased this percent difference decreases to fall
within the expected experimental error, at about 1000 psi. The rest of
the samples (Figures 15, 16 and 18) show that the percent difference
between the velocities, at all the applied stress values is well within
{(or close) to the expected experimenﬁal error.

From the above analysis we can conclude that the velocity of a
seismic pulse in sandstone does‘noi show any detectable frequency depend-

ence.
Pressure-Velocity Dependence

The velocities in the direction of and perpendicular to the direc-
tion of the applied stress were recorded at least five minutes after

each stress value was applied. The change of these velocities (at 20k
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Hz) with increasing stress is shown in Figures 19, 20, 21, 22 and 23 for
sandstone samples 1, 2, 4, Cockran and Mesa, respectively. In these
figures, the solid curves represent the measurements in the direction of
the applied stress; while the dashed curves represent measurements per-
pendicular to the direction of the applied stress.

The information gathered from analyzing these figures is shown in
Table III. The first row in this table shows the measured porosities.
The second row shows the anisotropy in each sample, this is calculated
by taking the ratio between the two velocities, with the higher velocity
in the numerator. This ratio is definea here as the anisotropy factor.
The number in parenthesis (in this row) corresponds to the percent dif-
ference between the two velocities. The anisotropy factor is calculated
both at zero stress and at each sample's maximum applied stress. The

'reason behind this is to discover the effect of the applied uniaxial
stress on the anisotropy. The third row gives the percent increase in
the velocity perpendicular to each sample's bedding planes, resulting
from the maximum applied pressure. The number in parenthesis gives the
ratio by which this velocity increases. Similarly, the last row shows
the percent increase in the velocity parallel to the bedding planes
resulting from the maximum applied uniaxial pressure. The number in
parenthesis gives the ratio by which this velocity increases.

The following conclusions are drawn from Table III and the last
five figures:

1. The samples used in this experiment are inherently anisotropic.
The degreé of anisotropy varies from 1.0l to 1.05 (shown in Table III),
with three of the samples having an anisotropy factor of 1.05 when the

applied pressure is zero.
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TABLE III.

ANALYSIS OF THE CHANGE IN VELOCITY WITH INCREASING PRESSURE FOR WATER SATURATED SANDSTONES

Sandstone Sample

Calculated Variables 1 2 4 Cockran Mesa
Porosity 27% 23% 28% 7% 8%
Anisotropy Factor at:

Zero Stress 1.01 (2%) 1.05 (5%) 1.05 (5%) 1.05 (5%) 1.02 (2%)

Maximum Stress 1.20 (18%) 1.12 (12%) 1.16 (15%) 1.17 (16%) 1.13 (12%)
Change in Velocity Parallel to

the Applied Stress 20% (1.21) 24% (1.25) 18% (1.2) 20% (1.22) 17% (1.18)
Change in Velocity Perpendicular

to Applied Stress 3% (1.03) 8% (1.08) 4% (1.07) 9% (1.1) 6% (1.03)
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2. As the stress increases, both the velocity in the direction
of the applied stress (perpendicular to the bedding planes), and the
velocity perpendicular to the direction of the applied stress (parallel
to the bedding planes) increase. This increase, for both velocities,

‘has the biggest jump at low stress values and starts approaching a final
stable value at higher stress values.

3. The increase in the uniaxial stress causes the velocity in the
direction of the applied stress to increase at a higher rate than the
velocity perpendicualr to this direction.

4.. The unequal increase in both velocities causes the anisotropy
factor to increase with increasing pressure values. This can be seen
from the difference between the anisotropy factor values, at zero stress
and at the maximum applied stress. Thus, the uniaxial stress, or unequal
preloading, causes the samples to respond more anisotropically.

The change in velocity with the applied stress is due to the closing
of cracks in each sample. These cracks are thought of as being randomly
distributed over each sample. When the stress is applied in a certain
direction, most of the cracks perpendicular to that direction close.

This leads to an appreciable increase in that direction's velocity.
Meanwhile, the cracks in the opposite direction (perpendicular to the
stress) do not close completely, this leads to lower increase in that
direction's velocity (as compared to the velocity in the direction of the
applied pressure). To support this conclusion, cracks were generated in
sandstone sample 1, by freezing the saturated sample in a refrigerator
box for 48 hours. Figures 24 and 25 show the velocity in the direction
of, and perpendicular to, the applied stress for sample 1, both before

(solid curve) and after (dashed curve) the freezing of the sample. The
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applied stress was perpendicular to the bedding planes. From Figure 24,
the velocity at zero stress decreased by 3% after the freezing process.
This percent difference between the velocities decreased to fall within
the experimental error as the applied stress increased. In Figure 25,
the velocity (perpendicular to the direction of the applied pressure)
decreased by 6% at zero pressure, then as the pressure increased this
percent difference decreased to about 4%.

Cracks were also generated in the Mesa sample by placing the satu-
rated sample in liquid nitrogen. The velocities in the direction of
the applied préssure are shown in Figure 26, where the solid curve rep-
resents measureﬁents‘made before the freezing process, and the dashed
curve stands for those measurements made after the sample was frozen.
After the freezing process, this sample's velécity decreased by 6% at
zero stress value and as the applied stress increased this percent dif-
ference decreased to about 5%, at intermediate pressures, then to 1.5%
at the maximum applied stress.

The above analysis supports strongly the hypothesis tﬁat the random
distribution of cracks effects the seismic velocity in sandstone samples.

The anisotropy in velocity also changes after the introduction of
cracks in each sample. After the freezing process, the anisotropy factor
for sample 1 increased to 1.05 (5%) at zero stress value. This corre-
sponds to an increase of 3% from the value found before freezing this
sample. Similarly, at the maximum applied stress, the anisotropy factor
increased to 1.26 (23%). An increase of 5% as compared to the measure-
ment found in Table III.

When the direction of stress was changed so that it is parallel to

the bedding planes (Figure 27), the velocity in the direction of the
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stress was higher than when perpendicular to the stress although the
magnitudes of the velocities are not the same as the previous measuring
sequence (Figure 23). These measurements demonstrate that the cracks
yield an anisotropic contribution to the stiffness. The closure of
cracks which are aligned perpendicular to the stress leads to an increase
in stiffness along the stress direction but not perpendicular to it. This
component of the elastic properties then models the stress distribution
in the samples. If the stress distribution is anisotropic, then the

velocity distribution will reflect this anisotropy.



CHAPTER V
SUMMARY AND FUTURE SUGGESTIONS

In this study, some of the acoustic properties of sandstone were
investigated. The samples used in this experiment contained very small
amounts of clay, were quartz rich, well sorted and fine grained. The
porosities of these samples were found to vary from 7% to about 30%.
This wide range of porosities made the velocities (in saturated samples)
vary from 2000 m/sec to about 4500 m/sec, with the low porosity samples
having the higher wvelocities.

This study has also shown that seismic velocities in sandstone are
independent of the frequency of the incident seismic pulse. This sug-
gests that the frequencies used in the exploration work do not effect
the time of flight of the seismic pulses in sandstone sedimentary rocks.

Next, it was found that the P-wave velocities in the direction
paralleled to the sample's bedding planes were different from the veloc-
ities perpendicular to the bedding planes (anisotropy in the samples’
velocities). The percent difference between tﬁese velocities (or
anisotropy factor) increased as the uniaxial stress increased. Further-
more, the anisotropy factor was smaller when the applied stress was
parallel to the bedding planes, than when it was perpendicular to the
bedding planes, as can be seen from Figures 27 and 23. However, this
last point should be investigated more by freezing the sample and

carrying the velocity measurements with one combination of pressure-
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bedding planes, then refreezing the sample and going through.the same
measurements with the other pressure-bedding planes combination. Such
an experiment will also help in understanding more about the generation
and preferred orientation of micro-cracks in sandstone. This will be
done by comparing the velocities in the direction of the applied stress,
when the stress is perpendicular to the bedding planes, to the veloci-
ties when the stress is paralleled to the bedding planes.

This experiment also showed that propagation perpendicular to the
stress does not sample the same distribution of cracks as propagation par-
allel to the stress. The uniaxial stress closes cracks which are oriented
perpendicular to the stressdirection; Cracks oriented parallel to the
Stress direction are not closed and P-wave velocity in that direction
does not change app?eciably with pressure. Thus the symmetry of the
stress defines a velocity anisotropy in the sandstone which depends on
the directions and magnitude of the stress.

For future work the effects of microcracks on the velocities, the
stiffness and the anisotropy of sandstone samples should be investigated
in more details. Similarly, the same analysis should be carried on dry
samples and compared to the results found above and to samples having

different saturation levels.
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