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Much work is presently being done concerning small scale heterogeneities in the

earth's crust. These heterogeneities range from pores in sedimentary rocks up to
fluctuations in the density and seismic constants of the earth's crust with scale lengths
of kilometers. The ability to study and quantify these heterogeneities using seismic
methods would be a major advance in the earth sciences.

Physical modeling has been shown to be a useful technique for investigating

various aspects of wave propagation. In this thesis, two physical modeling
experiments (one three-dimensional and one two-dimensional) are used to investigate
the scattering of seismic waves from small scale heterogeneities and the changes in
seismic velocity and apparent attenuation resulting from this scattering. The effects of
both isotropic and anisotropic scattering on velocity and apparent attenuation are

calculated. These experimental results are compared to theoretical results.
The theory used for isotropic scattering for the three-dimensional experiment is a
modified version of Wu's single scattering theory, where instead of calculating the

scattering for a single scatterer using the Born approximation, the exact results for
scattering from a cylindrical shape are used. While the results for compressional
waves and both components of shear waves compare reasonably well for small
scatterer volume fractions, at larger scatterer volume fractions, where the need for
multiple scattering is more likely, the results for all waves do not compare as well.
Many theories used to test anisotropic scattering predict changes in velocity rather

than changes in apparent attenuation. The velocity changes are used primarily in this
work due to geometrical focusing by a seismic lens that biases the amplitudes (and
hence the estimates of apparent attenuation) at low frequencies where most theories

predict apparent attenuation. Velocities are calculated from the data using travel times

and low frequency phase shifts for the compressional waves and for one component of

the shear waves measured in this two-dimensional experiment. Theories that are used
to predict compressional and shear wave velocities for both isotropic and anisotropic
scatterers are based on a fractional volume method (isotropic), two crack methods

(isotropic and anisotropic), and a finely layered method (anisotropic). The isotropic
experimental results have much larger, non-linear changes in the velocities than do the
isotropic theoretical results. The anisotropic experimental results have similar shapes
to both theoretical anisotropic methods for compressional waves and to the theoretical

anisotropic crack method for shear waves. Attenuation is computed using log spectral
ratios and compares as well with the theoretical results as can be expected within the

limits set.
A method using anisotropic apparent attenuation to help quantify the scatterers is
developed for use with field data.
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CHANGES IN SEISMIC VELOCITY AND APPARENT ATI'ENUATION
DUE TO ISOTROPIC AND ANISOTROPIC SCATFER1NG:

RESULTS FROM PHYSICAL MODELING

L INTRODUCTION
Much of the seismological research done in the past has assumed that the earth is
made up of homogeneous layers. To first order this assumption is valid. For example
the Jeffrey-Bullen table, which gives the travel times of seismic waves in the earth and

is based on a homogeneously layered earth, is very useful in determining the location

of earthquakes. If the assumption of homogeneous layers was not valid to at least
some degree, the use of the table would not result in consistent locations. There are,

however, errors in the locations found using the Jeffrey-Bullen tables. These errors
were found to some degree to be due to departures from simple layering. Examples of
these departures include the roots of the continents, subducting slabs at plate
boundaries, and heterogeneities in the layers of all regions of the earth (the crust,

mantle, and core). So as more information accrues about the earth's internal structure
and as techniques for studying the earth became more sophisticated, it becomes
apparent that a more complicated view of the earth is needed.

Scientists began including the departures from simple layering in models of the

earth. The development of plate tectonics has helped explain many of these
departures. The continental roots came to be seen as a consequence of isostasy, the
gravitational balance of the plates (lithosphere) floating on the asthenosphere. The
subducting slabs came to be seen as a consequence of the plates constantly being
destroying as new plate material is formed at mid-ocean ridges. And the
heterogeneities in the layering of the earth came to be seen as manifestations of the

forces driving the plates.
Because much can be learned from studying the relatively small scale
heterogeneities in the earth's crust, a lot of research is now being done concerning
these heterogeneities. These small scale heterogeneities range from the very small
pores in sediments with dimensions of millimeters to fluctuations in the density and
seismic velocities in the crust and mantle with dimensions of tens of kilometers.
Generally there are too many heterogeneities along the raypath to be able to isolate

any particular heterogeneity for study. Because of this, heterogeneities are often
studied as a group by treating them statistically. For example, in cases where the
heterogeneities have properties close to those of the material around them, the medium
can be thought of as a homogeneous medium with small fluctuations from its average
properties. When describing these fluctuations, it is sufficient to describe their typical
scale length and an average departure from the average properties. Often, in practice,
this is done using the correlation function and the root-mean-square (rms) fluctuation.
This description leads naturally to mean wave formulism, which is one example of a
statistical technique used to study media containing heterogeneities. Instead of
studying the heterogeneities themselves, the fluctuations from the homogeneous

medium are studied.
This thesis has as a goal a more complete understanding of scattering from the
small scale heterogeneities in the earth's crust, a testing of the theories that describe
this scattering, and the development of possible methods for quantifying these
heterogeneities using seismic methods.
SCATFERING AS A TOOL

As seismic waves pass through a heterogeneous region, the waves are scattered.

This scattering is one possible way that we may study the heterogeneities. The
scattering caused by the heterogeneities changes the velocity of the waves and
attenuates the waves that pass through the medium. This apparent attenuation is not
true attenuation in that the seismic energy is only delayed to later in the seismogram; it
is not changed to a different form of energy. This is in contrast to intrinsic attenuation
where seismic energy is converted, by friction, to heat energy.
The amount of apparent attenuation is dependent on the frequency of the seismic
wave. The maximum amount of apparent attenuation occurs at frequencies where the

corresponding wavelengths are on the order of the heterogeneity dimension. Thus, by
measuring the frequency at which the maximum amount of apparent attenuation
occurs, it is possible to determine the dominant scale length of the heterogeneities. In

general, if the apparent attenuation over a wide enough frequency band is measured, it
is possible to reconstruct a correlation function that is a measure of the distance
between the heterogeneities.
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ISOTROPY AND ANISOTROPY

In some cases, physical properties of the earth measured in one direction may be

different than those properties measured in a different direction. This effect is known
as anisotropy, the condition in which a physical property is dependent on the direction

of measurement. The lack of anisotropy is known as isotropy, the condition in which
a physical property is independent of the direction of measurement. For example, with
layering of sediments or igneous flows the seismic velocity in the vertical direction is
generally different than the seismic velocity in either of the horizontal directions.

Another example involves seismic velocities that differ when measured along different
directions in a crystal.
Seismic velocities may be anisotropic due to material properties, layering, or

fracturing. Olivine crystals have hexagonally symmetric anisotropy (transverse
isotropy) which has been proposed to be the cause of seismic anisotropy in the upper

mantle beneath the oceans [Christensen, 1984; Shearer and Orcutt, 1985]. Thin
layering, where the scale of the layers is small compared to the seismic wavelength,
has also been shown to be transversely isotropic [Backus, 1962; Crampin, 1978].
The velocity perpendicular to the layering is less than the velocity parallel to it.
Fractures with one or more preferred directions of fracturing have also been shown to
exhibit anisotropy [Crampin, 1978; Stephen, 1985; Dubendorff and Menke,
submitted].
In the case of a single preferred direction for fracturing with penny-shaped cracks,
the anisoiropy is transversely isotropic with the anisotropic direction being

perpendicular to the plane of the fractures. In this manifestation of velocity
anisotropy, the same phase of a seismic wave (be it a compressional, shear, or surface
wave) exhibits different velocities in different directions. As the direction of wave
propagation changes, the velocity of the wave propagation changes.
Another way that anisotropy exhibits itself in the seismic velocity is in what is

known as shear wave splitting. This occurs when the two shear wave components,
SV and SH, have different velocities. The component with the faster velocity arrives
before the other component, causing them to be 'split'. This difference in the shear
wave velocities may be due to any of the reasons given above for anisotropic velocity.
In this manifestation of velocity anisotropy, for the same direction of wave
propagation, the velocity of the wave propagation for the two shear wave components
are different.
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In addition to the anisotropic velocities, anisotropic apparent attenuation has also

been observed [Dubendorff and Menke, submitted]. Anisotropic apparent attenuation
occurs when the scattering is anisotropic, which may be due to layering or to
anisotropic fracturing. When the seismic wavelength is on the order of the layer
thickness, the component of wave propagation perpendicular to the layering has some
of its energy reflected back from each interface. This reflection is not present for the
component of wave propagation parallel to the layering. Hence the component of the
wave perpendicular to the layering is attenuated more than the component of the wave

parallel to the layering. For aligned fractures, when the seismic wavelength is on the
order of the fracture dimension, the cross section of the fractures is anisotropic and
hence the amount of scattering and apparent attenuation is anisotropic.
Another manifestation of anisotropy in seismic waves is in the polarization of the
waves [Shearer and Orcutt, 1985]. In isotropic media the phase velocity direction and

the group velocity direction coincide. The particle motion direction for compressional
waves also coincides with the phase and group velocity direction, while for shear

waves it is perpendicular to the direction of the phase and group velocity. For a
homogeneous, anisotropic medium all of these directions will, in general, be distinct.
Thus, in principle, it should be possible to quantify the anisotropy of the material by
measuring the direction of the phase velocity, group velocity, and particle motion.
In order to try to fulfill the goals of this thesis we emplace small scale
heterogeneities in a physical model and study the changes in wave velocity and

apparent attenuation that result. By using physical models, we are able to control all
aspects of the experiment, including using a scattering distribution that is known.
Because of this control over the experiment, it is possible to study the scattering effects
of heterogeneities on the wave velocity and apparent attenuation more accurately than

in an field experiment.

ULTRASONIC PHYSICAL MODELING
Physical models have been shown to be useful in modeling various aspects of
wave propagation in the earth [Northwood and Anderson, 1953; Oliver et al., 1954;

Menke and Dubendorff, in press]. In physical models, ultrasonic waves in the
megahertz band are used as analogs of seismic waves, solids such as metals, plastics,
and resins are used as analogs of rocks, and fluids such as water and oils are used as
analogs of magmas. The dimensions of physical models may be from a few

centimeters up to a few meters.
Numerical modeling techniques (ie. computer-based techniques), which are an
alternative to physical modeling techniques, are well established for laterally
homogeneous media such as media with homogeneous layers or spherical shells.
Because of this, physical models are generally used for modeling laterally

inhomogeneous media for which most numerical methods are not appropriate. The
finite difference method is one type of numerical modeling that can be used with
laterally inhomogeneous media. The finite difference method involves integrating the
seismic wave equation at a grid of discrete points. Because the grid spacing must be
smaller than the smallest geological structure and the shortest wavelength that is being
modeled, and because all computers have a limit as to how many grid points they can
handle, this method is restricted to short propagation distances and relatively smooth
structures. This restriction is not true for physical models, so that they are useful for

modeling long propagation paths in very inhomogeneous media. Physical models do,
however, have limitations.
Physical models may be constructed that model such features of the earth as small
scale heterogeneities with large acoustic impedance contrasts (that is, large differences
in the product of the density and the seismic velocity across the scattering interface), or
rough boundaries with large impedence contrasts. One limitation of physical modeling

is that there is no easy method for modeling slowly varying gradients in density or
velocity. Because of the strengths and limitations of physical modeling techniques, the

features that are studied using physical modeling must be chosen carefully. In some
cases, it is more appropriate to use numerical techniques such as the finite difference
method.
Since one of the main reasons for using physical models is to model features of
the earth, the scaling of physical models at ultrasonic frequencies (in the megahertz
band) and small dimensions (measured in meters and below) to the earth at seismic
frequencies (in the hertz band) and large dimensions (measured in kilometers and

above) is important. In perfectly elastic, non-gravitating media, the time and distance
can be scaled exactly. In order to model the anelasticity of the earth, all that is needed
are physical modeling materials with the same quality factor (that is, fractional

absorption per wavelength) as geologic materials. This requirement is generally not a
problem since both the earth (at seismic frequencies) and many physical modeling
materials such as metals and plastics (at ultrasonic frequencies) have quality factors in

the 50 to 1000 range. There is no practical method of modeling self-gravitation in

physical models. This is generally not a problem, however, since only the gravest free
oscillations of the earth are affected by self-gravitation and the study of these free
oscillations are best left to other methods.
Physical modeling has been used to study such things as
1) body wave interactions with scatterers at or just above the core-mantle
boundary in two-dimensional models [Menke, 1986],
2) the effects of very fractured lunar crust on seismic wave propagation in
two-dimensional models [Berckhemer, 1970],
3) the effects of topographic features (such as mountain ranges) and buried
features (such as salt domes) on wave propagation in three-dimensional models
[McDonald et aL, 1983],
4) the effects of topographic features (such as topographic steps) on Rayleigh
wave propagation and scattering in three-dimensional models [Bullitt and Toksoz,
1985], and
5) the effects of inhomogeneities, with dimensions of the order of a wavelength,
on the wave velocity and apparent attenuation in three- and two-dimensional models

[Dubendorif and Menke, 1986; Dubendorff and Menke, submitted].

EXPERIMENTAL DESIGN
The equipment needed for physical modeling experiments include:

1) A digital oscifioscope for recording the seismograms. The digital oscilloscope
should have a sampling rate near 100 MHz, and a sample resolution of at least 8 bits.
Signal dynamic range can be improved beyond 8 bits by stacking repeated pulses.
2) Ultrasonic transducers for generating a wave and for detecting the seismogram.
Commercial ultrasonic transducers are available that will preferentially excite

compressional, shear, or surface waves.
3) A pulse generator for driving the source transducer. The pulse generator
should produce a pulse that is several hundred volts in amplitude with a duration of
several hundred nanoseconds repeatable at a regular time interval of about 1 second.
The pulse generator should supply a syncronization pulse that can be used when

recording the signals.
4) Instrumentation voltage amplifiers for amplifying the output of the receiver

transducers by 40 to 60 dB.
The models that are used in the experiments can be either two-dimensional or
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three-dimensional solid models or three-dimensional fluid models. The materials used

in solid models, both two- and three-dimensional, include metals, plastics, glass, and
materials such as epoxy that begin as a liquid and harden to a solid. Fluid models will
not be discussed here since, as they only support compressional waves, they are not
good analogs of seismic waves.
Wave propagation in three-dimensional models most accurately represents wave
propagation in the earth since, as in the earth, three-dimensional models support
compressional waves, both polarizations of shear waves, and surface waves. This
advantage must be weighed against the relative difficulty of constructing
three-dimensional models.
Two-dimensional models consist of plates with thicknesses small compared to the

wavelengths of the ultrasonic wave. At frequencies corresponding to these large
wavelengths, the plate behaves as if it were a two-dimensional medium of propagation

and supports a quasi-compressional wave and a one component quasi-shear wave
(with polarization parallel to the plate surface). These two phases are in fact "plate
modes" that at frequencies below about 1 MHz for a plate with thickness 1.5 mm

behave similarly to a compressional and a shear wave. The quasi-compressional wave

is, however, slightly dispersive. The disadvantage of using two-dimensional models,
rather than three-dimensional models, is often overshadowed by the relative ease of
producing the two-dimensional models.
There are two general methods for coupling the transducers to the model. The
direct method, which may be used with either two- or three-dimensional models,
involves attaching the transducer directly to the model using thin oil for the coupling of
compressional waves and honey or thin sheets of polyethylene for the coupling of
shear waves. The indirect method, which is generally only used with
three-dimensional models, involves immersing the model in water with the transducers
and the model separated by a few centimeters. The advantage of the indirect coupling
method over the direct coupling method is that for the indirect coupling method the

coupling is more reproducible. Water immersion, however, eliminates the use of
shear waves, except for those produced in the model by conversion. By using various
types of calibrations the reproducibility of the direct coupling method may be improved
so that the differences in the seismograms due to changes in the coupling are less than

10% [Dubendorff and Menke, 1986; Dubendorff and Menke, submitted].
For a more complete discussion of physical modeling in seismology, see North-

wood and Anderson [1953], Oliver et al. [1954], or Menke and Dubendorff [in press].
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II. TIME-DOMAIN APPARENT-AYrENUATION OPERATORS
FOR COMPRESSIONAL AND SHEAR WAVES:
EXPERIMENT VERSUS SINGLE-S CArI'ERING THEORY
Abstract We derive time-domain apparent-attenuation operators from both laboratory
data and a single-scattering theory. The scattering medium consists of a homogeneous
elastic block containing parallel cylindrical voids, with volume fractions in the range
from 0.66% to 3.75%. The attenuation operators were computed by first measuring
(or theoretically predicting) the attenuation of spectral amplitude and then constructing

a causal seismogram using the Kramers-Kronig (KK) relation. Theory and
experiment broadly agree, with the following exceptions: theory underestimated the
overall level of attenuation, compressional wave attenuation is more poorly predicted
than shear wave attenuation, and the theoretical attenuation operators tend to be larger

in amplitude and less oscillatory than is observed. The KK attenuation operators are
compared with attenuation operators derived from a least squares deconvolution (LSD)
of the attenuated and unattenuated time series. The KK and LSD attenuation operators
are superficially very different, reflecting different limitations in the methods. The
LSD attenuation operators tend to be narrower than the KK attenuation operators and

should not be used to measure pulse width.
INTRODUCITON
Intrinsic attenuation is the reduction in amplitude of a seismic wave front as a

result of frictional absorption. Apparent attenuation is the reduction in amplitude
caused by the scattering of energy from the wave front by heterogeneities in the
medium of propagation. The mechanism for intrinsic attenuation is very different from
that for apparent attenuation. In intrinsic attenuation the energy is actually removed
from the wave field; in apparent attenuation the energy is only redistributed to later
portions of the wave field. In practice, however, since both mechanisms cause a
reduction in amplitude of the initial pulse of the seismogram, it is difficult to separate

the two effects.
We assume that total attenuation (that is, the sum of intrinsic and apparent
attenuation) can be represented by a time-domain attenuation operator, A(t,x). This
operator gives the pulse shape of an initially impulsive plane wave after it has traversed
a distance, x. Furthermore, we assume that in the frequency domain this operator has

the form
A(U),

x) cc exp[-ct(co)x] exp[-icox/c(0)J

(1)

where ct(a)) is the frequency dependent attenuation factor and c(co) is the frequency
dependent phase velocity. Equation (TI-i) is exact only when apparent attenuation is
absent. Richards and Menke [1983] have shown that (11-1) is approximately valid

when apparent attenuation is present, or even when both intrinsic and apparent
attenuation are present. In the latter case, a(o)) equals (to first order in 1/a) the sum of
the apparent and intrinsic attenuation factors. The approximation fails only when the
attenuation is very large.
Several methods have been proposed to derive the apparent-attenuation factor from
some statistical description of the medium, such as the autocorrelation function of

velocity and density fluctuations. The simplest methods rely on single-scattering
theory [see, for example, Wu, 1982]; others are more complicated and include higher

scattering interactions [see, for example, Varadan et al., 1983]. Given the relationship
between the apparent-attenuation factors and the autocorrelation function, the total
attenuation factors for compressional and shear waves can be measured, the
contributions from intrinsic attenuation can be removed, and the apparent-attenuation
factors can be inverted in order to find the autocorrelation function [Menke and

Dubendorff, 1985; Lerche and Menke, 1986]. In order to perform this inversion,
Menke and Dubendorff [1985] and Lerche and Menke [1986] assumed that (1) total
attenuation is a linear combination of intrinsic and apparent attenuation, (2) intrinsic
attenuation is mainly due to shear, and (3) there is linear scaling between the random

fluctuations of the bulk modulus, shear modulus, and density.
We present results of experiments designed to test the validity of
apparent-attenuation factors derived using a single-scattering theory. These tests
included comparisons of two types of quantities: the apparent-attenuation factors a(o))
and the time-domain operators A(t,x). These two quantities are not completely
independent because considerations of causality permit A(t,x) to be reconstructed from
a(o)) alone. But, because our measurements were made over a limited bandwidth, the
two comparisons are complementary.
In this paper, we are mainly interested in apparent attenuation. Consequently, in
the remainder of this paper, apparent attenuation will be referred to simply as
attenuation. When we refer to total or intrinsic attenuation, it will be explicitly stated.
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THEORETICAL CONSIDERATIONS
Single-Scattering Theory

We compare our data with a modified version of the single-scattering theory of

Wu [1982]. Wu assumes that no interaction occurs between scatterers and that any
energy scattered out of a cone of included energy, centered around the direction of
propagation, is lost from the wave front (Figure 11-1). The cone of included energy is
quantified by the angle 8, measured from the direction of propagation to the cone
surface.
The possibility that forward-scattered energy need not add to the measured wave

field is ignored in this approximation. Indeed, under certain conditions, the
forward-scattered energy may even destructively interfere with the measured wave
field. In addition, where multiple scattering occurs, backscattered energy may be
scattered back into the measured wave field.
Identifying the energy remaining in the propagating wave after a scattering event
as that energy included in a simple cone is a major simplification. A further

inadequacy of the theory is that an appropriate choice of 0 is not obvious. Wu uses
0=900. On the other hand, Sato [1982] has suggested 0=29°. Nevertheless, our
results show that the single-scattering approximation is useful in predicting the
apparent attenuation caused by cylindrical scatterers.

Wu [1982] has shown that in a three-dimensional fluid medium, the equivalent
quality factor Q of the apparent attenuation is, for a cone of included energy with

0=90° (only backscattered energy is considered lost),

Q' =

72

[ P(21k0) - P(2k0) I

where 1c is the mean wave number and y is the root-mean- squared relative velocity

fluctuation for the statistically isotropic and homogeneous random medium. The
normalized autocorrelation function of the medium's velocity fluctuation is assumed to

be only a function of radial lag and to have cosine transform P(k). For a cone of
included energy with an unspecified 0 (any energy scattered through an angle more
than 8 is considered lost, as we assume) the above equation for Q becomes

Q1 =

72

k0 [ P(2k0sin(012)) - P(2k)

I

From the above equation for Q, the attenuation factor for an unspecified 0 is, with
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Cone of
included
energy

Figure 11-1. Single-scattering approximation. The source emits either
compressional or shear waves that strike inhomogeneities in the media of

propagation. These inhomogeneities scatter the waves. Energy that is not
scattered into the cone of included energy is considered lost. The size of the
cone is quantified by 8, the angle from the direction of propagation to the cone
surface.
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k0=co/c0,

0)2?2
2 0Q

2 02

(2)

[P(2cosin(8/2)/c0) - P(2w/c0) 1

where c0 is the mean phase velocity. The frequencies at which the transformed
autocorrelation function are evaluated, 2cosin(8/2)/c0 and 20)/c0, correspond to
scattering angles between which energy is assumed lost from the wave field, 0 and it,
respectively.
Note that (11-2) can be inverted for an unnormalized autocorrelation function of the
velocity fluctuations by first computing its derivative

P(o/c)
dco

=

c03

sinm(0/2) x
m=O

(3)

(X(()

dci)

c

(i)'= 0)

sinm(0/2)/2

and then integrating from infinity, where the autocorrelation is zero, to 0). This
inversion method consists of differentiating (11-2), expanding it in powers of co, and
solving for the unnormalized autocorrelation function. (See Lerche and Menke [1986]

for a more complete description of the inversion method.) Therefore measurements of
the attenuation factor can, in general, be used to infer the statistics of the scattering

medium.
Apparent-attenuation factors for typical three-dimensional random media are
Q)4;
at
shown in Figure 11-2. At low frequencies, the attenuation factors all increase as
high frequencies, they vary at a rate that depends on the roughness of the medium
[Menke, 1984].
We have modified Wu's theory to more accurately predict the scattering in our
model. Although Wu [1982] chose a cone of included energy with 8=90°, allowing
only backscattered energy to be lost from the wave field, we treat 0 as an unknown
parameter and adjust it to fit our data. Our analysis also differs from that of Wu in that
he calculated the scattered energy using the Born approximation, whereas we used the
exact expressions given by Mow and Pao [1971]. Because Mow and Pao give the
energy scattered from a heterogeneity both for incident compressional and shear
waves, we were able to predict both compressional and shear apparent-attenuation
factors. Note, however, that this analysis is still fundamentally the same as Wu's,
since in both cases the attenuation is estimated using the single- scattering
approximation.
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r
apparent
attenuation

factors

Figure 11-2. Typical apparent attenuation factors. At low frequencies, the
attenuation factors for different media all have the same frequency
dependence, f At high frequencies, they differ drastically. For the smooth

medium (solid), the attenuation factor is zero at high frequencies. For the
layered medium (dashed), the attenuation factor is constant at high

frequencies. For the fractal medium (dotted), the attenuation factor increases
as f ' (O<n<1) at high frequencies.
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Relation Between Attenuation Factor and Attenuation Operator

The phase velocity c(w) of the wave is related to its attenuation factor c(co)

through causality. This relation is known as the Kramers-Kronig (KK) relation and is
given by

(a(o)]

c(coY1 = c00i + HI

(4)

where c is a reference phase velocity (the limit of c(o) as co goes to infinity) and H
is the Hilbert transform [see Aki and Richards, 1980, chapter 5]. Given the
attenuation factor and the phase velocity, the attenuation operator can be reconstructed

using (11-1). Aki and Richards show that this attenuation operator, caused by the
effect of attenuation over a propagation distance x, is equivalent to a filter with a

minimum-delay pulse-shape relative to the arrival time xJc. Application of the KK
relation to apparent attenuation has been justified (at least for randomly layered media)

using mean field theory [Banik et al., 1985].
The Hilbert transform in the KK relation involves an integral over all frequencies
so that the phase velocity at a particular frequency is related to the attenuation factor at
all frequencies. Therefore band-limited measurements of attenuation contain
information complementary to band-limited measurements of phase velocity (or pulse
shape).

EXPERIMENTAL DESIGN
The method used here is similar to that used by Menke et al. [1985]. We record
seismic waves that passed through an aluminum block (ct=6.42 km/s. 13=3.04 kn's,
p=2700 kg/rn3), both before and after heterogeneities in the form of parallel cylindrical
voids were emplaced in the block (Figure 11-3). By comparing the results before and
after the scatterers were emplaced, the effects of the source and receiver functions were
entirely removed. In addition, the effects of the material's intrinsic attenuation, with
00, were greatly reduced, so that we measured the apparent attenuation

directly. In addition to the unattenuated case (no scatterers), we considered four
attenuated cases with scatterer volume fractions ranging from 0.66% to 3.75%.
Our laboratory method measures seismograms to within a few percent in both
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Figure 11-3. The model used in the experiments. The aluminum block measures

15 x 15 x 3.8 cm. The scatterers used in the experiments consist of parallel
cylindrical voids (1.32-mm diameter), drilled within a circular region in the
center of the block. The scattering effects on transmitted compressional and
SH and SV shear waves are measured using ultrasonic transducers as sources
and receivers. Plexiglass sheets are attached to the aluminum faces to provide
a smooth, more consistent surface as well as to provide for calibrations.

amplitude and shape. This claim is supported by Figure 11-4. Figure 11-4A shows
four seismograms for transmission of a compressional wave through 2.5 cm of
homogeneous aluminum. The transducers were removed from the aluminum between
each measurement, yet the seismograms essentially overlay each other on the figure.

No averaging of any sort was done in this example, but had we performed the
ensemble averaging of the type we performed in this paper, the results would have

been even better. The spectral amplitudes of these seismograms, shown in Figure
11-4B, also compare very well. Figure 11-4C shows actual seismograms used in this
experiment The seismograms labeled A through H were measured for each of the
eight pairs of sides of the homogeneous model. The seismogram labeled I is the
ensemble average of these eight seismograms. Note that all nine seismograms are
similar. Therefore we are completely confident that our experimental technique works.
The seismic waves used included two compressional waves with different
bandwidths and SH and SV shear waves. The compressional wave sources and
receivers consisted of broadband Panametrics Mi 10 and Vi 12 piezoelectric crystal

transducers that have center frequencies of 5 and 10 MHz, respectively. The SH and
SV shear wave source and receiver consisted of broadband Panametrics V156
piezoelectric crystal transducers with a center frequency of 5 MHz and were polarized
parallel (SH) and perpendicular (SV) to the axes of the cylindrical void scatterers. The
shear waves that were polarized perpendicular to the cylindrical scatterers were labeled
as SV shear waves because these waves are coupled to the compressional waves by

the scauerers. The shear waves that were polarized parallel to the cylindrical scatterers
were labeled as SH shear waves because these waves are not coupled to the

compressional waves by the scatterers. The recordings, which are highly
reproducible, were made using a digital oscilloscope with an effective resolution of 12
bits, a sampling rate of 100 MHz, and typical lengths of 512 samples.
Plexiglass sheets were epoxied to the 16 faces of the aluminum block to provide a
more consistent surface for the transducers. In addition, the plexiglass made
calibrations of the transmitted waves possible. When the transducers were reattached
to the sample (after increasing the scatterer volume fraction or when changing sides),
the transducers were adjusted so that the amplitude of the wave reflected off the

plexiglass-aluminum interface was reproduced to within an acceptable range. This
adjustment made the amount of energy transmitted into the plexiglass, and hence into

the aluminum, much more reproducible. The compressional wave data were more
highly reproducible than the shear wave data because of greater stability in the
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Figure 11-4. Seismograms and spectra showing the reproducibility of our laboratory method.

A: Four seismograms of compressional waves after they have passed through 2.5 cm of homogeneous
aluminum. Each seismogram was taken using one pulse of the source transducer; there was no averaging done.
After each sesimogram both the source and receiver transducers were removed and reattached to the aluminum. B:

Spectral amplitudes of the four seismograms in Figure II-4A. C: A seismogram for each of the eight pairs of
opposite sides of the model shown in Figure 11-3, labeled A through H, and the ensemble average of those eight

seismograms, labeled I.
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coupling of the compressional wave transducers to the plexiglass. The absolute
amplitude of the waves was reproduced to within about 2% for the compressional
waves and about 10% for the shear waves.
Seismograms used in the analysis consisted of ensemble averages of eight
individual seismograms (that is, one individual seismogram for each of the eight pairs

of sides of the aluminum block). In order to compute the ensemble- averaged
seismograms, the individual seismograms were first slightly shifted in time, so that
their first anival times were at the same point in the seismogram. The eight individual
seismograms were then summed at each point, and the result at each point was divided

by eight, the number of seismograms. By using ensemble-averaged seismograms, the
effects of random fluctuations in the scatterer distribution were reduced; in addition,
using ensemble-averaged seismograms increased the signal-to-noise ratio.
A complication arose because of the thickness of the plate. Because the path for
the waves reflected off the top and bottom of the plate was only 3% longer than the
direct path, these reflected waves closely followed the direct wave. This effect could
have been eliminated by making the plate extremely thin, causing the direct and
reflected phases to coincide, or by making the plate extremely thick, causing the

reflected phase to arrive much later than the direct phase. Neither of these options was
practical, because making the plate extremely thin would eliminate one of the shear
wave phases (the shear wave phase polarized normal to the plane of the plate) and
making the plate extremely thick would make the model construction much more

difficult. Using the thickness that we used enabled us to observe both shear wave
phases, while keeping the model construction reasonably simple and having the phases
well enough separated so that we were able to remove any later reverberations,
including the reflected phase, by tapering the coda of the waves (Figure 11-5).
Futhermore, because we were considering the attenuated cases relative to the
unattenuated case, we believe that any other effects related to the reflected phase can be

ignored (that is, any low-frequency components of the reflected wave can be treated as
part of the source function).
Initially, several areas in the experimental design were of concern. One of these
areas of concern is that the theory assumes plane waves, while experimentally we can
only approximate plane waves. This approximation is evident from the visible
reflections off the top and bottom of the plate. One possible effect of the presence of
nonpianar wave components would be to make the scauerers appear to have a greater
diameter, lowering the theoretical estimation of the frequency at which maximum
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Direct

Reflected

Time, 0.25 ji.s

Figure 11-5. Untapered and tapered compressional wave seismograms for
transmission through the model with no scatterers.

Bold: The first arriving phase is the direct wave. The second, lower
frequency phase, is a reflection from the top and bottom of the model. Solid:
The reflected wave is removed from the seismogram by tapering.
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attenuation occurs. As will be seen, however, this effect is the reverse of what is
observed for compressional waves. Another area of concern with the experimental
design was differences in the scatterer distribution. The seismograms were ensemble
averaged to reduce the possibility of significant differences in the scatterer distribution,
especially at lower scatterer volume fractions, affecting the results. Finally, the
observed wave amplitudes were drastically reduced as the scatterer volume fraction
was increased. Because of this amplitude reduction, the signal-to-noise ratio was
significantly decreased. Although these concerns may be troublesome, they did not
significantly affect the usefulness of our test.

SEISMOGRAMS AND AUENTJATION OPERATORS

Seismograms for both compressional waves and shear waves are shown in Figure
11-6. These seismograms show the attenuation effects of random distributions of
parallel cylindrical scatterers, voids with diameter 1.32 mm, perpendicular to the
propagation direction. The wavelengths range from about 1 to 6 mm for the 5-MHz
compressional waves, from about 0.5 to 3 mm for the 10-MHz compressional waves,
and from about 0.5 to 3 mm for the 5-MHz shear waves (both polarizations).
In investigating the apparent attenuation of the waves, the initial pulses of the

ensemble-averaged seismograms, rather than their coda, are used. This is because the
initial pulses are more deterministic than the coda. Taking the ensemble average of the

individual seismograms for the eight sides reduces the coda. This reduction occurs
because the coda is due to random scattering and this scattering differs for each

individual seismogram (that is, each side). Because of this, while the initial pulse is
similar for each individual seismogram and therefore constructively interferes, the coda
is different for each individual seismogram and therefore, to some degree,

destructively interferes. In order to eliminate the coda entirely, however, the
ensemble-averaged seismogram must be tapered manually (see Figure 11-5). This
tapering also removes any spectral artifacts of truncating the seismogram while
reducing the amplitude spectra by only a few percent, at least for frequencies larger
than the reciprocal of the window length, which is to say about 1 MHz.
The amplitudes of the transmitted waves diminish rapidly as the scatterer volume

fraction is increased. For the largest volume fraction of scatterers (3.75%), the
amplitude is reduced by a factor of approximately 59 for the 5-MHz compressional

waves, 40 for the 10-MHz compressional waves, 19 for the 5-MHz SH shear waves,
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Figure 11-6. Seismograms found using the model shown in Figure 11-3 for various

scatterer volume fractions. The relative amplitudes for these seismograms are
accurate to within about 2% for compressional waves and about 10% for

shear waves. Each of these seismograms is the result of ensemble averaging
over the model's eight pairs of opposite sides. This results in a reduction in
the coda, a rise in the signal-to- noise ratio, and less of an effect due to
differences in the scatterer distribution pattern. Note that in all cases the
amplitudes reduce as the scatterer volume fraction increases. There is no
vertical exaggeration for any of the seismograms. A scatterer volume fraction
of 3.75% corresponds to 170 scatterers in the model and a scatterer
concentration of 0.02739/mm2.

Left: The 5-MHz compressional waves. Middle: The 5-MHz SH shear
waves. Right: The 5-MHz SV shear waves.
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and 39 for the 5-MHz SV shear waves.
In addition to reductions in amplitude, apparent attenuation results in phase
changes in the seismograms. The phase changes may be seen in the reduction of the
media's apparent velocity as the scatterer volume fraction is increased. Figure 11-6
shows ensemble-averaged seismograms for the unattenuated and attenuated cases, for
compressional and SH and SV shear waves. The unattenuated seismogram is both
larger in amplitude and earlier in time than any of the corresponding attenuated
seismograms. This change in apparent velocity of the media is somewhat obscured by

slight inaccuracies in measuring the travel time of the waves. The first arrival times
used to compute the apparent velocities were found using standard techniques.
After tapering the coda from the initial pulses, the spectra (Figure 11-7) show that the

attenuation is frequency dependent. Log spectral ratios for the attenuated seismogram
spectra relative to the unattenuated seismogram spectra are shown in Figure 11-8. The
bandwidths are higher than those reported by Menke et al. [1985], allowing for
comparisons of the apparent attenuation for frequencies around 5 MHz.
The 5-MHz compressional waves have a fairly broad bandwidth, ranging from

about 0.4 to 11 MHz. The observational log spectral ratios have minima,
corresponding to maxima in attenuation, at approximately 3.75 MHz. The minima for
the theoretical log spectral ratios, which occur at 1.1 MHz corresponding to a
wavelength of the order of the scatterer dimension, are narrower than those for the
observational log spectral ratios. In order for the values of the observational log
spectral ratios at their minima to correspond to those of the theoretical log spectral

ratios, the cone of included energy must have an angle 0=10° (considerably smaller

than Wu's [1982] 90° or Sato's [1982] 29°). The results for the 10-MHz
compressional waves, within their slightly narrower bandwidth, are similar to those
for the 5 MHz compressional waves.
For the 5-MHz SH shear waves, the bandwidth is narrower than for either of the
compressional waves, ranging from about 0.4 to 8 MHz. The observational, as well
as the theoretical, log spectral ratios have broad minima, corresponding to broad
maxima in attenuation. Within the measured bandwidth, the observational log spectral
ratios compare well with the theoretical log spectral ratios, especially at the 3.75%
scatterer volume fraction. In order for the values of the observational log spectral
ratios at their minima to correspond to those of the theoretical log spectral ratios, the

cone of included energy must have an angle 0=6°.
For the 5-MHz SV shear waves, the bandwidth is somewhat narrower than for the
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and 3.75%). The observed log spectral
ratios have been extrapolated outside the
observed bandwidths, shown in bold.
The extrapolated observed log spectral
ratios are used in calculating the
attenuation operators. The theoretical log
spectral ratios are computed using angles
of included energy (see text) of 100, 6°,
and 15° for the compressional, SH, and
SV shear waves, respectively.
Top: The 5-MHz compressional
waves. Middle: The 5-MHz SH shear
waves. Bottom: The 5-MHz SV shear
waves.
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SV shear waves, averaging from about 0.4 to 7 MHz. Both the observational and the
theoretical log spectral ratios have minima at approximately 4 MHz. Within the
bandwidth available, the observational and theoretical log spectral ratios compare
reasonably well. In order for the values of the observational log spectral ratios at their
minima to correspond to those of the theoretical log spectral ratios, the cone of

included energy must have an angle 0=15°.
Because there is significant misfit between theory and observation, we cannot with
certainty attribute the different values of 0 to different physical processes occurring

between the wave types. It would be possible to find a compromise 0 that fit all three
wave types reasonably well. On the other hand, the observed range of 0 is
significantly smaller than the values used by other authors [eg., Wu, 1982; Sato,
1982].

TIME DOMAIN OPERATORS AND RECONSTRUCTED SEISMOGRAMS

We have constructed the attenuation operators using two different methods, by
applying the KK relation (11-4) to the log spectral ratios of Figure 11-8 and by applying

least squares deconvolution to the measured seismograms of Figure 11-6.
The KK attenuation operators require estimates of the log spectral ratios at all

frequencies, in contrast to our limited-bandwidth observations. Causality requires
attenuation to approach zero at zero frequency; therefore we extrapolated our data to
zero at zero frequency. In order to be able to construct attenuation operators over a
similar bandwidth for the observational and theoretical attenuation factors, we
extrapolated the observational attenuation factors at high frequencies to the same

constant asymptote as the corresponding theoretical attenuation factors. This
extrapolation outside of the measured bandwidth is the advantage of the KK method.
Using additional constraints, that is causality, we are able to extrapolate to frequencies

below our measured bandwidth. Also, we are able to extrapolate to frequencies above
our bandwidth, making it easier to compare the observational and theoretical results.
The disadvantage is that the extrapolation only adds information to the amplitude
spectra, not to the phase spectra. This addition of information into the amplitude
spectra but not into the phase spectra could be a cause of decreased accuracy in the
reconstruction of the attenuation operators.
Using the extrapolated attenuation factors, we can compute the frequency domain

attenuation operator, A(o,x), using (11-1). In order to avoid aliasing, we taper A(co,x)

with a gaussian before using a fast Fourier transform to invert to the time-domain
operator, A(t,x). We note that this operation will tend to suppress some of the
high-frequency components of the KK attenuation operators. However, this effect is
important only at frequencies greater than 20 MHz, much higher than the maximum

frequency we are considering.
The least squares deconvolution (LSD) attenuation operators are found by
deconvolving the unauenuated seismogram from each of the attenuated seismograms
using standard least squares techniques. This method is of the form: Given the
unattenuated seismogram, S0. and the attenuated seismogram, S1, fmd the attenuation
operator, A, such that S0(t) * A(t) = S1(t). This method is similar to predictive
deconvolution with a filter designed to produce a spike. That type of predictive

deconvolution is of the form: Given the unattenuated seismogram, S0, find the
attenuation operator, A, such that S0(t) * A(t) =
Because in the former method the attenuation operator never amplifies any spectral

holes in S0, the former method is much more stable than the latter method. The least
squares algorithm used to solve both of these methods is, however, basically the
same. Our least squares deconvolution method cannot recover components of the
attenuation operators corresponding to frequencies outside the measured band, so we
arbitrarily suppress these features by requiring that IIA(x,t)112 be a minimum. The 1<1K
and LSD attenuation operators therefore tend to look quite different, as the LSD
operators are deficient in low frequencies.
The 5-MHz compressional wave attenuation operators are shown in Figure 11-9.

The observational KK and LSD operators look very much alike, except for a

prominent low- frequency component in the observational KK operator. The less
prominent contribution at very low frequencies, for the LSD method, is due to the
suppression of these frequencies by this method. The theoretical KK operators are
less ringy and are larger in amplitude than the observational KK operators. This is
because the minima of the theoretical log spectral ratios are narrower and at a lower
frequency than those for the observational log spectral ratios. As the scatterer volume
fraction increases, the impulsive pulses of all attenuation operators quickly lose
amplitude, while the low-frequency pulses of both KK operators retain most of their

amplitude. This results in a large increase in the ratio of the impulsive to
low-frequency pulse amplitudes.
Seismograms may be constructed by convolving the unattenuated seismogram (no
scatterers) with appropriate attenuation operators. Figure 11-10 shows the 5-MHz
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Figure 11-9. The 5-MHz compressional wave attenuation operators for two

scatterer volume fractions, 1.77% (left) and 3.75% (right). The attenuation
operators with a scatterer volume fraction of 3.7 5% are vertically exaggerated
by a factor of 4 relative to the attenuation operators with a scatterer volume
fraction of 1.77%.
Top: Attenuation operators calculated using the Kramers-Kronig relation
on the observational log spectral ratios. Middle: Attenuation operators
calculated using the Kramers-Kronig relation on the theoretical log spectral
ratios. Bottom: Attenuation operators calculated using least squares
deconvolution on the observed seismograms.
The experimental and theoretical KK operators are grossly similar, but the

theoretical operators tend to be too nanow and ringy. The LSD operators lack
the low frequencies present in the KK operators.
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two scatterer volume fractions, 1.77% (left) and
3.75% (right). The seismograms with a scatterer
volume fraction of 3.75% are vertically exaggerated by
a factor of 7.5 relative to the seismograms with a
scatterer volume fraction of 1.77%.
First row: Scattered seismograms from Figure
11-6 that have been measured, ensemble averaged, and
tapered. Second and third rows: Seismograms that
have been reconstructed by convolving the tapered
unattenuated seismograms from Figure 11-6 with the
attenuation operators from Figure 11-9 that were
computed using the Kramers-Kronig relation on the
observational (second row) and theoretical (third row)
log spectral ratios. Fourth row: Seismograms that
have been reconstructed by convolving the tapered
unattenuated seismograms from Figure 11-5 with the
attenuation operators from Figure 11-8 that were
computed using least squares deconvolution.
Note that the observational operators correctly
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compressional wave seismograms for the scatterer volume fractions 1.77% and
3.75%. The seismograms shown include the observed seismograms and those
reconstructed from the observational and theoretical KK attenuation operators and the
LSD attenuation operators. Analysis of these seismograms results in comparisons of
the characteristics and amount of apparent attenuation for the observational and
theoretical cases. In addition, this analysis gives an idea of the relative merits of these
two methods of calculating attenuation operators, the KK and LSD methods.
Figure 11-11 shows the spectra of the four compressional wave seismograms for a

scatterer volume fraction of 1.77%. Note that the observational KK spectra are similar
to the spectra of the data at low frequencies (less than 2 MHz) and fall off to about
40% of the spectral amplitude of the data at high frequencies. The LSD spectra are
proportional to the spectra of the data (about 75%) at frequencies less than 6 MHz and
also fall off to about 40% of the spectral amplitude of the data at high frequencies. The

damping used in this method, in addition to suppressing the attenuation operators
outside the measured bandwidth, also somewhat suppresses the amplitude within the
measured bandwidth. The theoretical KK spectra are less similar to the data than either

the observational KK or the LSD spectra. This is especially true around 5 MHz,
where the theoretical KK spectral amplitude is considerably greater than that of the
measured seismogram. This is true because the theoretical log spectral ratios are
significantly smaller (in absolute value) than the observational log spectral ratios at

frequencies near 5 MHz. This poor fit of the theoretical KK spectra to the spectra of
the data implies that the theory is deficient in some way. A likely deficiency is the use
of single rather than multiple scattering.
In comparing the experimental and theoretical results, it is best to compare the

seismograms derived from the KK method for the experimental and theoretical log

spectral ratios. In this way the true differences between the experimental and
theoretical results, rather than differences due to the method, are observed. The
theoretically derived seismograms show more very low and medium frequency

contributions than the corresponding experimentally derived seismograms. These
different frequency contributions show that the differences in the observational and
theoretical log spectral ratios are noticeable. In spite of these differences, the
single-scattering theory appears to predict the apparent attenuation sufficiently well.
The results for the 10-MHz compressional wave are similar to those for the 5-MHz

compressional waves.
In comparing the two methods, it is obvious that the observational KK and the
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Figure 11-11. Spectral amplitudes of the 5-MHz compressional wave seismograms

(Figure 11-10) for a scatterer volume fraction of 1.77%. The solid lines (top
and bottom) correspond to spectra of the observed seismograms.
Top: The small dashed line corresponds to spectra of the seismogram
reconstructed by convolving the unattenuated seismogram with the

observational KK attenuation operator. The large dashed line corresponds to
spectra of the seismogram reconstructed by convolving the unattenuated
seismogram with the attenuation operators calculated using least squares

deconvolution. Bottom: The dashed line corresponds to spectra of the
seismogram reconstructed by convolving the unattenuated seismogram with
the theoretical KK attenuation operator.
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LSD attenuation operators both do a reasonable job of reconstructing the measured
seismograms. Note that the low frequencies are reconstructed about as well for the

observational KK and LSD methods. This is somewhat surprising in that the
attenuation operators are so different at low frequencies. The reason for the
insensitivity of the seismogram reconstruction to low frequencies is that the

unattenuated seismogram, which is convolved with the attenuation operators to find
the reconstructed seismograms, has little bandwidth at these very low frequencies.
This means that either of the low-frequency contributions, that of the observational

KK or LSD attenuation operators, is equally able to reproduce the correct seismogram.
While the best representation of the pulse shape is somewhere between the two
attenuation operators, it is reasonable to believe that the KK attenuation operators are a
better representation of the low-frequency pulse shape.
At lower scatterer volume fractions, the three derived seismograms are almost
identical to the observed seismogram; there are only slight differences in the amplitude

and frequency content. As the scatterer concentration increases, however, these
amplitude and frequency differences in the initial pulse between the three derived
seismograms and the observed seismogram become more pronounced. The
low-frequency differences are especially evident in the theoretical KK seismograms.
The SH (Figure 11-12) and SV (Figure 11-13) shear wave attenuation operator widths
agree more closely than those for the compressional waves. For the SH waves, the
theoretical KK attenuation operators are less oscillatory and larger in amplitude than
the observational KK attenuation operators. For the SY waves, which have the best fit
between the theoretical and observational attenuation factors, the main difference

between the theoretical and observational operators is the low-frequency component.
The LSD attenuation operators are, however, still somewhat narrower than either of

the KK attenuation operators. The amplitudes of the LSD attenuation operators are
uniformly smaller than those of either of the KK attenuation operators.

CONCLUSIONS
Our research shows that a modified version of the single-scattering theory of Wu
is useful in describing the scattering of compressional and shear waves in media with

scatterer volume fractions of a few percent. Several discrepancies, however, were
found between the theoretical predictions and the observed results. Maximum
attenuation for the compressional waves occurred at a higher and broader range of
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Figure 11-12. The 5-MHz SH shear wave attenuation operators for two scatterer
volume fractions, 1.77% (left) and 3.75% (right). The attenuation operators
with a scatterer volume fraction of 3.75% are vertically exaggerated by a
factor of 3 relative to the attenuation operators with a scatterer volume fraction

of 1.77%.
Top: Attenuation operators calculated using the Kramers-Kronig relation
on the observational log spectral ratios. Middle: Attenuation operators
calculated using the Kramers-Kronig relation on the theoretical log spectral

ratios. Bottom: Attenuation operators calculated using least squares
deconvolution on the observed seismograms.
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Figure 11-13. The 5-MHz SV shear wave attenuation operators for two scatterer
volume fractions, 1.77% (left) and 3.75% (right). The attenuation operators
with a scatterer volume fraction of 3.75% are vertically exaggerated by a
factor of 5 relative to the attenuation operators with a scatterer volume fraction

of 1.77%.
Top: Attenuation operators calculated using the Kramers-Kronig relation
on the observational log spectral ratios. Middle: Attenuation operators
calculated using the Kramers-Kronig relation on the theoretical log spectral
ratios. Bottom: Attenuation operators calculated using least squares
deconvolution on the observed seismograms.

frequencies than theory predicts. The total attenuation is not well predicted
theoretically for either compressional waves or shear waves, unless the size of the
cone of included energy is adjusted (by changing 9) differently for each wave type
(Table 11-1). Our measurements gave 8 in the range from 6 to 15°, which was
TABLE 11-1. Values of the angle, 0.
Reference

9, °

Wu[1982]

90

Sato [1982]
This study, compressional wave
This study, SH shear wave
This study, SV shear wave

29
10
6
15

Energy scattered outside of the cone of included energy,
defined by 9, is assumed by the single-scattering
approximation to be lost from the wavefield. Note that the
values of 9 for this study are significantly less than for the
other studies.

considerably smaller than either the value of 90° used by Wu [1982] or 29° used by
Sato [1982]. This observation emphasizes that 9, which is introduced into the theory in

an arbitrary way, cannot be chosen in a unique way. When the KK relation for
causality is used to compute attenuation operators, the theoretically derived attenuation
operators tend to be larger in amplitude and less oscillatory than the observationally
derived attenuation operators.
Although the single-scattering theory somewhat underestimates the apparent
attenuation of the scattering, it is at least a reasonable predictor of apparent attenuation

for cylindrical scatterers. The underestimation of apparent attenuation is especially true
as the scatterer volume fraction increases. Because increasing scatterer volume fraction
coincides with increasing possibility of multiple scattering, at least some form of
multiple scattering appears to be necessary to increase the accuracy of the theoretical
predictions. We are pursuing research that will further determine the conditions for

which the single-scattering theory, with the assumption of a simple cone of included
energy, is adequate. In addition we are pursuing research that will test the results of
multiple-scattering theories.
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ifi. PHYSICAL MODELING OBSERVATIONS OF WAVE
VELOCiTY AND APPARENT ATI'ENUATION IN
ISOTROPIC AND ANTS OTROPIC TWO-PHASE MEDIA
Abstract. We study wave propagation through isotropic and anisotropic scatterer
distributions in order to observe azimuthal variations in velocity and apparent
attenuation. Using thin aluminum plates as physical models, we obtained
seismograms for compressional and shear wave propagation through heterogeneous

media. Three random distributions of scatterers are studied: circular scatterers in
isotropic distributions (modeling circular scatterers), elongated scatterers in isotropic
distributions (modeling randomly oriented effiptical scatterers), and elongated

scatterers in anisotropic distributions (modeling aligned elliptical scatterers). All
scatterers had approximately the same cross-sectional area and were filled with epoxy

in order to reduce the impedance contrast. in addition to seismograms recorded for no
scatterers, seismograms were recorded for several scatterer volume fractions.
Azimuths were measured relative to the long axis of the aligned elongated scatterers.
Velocities were calculated using travel times and phase shifts at low frequencies. The
velocities measured from the data were compared to simple low-frequency
average-velocity theories based on thin lamellae or on distributions of penny-shaped

cracks. The apparent attenuation for different scatterer distributions was computed
using spectral ratios.
Comparisons of the results for circular and randomly oriented elongated scatterers
were made to determine the effects of scatterer shape. As expected, the circular and
randomly oriented elongated scatterers showed no systematic azimuthal variation in

velocity. The velocity anomalies were systematically larger for the randomly oriented
elongated scatterers than for the circular scatterers. Both methods of theoretical
estimation for the isotropic velocities produced velocities significantly larger than those
measured. The spectral ratios showed more apparent attenuation for the randomly
oriented elongated scatterers than for the circular scatterers.

Comparisons of the results for the randomly oriented and aligned elongated
scatterers were made to determine the effects of anisotropy in the scatterer distribution.
Compressional waves for the aligned elongated scatterers with wave propagation
parallel to the scatterers had larger velocities than for the aligned elongated scatterers

with wave propagation perpendicular to the scatterers for all velocity calculations.
Shear wave velocities were complicated by an anomalous phase change in the shear
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wave seismograms for azimuths less than 400 and were not as conclusive. The general
trend of the theoretical velocities is similar to the velocities calculated from the data.
There are, however, what appear to be significant differences. The spectral ratios
showed more apparent attenuation for the randomly oriented elongated scatterers than
for the aligned elongated scatterers with wave propagation parallel to the scatterers,
and less attenuation than for the aligned elongated scatterers with wave propagation
perpendicular to the scatterers.

INTRODUCTION
Physical modeling is a useful method for studying seismic phenomena [Oliver et

al., 1954]. Examples of processes and features studied using physical modeling have

included: body wave scattering due to topography [e.g. Menke, 1986] or inclusions
[e.g. Dubendorff and Menke, 1986; Menke et al., 1985], surface wave scattering due
to topography [e.g. Bullitt and Toksoz, 1985], and buried features in the earth such as
salt domes, oil traps, and faulted strata [e.g. McDonald et al., 1983]. In our present
work we use aluminum plates as physical models to study isotropic and anisotropic
scatterer distributions and the resulting changes in velocity and apparent attenuation.
Scattering time-delays a waveform and alters its shape. By observing the changes
in the seismograms measured in physical models we hope to better understand the
scattering processes that lead to changes in velocity and apparent attenuation. Both
theoretical and experimental work has previously been done concerning scattering and

the resulting time shift [for previous theoretical work see for example Hudson, 1981;
Crampin, 1977; O'Connell and Budiansky, 1974; Backus, 1962, 1965; for previous

experimental work see for example Dubendorff and Menke, 1986; Pumell, 1986]. We
compare the theoretical results to velocity changes calculated for our data using first
arrivals and low frequency phase shifts. The velocity changes as measured by first
arrivals use the very earliest part of the waveform and a wide range of frequencies. By
relating the changes in the shape of the waveform to the velocity changes, it is possible
to use much more of the seismogram and hence to get additional information. In order
to use this additional information, we calculate the velocity changes due to the time

shift as measured by phase changes at low frequencies, frequencies corresponding to
wavelengths smaller than the scatterer dimension. This phase change is one way in

which the seismogram's shape is changed by scattering.
Another way that the seismogram's shape is changed by scattering is by
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frequency-dependent apparent attenuation of the seismograms. Apparent attenuation is
the decrease in energy of a wavefront due to scattering. It is known as apparent
attenuation because the energy is not truly removed from the wavefield; it is actually
shifted to later times in the seismogram. This apparent removal of energy is in contrast
to intrinsic attenuation where the energy is actually removed from the wavefield by
friction. It has been shown that apparent attenuation can be used to quantify physical

features of the scatterers [e.g. Lerche and Petroy, in press; Dubendorff and Menke,
1986; Menke and Dubendorff, 1985; Wu, 1982]. This paper deals with changes in the
original waveform; it does not deal with coda because complete coda are difficult to

obtain in physical models. This lack of complete coda in physical models is due to the
short time between reverberations in the model.
The amount of scattering, and hence the changes in velocity and apparent
attenuation, is dependent on the wavelength of the waves relative to the size of the

scatterers. We studied scattering and its resulting changes in velocity and apparent
attenuation for frequencies corresponding to wavelengths spanning the scatterer
dimensions. We paid particular attention to wavelengths on the order of the scatterer
dimension because analytical solutions for the changes in velocity and apparent
attenuation due to scattering are very difficult to calculate for frequencies

corresponding to these wavelengths [Wu, 1986].
Isotropic scattering, where the scattering is not dependent on the direction of wave
propagation, and anisotropic scattering, where it is dependent on the direction, have
both been observed in the earth. Seismic velocity anisoiropy in the oceanic crust has
been observed through azimuthal variations in travel times [Shearer and Orcutt, 1985;

Stephen, 1985] and by shear wave splitting [Stephen, 1985; Stephen, 1981; Crampin,
1978]. This anisotropy has been attributed to anistropic scattering caused by
preferentially aligned fractures in the crust that formed at mid-ocean ridges [Stephen,
1981]. The fracturing seems to be aligned normal to the original spreading direction.
Techniques for measuring the isotropic and anisotropic fractures in rocks would

be useful for many practical reasons. Large amounts of isotropic scattering may be
due to high porosity or large impedence differences. Large amounts of anisotropic
scattering may be due to layering or to a preferential direction of fracturing. In the case
of isotropic or anisotropic scattering in sedimentary structures, this ability could

improve the location and optimal utilization of petroleum reservoirs. In the case of the
anisotropic fracturing of the oceanic crust, this ability could better constrain the

tectonic forces that act upon the crust. In geothermal exploration, the ability to better

constrain the porosity and anisotropy of the fractures could improve the efficiency of
extracting energy from the geothermal region. An additional use for this ability would

be in the siting of toxic and nuclear waste dumps. For both types of dump sites, an
area without large amounts of anisotropic scattering would be desired since anisotropic
scattering implies the possibility of greater flow of material because of layering or

aligned fracturing.
In this experiment we studied both isotropic and anisotropic scatterering in order
to better understand both processes. In our data we observed both isotropic and
anisotropic changes in velocity and apparent attenuation.

EXPERIMENTAL DESIGN
Wave propagation in thin plates can be used to model two-dimensional
propagation [Menke and Dubendorff, in press; Oliver et al., 1954]. At frequencies

corresponding to wavelengths much larger than the plate thicknesses used in this
experiment (1.59 mm), what appears to be compressional and shear waves are in fact

plate modes. There are many plate modes, of which only analogs of the
compressional wave and one shear wave component exist at the frequencies used in
this experiment. The other modes only exist at higher frequencies.
The compressional wave analog in plates is dispersive. This dispersion, which is
dependent on the thickness of the plate relative to the wavelength of the wave, is
relatively small for the frequencies used in this experiment. Other higher modes to the

compressional wave analog only exist for frequencies above 1 MHz. The transducers
used in this experiment do, however, produce a slight amount of energy above this

frequency. This high frequency energy results in a very low amplitude, high
frequency oscillation. This oscillation is above the frequencies used in the data
analysis of this paper and can therefore be ignored.
The shear wave analog is nondispersive and is analogous to the shear wave
component with motion parallel to the plate surface. The higher modes to this shear
wave analog only exist at frequencies higher than about 5 MHz for the plates in this
experiment and can be totally ignored. Analogs of the other component of shear
waves with their motion perpendicular to the plate surface, which are the higher modes
to the compressional wave analog, do not exist at the frequencies used in this

experiment.
In summary, at the frequencies (0.1 to 1 MHz) and wavelengths (about 5 to 50
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mm for compressional waves and 3 to 30 mm for shear waves) used in this
experiment, there is a dispersive compressional wave analog and a one component,
nondispersive shear waves analog. For surfaces perpendicular to the plate surface,
such as those of the scatterers used in this experiment, the two wave types are
coupled. Therefore in the rest of this paper, the compressional wave analog and the
shear wave analog will be simply refered to as the compressional wave and the shear
wave.
The physical models used in this experiment were constructed from 1.5 mm thick
aluminum plates (Figure ifi- 1). Circular plates (1500 mm in diameter) were used in
order to facilitate the measurement of seismograms at different azimuths. The
seismograms were produced by a piezoelectric transducer on one side of the circular
plate and measured by an identical piezoelecthc transducer at an azimuthal distance of

180° (ie. on the directly opposite side of the circular plate). The transducers were
attached to the edge of the aluminum plate and were coupled by light oil for the
compressional waves and by thin sheets of polyethylene for the shear waves. After a
seismogram was recorded both transducers were moved 10° in azimuth and an
additional measurement was taken. Ten azimuths were measured, from 0° to 90°.
The scatterers consist of holes cut in the aluminum and filled with epoxy (Table
rn-i).

Epoxy was used in order to decrease the impedence contrast across the

TABLE ffl-1. Seismic velocities (plate mode) and densities.
Material

Aluminum
Epoxy

Seismic velocities (x103 mis)
Shear waves
Compressional waves
5.47
2.34

3.13
1.47

Density (x103 kg/m3)
2.7

1.8

scatterer boundries. The effect of the epoxy on the seismograms was observable when
compared to seismograms taken with void scatterers.
Three scatterer distribution classes are used to model circular inclusions, randomly

oriented fractures, and aligned fractures. The circular and aligned elongated scatterers
are cross sections of a penny-shaped crack for planes parallel and perpendicular to the
plane of the crack, respectively (see Figure 111-2). Theoretical work has been done to
model the effects of penny-shaped cracks on velocity and apparent attenuation [e.g.

Hudson, 1981; O'Connell and Budiansky, 1974]. By using three types of scatterer
distributions it is possible to compare the shape of the scatterers themselves as well as
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Figure ifi- 1. A map view of a model used in the experiments, consisting of a
circular aluminum plate of radius 0.75 m with thickness 1.5 mm. Scatterers
were emplaced within a circle of radius 0.4 m centered in the plate.

Inset. A map view of the scatterers used in the experiments. Top:
Circular scatterer with radius 6.4 mm. Bottom: Elongated scatterer with
dimensions 3.2 mm by 10.6 mm.
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Figure 111-2. Relation of circular and aligned elongated scatterers in this

experiment to the cross section of a penny-shaped crack.
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anisotropy in their distributions. Three plates were used, each with a different
scatterer type. Equidimensional scatterers in an isotropic distribution (modeling
circular inclusions) consisted of circles cut in the aluminum. The circles were
machined using a high speed drill and had a diameter of 6.4 mm (Figure 111-1, inset).

Elongated scanerers in an isotropic distribution (modeling randomly oriented fractures)

consisted of slots with random orientations. Elongated scatterers in an anisotropic
distribution (modeling aligned fractures) consisted of slots aligned in the same
direction. The slots were machined using a router and were 3.2 by 10.6 mm with
rounded ends (Figure ffl-1, inset). For the aligned elongated scatterers the azimuths
were measured relative to the long axis of the slots. The same realization of a random
distribution of scatterers was used for the three scatterer types; only the scatterer shape

and orientation were varied. The realization was generated numerically from a
distribution constrained to have roughly the same number of scatterers along each
azimuth.
The relative mean free paths of the scatterers are shown in Figure ffl-3. To a first
approximation, a larger mean free path implies a smaller effect on velocity and

attenuation. Note that the mean free path for the circular and random elongated
scatterers have a single value for all azimuths while the mean free path for the aligned

elongated scauerers varies with azimuth. The aligned elongated scatterers at an
azimuth of 0° should have the least effect on the velocity and attenuation and the
aligned elongated scatterers at an azimuth of 90° should have the largest effect. The
effects on the velocity and attenuation due to the circular scatterers should be less than

those for the random elongated scatterers.
Seismograms were recorded with no scauerers for all three scatterer types.
Seismograms were also recorded for two scatterer volume fractions for the circular
scatterers and for four scatterer volume fractions for the randomly oriented and aligned
elongated scatterers. The scatterer volume fractions are shown in Table 111-2.
TABLE 111-2. Scatterer volume fractions.

Relative number of scatterers
0

3
5
7
10

Scatterer volume fraction
0.

0.0068
0.0113
0.0157
0.0224
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Figure 111-3. Relative mean free path of scatterers versus azimuth. Mean free
paths were normalized to the mean free path for aligned scatterers at an

azimuth of 0°.
Bold: Circular scatterers. Solid: Randomly oriented elongated scatterers.
Dashed: Aligned elongated scauerers.

The seismograms were recorded on a digital oscilloscope with an effective

resolution of about 12 bits. Each seismogram recorded was the mean of 1024 pulses
of the transducer. This averaging was done in order to increase the signal-to-noise
ratio and was particularly important at high scatterer volume fractions. We have
concluded that in this experiment the seismogram reproducibility for each transducer

location is within 10% for both compressional and shear waves.
One undesirable effect of the experimental design is a geometrical focusing of
seismic waves that becomes very important at low frequencies. At low frequencies the
central, heterogeneous portion of the plate has a bulk velocity slightly less than the

surrounding aluminum, and thus acts as a convex lens. Using simple geometrical ray
theory it is possible to estimate the amplification due to this focusing to be as much as
4%. The focusing also changes the path lengths of waves traversing the model,
slightly biasing the velocity measurements. Fortunately, this effect is of second order
and can be ignored.
THEORETICAL CONSIDERATIONS
Bulk velocities at low frequencies.
When the seismic wavelength is much larger than the size of the scatterers, the
waves act as if the material is homogeneous, with material properties that are some
type of spatial average of the velocities of the heterogeneous medium. Several

appproaches have been used to estimate this bulk velocity. The simplest (and least
accurate) is to average the reciprocal velocity (ie., the slowness), weighted by the

volume of material with a given slowness. This method does not take into account
either the shape of the scatterers or any anisotropy in their distribution.
Corrections for the shape of the scatterer have been made by O'Connell and
Budiansky [1974], who have analyzed circular and elliptical inclusions. Their analysis
is based on a self-consistent approximation for an isotropic distribution of flat cracks
from the energy of a single crack and are applicable to dense distributions of cracks.

The anisotropic distribution has been analyzed in several different ways. Backus
[1962, 1965] studied media consisting of thin, plane lamellae (which we view as the
limiting case of very elongated inclusions), and demonstrated that they approximated a

homogeneous, anisotropic solid in the low-frequency limit. Hudson [1981] achieved
a similar result for thin circular cracks by considering the effect of stress
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concentrations around the crack in the static limit.
Analytic formulas for the bulk velocity for each of these approximations are given

in Appendix A. These formulas are of interest because they provide a means of
learning something about the scatterer distribution from measurements of velocity.

Many theoretical studies have delineated a relationship between the scatterer

distribution and the apparent attenuation of seismic waves [Lerche and Petroy, in
press; Malin and Phinney, 1985; Sato, 1984; Varadan et al., 1983; Sato, 1982; Wu,

1982; Hudson, 19811. These works show that a frequency-dependent attenuation
factor can, in principle, be derived directly from the wavenumber spectrum of the
velocity heterogeneity. Since we have previously examined the accuracy of these
theories to predict the apparent attenuation for isotropic scatterer distributions
[Dubendorff and Menke, 1986], we will not further examine this question here.

Instead, we will concentrate on the effect of anistropic distributions.
There are several basic techniques for calculating an analytical solution to the
apparent attenuation due to scattering. One technique is to calculate the scattering due
to one scatterer and then entend the results to a distribution of scatterers [Sato, 1984;
Wu, 1982]. Another technique involves calculating the scattering from a distribution
of scatterers statistically [Lerche and Petroy, in press; Varadan et aL, 1983; Sato,

1982; Hudson, 1981].
Wu [1982] calculated the scattering from each scatterer using the Born
approximation. One problem with the Born approximation is that it does not conserve
energy. Because of this, it is not accurate at high scatterer volume fractions. Mow
and Pao [1971] derived exact analytical expressions for the energy scattered from

various cylindrical heterogeneities. In order to implement the results for a single
scatterer, however, a method for treating more than one scatterer is needed. Wu
[1982] used a single scattering theory that assumed no interaction between scatterers.
We previously showed that while single scattering theory is useful in estimating
apparent attenuation, multiple scattering needs to be accounted for in order to more
accurately estimate apparent attenuation, especially at higher scatterer volume fractions

[Dubendorff and Menke, 1986].
Hudson [1981] calculates formulas for anisotropic apparent attenuation by taking a
first-order correction to the elastic constants for the mean displacement field in

fractured media. Sato [1982] calculates formula for anisotropic apparent attenuation
using mean wave formulism with a correction for travel-time fluctuations. The
formulation of Varadan et al. [1983], based on the T-matrix method, uses the
dispersion equation to describe the propagation of coherent waves and from that the
anisotropic apparent attenuation. This method is derived using the self-consistent
approximation so that it is appropriate for large scatterer volume fractions where

multiple scattering needs to be taken into account. Lerche and Petroy [in press]
calculate formulas for anisoiropic apparent attenuation using mean field

renomialization in which the anisotropic apparent attenuation is due to phase
incoherence of the seismic waves caused by multiple scattering.

MODELING RESULTS

Figure ffl-4 shows compressional and shear wave seismograms for a
homogeneous plate. Note the ringing in the compressional wave seismograms due to
their dispersion. Any differences in travel times for these seismograms are due to
differences in path length, not differences in velocities. Compressional and shear
wave seismograms for the media with circular scatterers with a scatterer volume
fraction of 0.0113 are shown in Figure 111-5. While there are differences between the
seismograms for different azimuths, these differences are relatively small and are not
systematic. They are probably the result of random fluctuations in the scatterer
distribution and different coupling between the model and the transducers. Figure
111-6 shows compressional and shear wave seismograms for the media with randomly
oriented elongated scatterers with a scatterer volume fraction of 0.0113. Again the

relatively small differences with respect to azimuth are not systematic. Compressional
and shear wave seismograms are shown in Figure 111-7 for the media with aligned

elongated scatterers with scatterer volume fractions of 0.0068, 0.0113, 0.0 157, and
0.0224. While there are slight differences between the compressional wave
seismograms before scatterers are emplaced (Figure ffl-4), these differences are
greatly overshadowed by systematic differences with respect to azimuth in the
seismograms after emplacement of scatterers (Figure 111-7). For the compressional
wave seismograms through the medium with aligned elongated scatterers, the

amplitudes systematically decrease as the azimuth increases. The large low frequency
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Figure 111-4. Seismograms for a homogeneous plate (the plate used for the aligned
elongated scatterers) for all 10 azimuths.

Left: Compressional wave seismograms. Right: Shear wave
seismograms.
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Figure 111-5. Seismograms for circular scatterers with a scatterer volume fraction

of 0.0113. Vertical exaggeration, relative to the seismogram with no
scatterers at an azimuth of 0°, is 7.18 for the compressional waves and 2.53
for the shear waves.

Left: Compressional wave seismograms. Right: Shear wave
seismograms.
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Figure 111-6. Seismograms for randomly oriented elongated scatterers with a

scatterer volume fraction of 0.0113. Vertical exaggeration, relative to the

seismogram with no scatterers at an azimuth of 0°, is 7.48 for the

compressional waves and 1.76 for the shear waves. The compressional wave
seismogram for azimuth 60° was anomalous at all scatterer volume fractions,
possibly due to a problem with the transducer coupling surface.

Left: Compressional wave seismograms. Right: Shear wave
seismograms.

50

Figure ffl-7. Seismograms for aligned elongated scatterers for all scatterer volume
fractions. Vertical exaggerations, relative to the seismogram with no

scatterers at an azimuth of 0°, are 1.36 (A), 4.40 (B), 6.69 (C), and 10.33
(D) for the compressional waves and 2.15 (A), 2.16 (B), 2.52 (C), and 3.47
(D) for the shear waves. The vertical exaggerations for the shear waves did
not increase as rapidly as those for the compressional waves because of the
lower attenuation of the low frequency amplitude for the shear waves.

A: Scatterer volume fraction of 0.0068. B: Scatterer volume fraction of
0.0113. C: Scatterer volume fraction of 0.0 157. D: Scatterer volume
fraction of 0.0224.
Left: Compressional wave seismograms. Right: Shear wave
seismograms.
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amplitude in the shear wave seismograms makes it difficult to compare the changes in

amplitude for frequencies above 0.3 MHz.
Compressional and shear wave seismograms in the media with circular and
randomly oriented elongated scatterers are compared to compressional and shear wave
seismograms in the medium with aligned elongated scatterers parallel and

perpendicular to the wave propagation (Figure ffl-8). Note that for the same scatterer
volume fraction the amplitudes of the compressional wave seismograms generally
decrease the least for the aligned elongated scatterers at an azimuth of 0°, more for the
circular scatterers, still more for the randomly oriented elongated scatterers, and the
most for the aligned elongated scatterers at an azimuth of 90°.

Anomalous shear wave phase change
There is an anomalous phase change in the shear wave seismograms for the
medium with aligned elongated scatterers for azimuths less than about 40°.
Seismograms with this phase change are shown in Figure 111-9. This phase change
complicates the calculation of velocities for the media with aligned elongated scatterers.

Wu and Aki [1 985 calculated the scattering patterns for elastic heterogeneities,
such as uniform spheres, with slightly different densities and elastic constants from the

surrounding medium. As the frequency of the incident shear waves increases, the
polarization of the scattered shear waves changes. This polarization change does not
occur for the apparently less sensitive compressional waves. The phase change seen
in the shear waves for aligned elongated scatterers may be another example of this
difference in polarization sensitivity.
AMPLITUDE SPECTRA
In the attenuation calculations, the focusing effect obviously biases the low
frequency results. Without focusing there would be a decrease in energy with
increasing scatterer volume fraction, with focusing there is an apparent increase in

energy with increasing scatterer volume fraction. The focusing is, however, offset by
attenuation. As the scatterer volume fraction increases, the amount of energy
propagating through the scattering region decreases due to attenuation. This decrease
in energy is eventually larger than the apparent increase in energy due to focusing so
that above that scatterer volume fraction the total energy propagating through the
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Figure ffl-8. Seismograms for the circular and randomly oriented elongated
scatterers at an azimuth of 90°, and for the aligned elongated scatterers at

azimuths of 0° and 900
A: Circular scatterers with an azimuth of 90°. B: Randomly oriented
elongated scatterers for an azimuth of 90°. C: Aligned elongated scatterers
for an azimuth of 0°. D: Aligned elongated scatterers for an azimuth of 90°.

Left: Compressional wave seismograms. Right: Shear wave
seismograms.
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Figure ffl-9. Closeup of shear wave seismograms for the randomly oriented
elongated scatterers with an azimuth of 0° and the aligned elongated scatterers
with azimuths 00, 20°, and 40°. Note the anomalous shear wave phase
reversal in the seismograms for the aligned elongated scatterers at azimuths

O and 20°.
Solid: Seismograms with no scatterers; Dotted: Seismograms taken with
a scatterer volume fraction of 0.0068; Dashed: Seismograms taken with a
scatterer volume fraction of 0.0113.
A: Randomly oriented elongated scatterers with an azimuth of 00. B:
Aligned elongated scatterers with an azimuth of 0°. C: Aligned elongated
scatterers with an azimuth of 20°. D: Aligned elongated scatterers with an
azimuth of 40°.
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scattering media decreases. This effect can be seen in the amplitude spectra of the
compressional and shear waves (Figure 111-10). For frequencies between 50 kHz and
100 kHz at scatterer volume fractions of 0.0068 and 0.0113 the spectral amplitude
increases relative to the spectra for no scatterers. For the same frequencies at scatterer
volume fractions of 0.0 157 and 0.0224, however, the spectral amplitude decreases.
The effects of the large low-frequency amplitude may been seen in Figure 111-10.
In order not to clip this large low frequency amplitude in the shear waves, it was
neccessary to reduce the overall amplitude of the shear waves. This overall amplitude
reduction lowered the shear wave amplitudes at the middle and high frequencies to

approximately 25% of those for the compressional waves. Because of this reduction
the shear wave amplitudes, for frequencies above 0.3 MHz with scatterer volume
fractions above 0.0068, are all very small. In other words, the apparent attenuation of
the shear waves for scatterer volume fractions above 0.0068 is almost complete, very
little spectral amplitude remains (Fig. lOB).
WAVE VELOCITIES

Velocities were calculated from the data for all of the media using both the first

arrival and low-frequency phase shift methods (Appendix B). All of the theories used
to calculate velocities are valid only for low frequencies, frequencies corresponding to
wavelengths smaller than the scatterer dimension, so comparisons between the
theoretical velocities and the velocities calculated using the low frequency phase
method would seem more appropriate.
The velocities for the two types of isotropic media, the circular and randomly
oriented elongated scatterers, ar compared to velocities calculated using the fractional
volume method and two velocities calculated using the isotropic crack method (Table
111-3). The two velocity calculations for the isotropic crack method [O'Connell and
Budiansky, 1974] are for circular and elliptical cracks and are compared to the circular
and randomly oriented elongated scatterer velocities, respectively. Figure 111-i 1

shows the isotropic velocities versus scatterer volume fraction for both compressional

and shear waves. Note that the velocity changes are more pronounced for the low
frequency phase method than for the first arrival method. Since the first arrival
method samples higher frequencies this implies that the velocity changes are larger at

low frequencies. Also notice that the velocity changes are more pronounced for the
randomly-oriented elongated scatterer velocities than for the circular scatterer
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Figure ifi- 10. Typical amplitude spectra of the seismograms measured in this

experiment. Amplitude spectra are shown for seismograms taken with no
scatterers (solid) and with scatterer volume fractions of 0.0068 (dashed),

0.0113 (dashed with one dot), 0.0157 (dashed with two dot), and 0.0224
(dotted). Spectral amplitudes for compressional and shear waves have
identical vertical scales.

A: Compressional wave amplitude spectra for randomly oriented

elongated scatterers at an azimuth of 0°. B: Shear wave amplitude spectra for
randomly oriented elongated scatterers at an azimuth of 0°.

TABLE Ill-3a. Isotropic velocities for compressional waves.
Scatterer
volume
fraction

0.0068
0.0113
0.0157
0.0224

Velocities from data
Randomly oriented
Circular
elongated scatterers
scatterers
Low f
First
Low f
First
phase
arrival
arrival
phase

-

5437

5371

5402

5310

5441

5390
5347
5326

5434
5335
5278
5235

Velocities from theory
O'C & B (1974)
Fractional
Circular
Elliptical
volume

5444
5427
5410
5384

5456
5446
5436
5421

5457
5447
5438
5424

Velocities calculated for each scatterer volume fraction. Includes velocities calculated using first
arrivals for the data and low frequency phase shifts in the data (see text) for the circular scatterers and
randomly oriented elongated scatterers. Also includes velocities theoretically calculated at low
frequencies for an average over the fractional volume of the two phase media (see text) and velocities
calculated for circular and elliptical penny-shaped cracks using the method of O'Connell and
Budiansky [1974] (see text).

0\

TABLE flI-3b. Isotropic velocities for shear waves.
Scatterer
volume
fraction

0.0068
0.0113
0.0157
0.0224

Velocities from data
Randomly oriented
Circular
elongated scatterers
scatterers
Low f
First
Low f
First
phase
arrival
phase
arrival

-

3113

3049

3092

3019

3121
3091

3067
3056

3087
3038
3019
2993

Velocities from theory
O'C & B (1974)
Fractional
Elliptical
Circular
volume

3120
3112
3103
3091

3128
3125
3122
3117

3129
3126
3124
3120

Velocities calculated for each scatterer volume fraction. Includes velocities calculated using first
arrivals for the data and low frequency phase shifts in the data (see text) for the circular scatterers and
randomly oriented elongated scatterers. Also includes velocities theoretically calculated at low
frequencies for an average over the fractional volume of the two phase media (see text) and velocities
calculated for circular and elliptical penny-shaped cracks using the method of O'Connell and
Budiansky [1974] (see text).
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Figure ifi- 11. Compressional and shear wave velocities in isotropic media versus
scatterer volume fraction. Velocities derived from data are shown for the
circular and randomly oriented elongated scatterers for the first arrival and low

frequency phase methods. Theoretical velocities for the fractional volume

method and O'Connell and Budiansky's [1974] method for circular and
effiptical scatterers are shown.

Dashed: First arrival method with circular scatterers. Dashed with one

dot: Low frequency phase method with circular scauerers. Solid: First
arrival method with randomly oriented elongated scatterers. Dotted: Low
frequency phase method with randomly oriented elongated scatterers. Bold:
O'Connell and Budiansky's method with scatterers. Bold dashed:
O'Connell and Budiansky's method with scatterers. Bold dotted: Fractional
volume method.
A: Compressional wave velocities. B: Shear wave velocities.
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velocities. So that while both scatterer types have the same area, the randomly
oriented elongated scatterers have more of an effect on the velocity changes.
O'Connell and Budiansky [1974] find that the results for circular and elliptical cracks
should be similar. The results of this work suggest otherwise, that in fact the elliptical
cracks (modeled by the randomly oriented elongated scatterers) produce significantly
larger changes in the velocity than the circular cracks (modeled by the circular

scatterers).
Changes in velocity derived from data are much more pronounced than changes in
the velocity derived from theory. This is especially true at larger scatterer volume
fractions. The theoretical velocities are approximately linear with respect to scatterer
volume fraction. The velocities derived from data, however, have a significant change

in their slope at different scatterer volume fractions. At low scatterer volume fractions
the slope is approximately equal to that for the theoretical velocities. As the scatterer
volume fraction increases the slope first increases and then decreases again. We feel
that a possible explanation for this change in slope is that at low scatterer volume

fractions single scattering predominates. As the scatterer volume fraction increases
multiple scattering becomes more important, causing a larger change in the velocity.
As the scatterer volume fraction increases even further the velocity begins
asymptotically approaching its minimum value.
The velocities calculated from the data for the anisotropic media are compared to

velocities calculated using a STILWE media [Backus, 1962, 1965; Crampin, 1977]
and velocities calculated for aligned penny-shaped cracks filled with a weak material
[Hudson, 19811 (Figure 111-12). As in the case of the isotropic velocities, the

anisotropic compressional wave velocities measured by the low-frequency phase-shift
method have a lower mean than the first arrival method. In addition, the
low-frequency phase-shift method measures more variation with azimuth than the first
arrival method.
For compressional waves the anisotropic crack velocities are uniformly larger than

the STILWE velocities. Their shape is, however, somewhat similar. The largest
difference in their shapes is the gentle increase with azimuth for the STILWE method
at high azimuths. The low-frequency phase-shift velocities are equivalent to or smaller
than the theoretical velocities. The low-frequency phase-shift velocities are very
similar to the STILWE velocities at a scatterer volume fraction of 0.0113. At larger
scatterer volume fractions, however, the change in the velocities are greater for the
low-frequency phase-shift method. Again this may be due to multiple scattering.
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Figure ffl-12. Compressional and shear wave velocities in anisotropic media
versus azimuth. Velocities derived from data were calculated for the aligned
elongated scatterers for the first arrival method (solid) and low frequency

phase method (dashed). Theoretical velocities were calculated for Backus'
[1962, 1965] method (bold dashed) and Hudson's [1981] method (bold).
Compressional wave velocities are shown for all scatterer volume fractions.
The low frequency phase method compressional wave velocities for the

scatterer volume fraction of 0.0068 are missing due to spectral holes. Shear
wave seismograms are shown for a scatterer volume fraction of 0.0224.
A: Compressional wave velocities for a scatterer volume fraction of
0.0068. B: Compressional wave velocities for a scatterer volume fraction of

0.0113. C: Compressional wave velocities for a scatterer volume fraction of
0.0 157. D: Compressional wave velocities for a scatterer volume fraction of
0.0224. E: Shear wave velocities for a scatterer volume fraction of 0.0224.
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As was the case for the compressional waves, for the shear waves the anisotropic
crack velocities are uniformly larger in velocity than the STILWE velocities. Unlike
the compressional waves, however, their shapes are rather different. The anisotropic
crack velocities have considerably less azimuthal variation. The experimentally

derived velocities are not shown for azimuths () of 0° to 300 are shown but may be
erroneous due to the anomalous shear wave phase reversal. In addition, it is possible
that the velocities for azimuths greater than 30° may have also been affected by the
phase shift without showing obvious effects of it. Because of this the shear wave
velocities are somewhat suspect. On the positive side, however, if the velocities at
middle and high azimuths are uncontaminated by the phase shift, because of the
predominance of the cos(4) term in the theoretical velocities there is hope that
information about the shear wave velocities can be acquired from a comparison of data
and theory. Assuming that the middle and high azimuths are uncontaminated so that
the velocities are valid, the low frequency phase velocity means are closer to those of
the STILWE velocity means, while the means of the first arrival method are closer to
the means of the anisotropic crack method. The experimentally derived velocities are
closer in shape to the anisotropic crack velocities in that they are all much less
azimuthally dependent than are the STILWE velocities.

The means and Fourier components of the cos(2) and cos(4) terms were
calculated for the experimentally and theoretically derived velocities for azimuths from
00

to 180°. No sin(2) or sin(4) terms are included, since by measuring angle with

respect to the known alignment direction they are required to be absent by symmetry

considerations. Futhermore, the theoretical velocities, contain no sine terms. The
Fourier components for the theoretical velocities were found using the same method as
for the experimental velocities, instead of directly from the theories.
Fourier components for all of the anisotropic compressional wave velocities were
calculated relative to azimuth for azimuths from

00 to

180° (Table llJ-4a). The patterns

to note in the theoretical velocity Fourier coefficients for the compressional waves
include the large coefficient for the cos(2,) term for both theories. This coefficient,
which increases monotonically with respect to scatterer volume fraction for both
theories, is especially dominant for the anisotropic crack method where it is about 13
times as large as the coefficient for the next largest term, cos(4i\); this dominance

compares to a difference of only about 3 times for the STILWE method. This
difference in coefficients for the cosine terms explains the difference in shapes

decribed above. The patterns to note in the experimentally derived velocity Fourier
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TABLE ffl-4a. Fourier components for anisotropic compressional wave velocities
for azimuths 00 to 180°.
Fourier coefficients

Scatterer
volume fraction

Data or
theory type

Mean

0.0068

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

5453

10

-4

5404
5433

33
28

11

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

5382
5327
5362
5409

42

firstarrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

5356
5283
5322
5385

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

5332
5274
5263
5347

0.0113

0.0157

0.0224

cos(2)

cos(4)

2
1

75
54
46

17
18

54

7
-8
25
5

125

74
64

67
145
103

92

4

4

-8

34
7

coefficients for the compressional waves include a large coefficient for the cos(2z\)

term for both experimental methods. This term is consistently smaller for the first
arrival method than it is for either of the theoretical methods. It is consistently larger
for the low frequency phase method than it is for either of the theoretical methods.

The cos(4i) term for the first arrival method is very similar to that for the anisotropic

crack theory. The cos(4i) term for the low frequency phase method is inconsistent.
The compressional wave means for the low frequency phase method and the STILWE
method are generally similar as are the compressional wave means for the first arrival
method and the aligned crack method. The former two methods have consistently
lower means than the latter two methods. All means decrease as the scatterer volume
fraction is increased.
Fourier coefficients for the anisotropic shear wave velocities for azimuths 00 to
180° are shown in Table ffl-4b. The Fourier coefficients of the theoretical shear wave
velocities for the cos(2A) term are zero for both theories. For the cos(4i\) term, the
Fourier coefficients are large negative numbers for the STILWE method and small

negative numbers for the aligned crack method. While the patterns in the Fourier
coefficients for the shear wave velocities calculated from the data are not as striking as
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TABLE ffl-4b. Fourier components for anisotropic shear wave velocities
for azimuths 0° to 180°.
Fourier coefficients
cos(4A)

Scatterer
volume fraction

Data or
theoiy type

Mean

0.0068

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

3123

-4

-1

3088
3117

0
0

-20
-4

0.0113

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

3099
3034
3059
3107

-6
6
0
0

-18
-6
-32
-6

0.0157

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

3088
3021
3033
3096

-10
4
0
0

-17
-4
-44
-9

0.0224

first arrival (data)
low f phase (data)
STILWE (theory)
cracks (theory)

3063
2990
2993
3081

-6

-19

cos(2i)

2

0
0

-8
-61
-13

those for the compressional wave data, the cos(2A) coefficients are relatively small and

the cos(4i) coefficients for the low frequency phase method are small and negative.
The presence of the anomalous phase change in the shear wave seismograms for
the aligned elongated scatterers at azimuths from 00 to about 30° almost certainly has

an effect on the Fourier coefficients. The patterns for the means are similar to those
for the compressional waves with the low frequency phase method and the STILWE
method being similar as are the first arrival method and the aligned crack method. The
former two methods have, once again, consistently lower means than the latter two

methods. As was the case for the compressional waves, all means decrease as the
scatterer volume fraction is increased.

APPARENT ATI'ENUATION
Spectral ratios of the data were calculated by dividing the amplitude spectra of the

seismograms with scatterers by the amplitude spectra of the seismogram without

scatterers. The log of this ratio is proportional to the apparent attenuation factor. By
taking a spectral ratio with respect to the seismogram without scatterers the source and
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receiver functions (including the transducer coupling and the transducer responses)

and most of the intrinsic attenuation effects are eliminated. In order to reduce
variations in the log spectral ratios for different frequencies the log spectral ratios were
smoothed using a moving triangular window with a half width of 30 kHz.
At low frequencies, up to about 150 kHz for compressional waves and about 100
kHz for shear waves, focusing causes additional amplitude to be measured.
Therefore below those frequencies the log spectral ratios are not a good measure of
apparent attenuation. Above about 1MHz the amplitude of the waves has decreased to

levels that make the log spectral ratios no longer useable. The useable bandwidths, the
wavelengths that correspond to these bandwidths, and the ratios of the wavelength to
the scatterer dimension (A/a) for the circular and elongated scatterers are given in Table
rn-S.

These bandwidths are for apparent attenuation. For velocity, the bandwidths

are broader, extending to lower frequencies, due to the fact that to first order the
focusing does not affect the velocities. Note that the range of A/a generally
encompasses one. The scattering in this frequency region, with the corresponding

wavelength on the order of the scatterer size, is known as Mie scattering. The
scattering in the frequency region with corresponding wavelengths greater than the

scatterer size, or equivalently a value of 1/a that is much greater than one, is known as
Rayleigh scattering. Therefore the apparent attenuation measured over the bandwidth
given in Table ffl-5 is due to Mie scattering.
One benefit of the focusing is that it allows this estimate of the frequency for

which Rayleigh scattering is dominant. By using the maximum frequencies for which
focusing is evident, about 150 kHz and 100 kHz for compressional and shear waves
respectively, 1/a for the circular scatterers is approximately 5. These frequencies can
be used as upper limits on the range of frequencies for which Hudson's [1981]
estimates of the apparent attenuation for penny shaped cracks are valid. Unfortunately
this also means that Hudson's theoretical estimates of apparent attenuation are only
valid at frequencies for which focusing makes this experiment's estimates of apparent
attenuation biased.
Compressional wave log spectral ratios for circular and randomly oriented
elongated scatterers at an azimuth of 90° and for aligned elongated scatterers at
azimuths of 0° and 90° are shown in Figure 111-13 for scatterer volume fractions

0.0113 and 0.224. Even with the smoothing done there are still large variations in the
log spectral ratios. There are, however, patterns that can been seen in the log spectral
ratios of Figure rn-i 3. In general the circular scatterers have less apparent attenuation

TABLE ffl-5. Experimental bandwidths and corresponding wavelengths and
ratios of wavelength to scatterer dimension.
Frequency
(MHz)

Wavelength
(mm)

Ratio of wavelength to scatterer dimension
Circular
Elongated
Elongated
(diameter)
(width)
(length)

Compressional waves
low frequency limit
high frequency limit

0.15

37

5

5.8
0.8

11.6
1.6

3.5
0.5

Shear waves
low frequency limit
high frequency limit

0.10

31
3

4.8
0.5

9.7

2.9
0.3

1.0

1.0

0.9

The ratio of wavelength to scatterer dimension is given for the circular scatterer's diameter and for
the elongated scatterer's width and length.
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Figure ffl-13. Log spectral ratios for circular and randomly oriented elongated
scatterers for an azimuth of 90°, and for aligned elongated scatterers for
azimuths 00 and 9Ø0

Solid: Circular scatterers at an azimuth of ØO Dashed: Randomly
oriented elongated scatterers at an azimuth of 0°. Dashed with one dot:

Aligned elongated scauerers at an azimuth of 0°. Dotted: Aligned elongated
scatterers at an azimuth of 90°.

A: For compressional waves with a scatterer volume fraction of 0.0113.
B: For compressional waves with a scatterer volume fraction of 0.0224.
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(ie. are smaller negative numbers) than the randomly oriented elongated scatterers.
Also, the apparent attenuation generally increases as the azimuth of the aligned

elongated scatterers is increased. That is, apparent attenuation is greater for an azimuth
of 90° than for an azimuth of 00. Generally the amount of apparent attenuation is a
minimum for aligned elongated scatterers at an azimuth of 00 increases for circular
scatterers and for randomly oriented elongated scatterers and is a maximum for aligned
elongated scatterers at an azimuth of 900. These patterns are more noticeable at larger
scatterer volume fractions where the apparent attenuation for all scatterer types is
greater.
There are no patterns evident in the shear-wave log spectral ratios. This may be
due to some relevant process or it may be due to an experimental reason such as the
low amplitudes at the middle and high frequencies at even the lowest scatterer volume

fraction (Figure rn-b).
To reduce the variations in the log spectral ratios even further the log spectral
ratios were averaged over frequency bands. This averaging was done in order to fit

them with Fourier coefficients. Figure ffl-14 shows the results of this averaging with
a frequency-band width of 200 kHz for the aligned elongated scatterers with azimuths
00

and 90°. Different frequency-band widths were used in order to find the smallest

width for which systematic differences in the log spectral ratios could be seen. By
increasing the frequency-band width the variations can be reduced at the expense of the

systematic trends. Using a frequency-band width covering the entire bandwidth of the
data results in the frequency information being completely lost. This frequency-band
width does, however, give an indication of the total apparent attenuation at each
scatterer volume fraction.

The means and Fourier components of the cos(2) and cos(4) terms were
calculated for the data from frequency 0 to 1.2 MHz and from azimuth 0° to 180° with
a frequency band width of 200 kHz. The means and the cos(2i) and cos(4i)
coefficients for compressional-wave log spectral ratios are shown in Table ffl-6a. The
means, which are a measure of apparent attenuation, increase with scatterer volume
fraction as expected. With the exception of the lowest scatterer volume fraction, the

maximum apparent attenuation is between 0.4 and 0.8 MHz. This frequency range
corresponds to wavelengths for compressional waves of 7 mm to 14 mm, comparable
to the scatterer dimension. The two Fourier coefficients have amplitudes
approximately equal at lower scatterer volume fractions; at higher scatterer volume

fractions, however, the cos(2i\) coefficient tends to dominate. The cos(2z)
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Figure ffl-14. Log spectral ratios for compressional waves in media with aligned
elongated scatterers and their frequency banded averages. These averaged log
spectral ratios were calculated using a frequency-band width of 200 kHz.
Bold dashed: Log spectral ratio for an azimuth of 00. Dashed:
Frequency banded average of the log spectral ratio for an azimuth of 0°.
Bold: Log spectral ratio for an azimuth of 9Øo Solid: Frequency banded
average of the log spectral ratio for an azimuth of 9Øo
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TABLE ffl-6a. Fourier components for anisotropic compressional wave attenuation
(log spectral ratios) for azimuths 00 to 1800 with a frequency-band width of 200 kHz.
Scatterer
volume fraction

0.0068

Frequency (MHz)
To
From

0.31
0.39
0.47

0.14
0.18
0.67

-0.09
0.05
-0.06
-0.29
0.25
0.35

0.2
0.4
0.6
0.8

-0.70
-2.10
-2.66
-2.88
-2.77
-1.93

0.33
0.36
0.39
0.15
0.40
0.13

0.12
0.10
-0.05
0.41
0.46
0.20

0.2
0.4
0.6
0.8

1.0

1.0
1.2

-1.06
-2.77
-3.60
-3.60
-3.09
-2.18

0.56
0.14
0.56
0.79
0.79
0.19

-0.01
0.01
0.21
0.39
0.43
0.21

0.

0.2

-1.27
-3.64
-4.62
-4.57
-3.92
-2.45

0.70
0.25

-0.05
0.07
0.16
0.23
0.52
0.07

0.2
0.4
0.6
0.8
0.
0.2

1.0

0.0224

cos(4i)

-0.59
-1.32
-0.94
-0.78
-1.37
-1.06

0.4
0.6
0.8

0.0157

Fourier coefficients

cos(2)

0.2
0.4
0.6
0.8

0.

1.0

0.0113

Mean

0.

0.2
0.4
0.6
0.8

0.2
0.4
0.6
0.8
1.0

1.0
1.2

1.0
1.2

0.4
0.6
0.8

1.0
1.2

1.08

1.10
0.96
0.15

coefficients tend to be broad with respect to frequency while the cos(4i\) coefficients
tend to be peaked more at higher frequencies.
The means and Fourier coefficients are shown in Table ffl-6b for compressional
and shear wave log spectral ratios calculated for azimuths from 00 to 180° with a
frequency band encompassing the entire bandwidth of the experiment. As expected
the means for both compressional and shear waves decrease with increasing scatterer
volume fraction. This decrease is indicative of increasing apparent attenuation. The
cos(2) coefficient generally increases with scatterer volume fraction for

compressional waves and has a slow decrease with scatterer volume fraction for shear
waves. The cos(4) coefficient slowly increases with scatterer volume fraction for
compressional waves and is a fairly constant small negative value for shear waves.
These changes in the Fourier coefficients, however, may not be significant.

TABLE ffl-6b. Fourier components for anisotropic compressional wave attenuation
(log spectral ratios) for azimuths 0° to 1800 with a frequency band
encompassing the entire experimental bandwidth.
Fourier coefficients
cos(4t)
cos(2A)

Wave type

Mean

0.0068

compressional
shear

-0.98
-0.78

0.35
0.10

-0.07
-0.05

0.0113

compressional
shear

-2.08
-0.90

0.29
0.13

0.02
-0.06

0.0157

compressional
shear

-2.67
-1.10

0.38
0.10

0.07
-0.06

0.0224

compressional
shear

-1.44

-3.21

0.55
0.05

0.04
-0.08

Scatterer
volume fraction

Figure ifi- 15 shows plots of the log spectral ratios for compressional waves as a
function of frequency and azimuth. This type of plot can be useful in showing the
azimuths of maximum and minimum apparent attenuation, corresponding to directions
parallel and perpendicular to fracturing, respectively.
Calculations of the theoretical apparent attenuation factors [Hudson, 19811 were
done for the model in this experiment and the results agree fairly well in overall

magnitude with the results from this experiment. Because of the focusing, which
occurs at the low frequencies for which Hudson's model is valid, comparison of
apparent attenuation between the theory and data at lower frequencies is not possible.
So only a comparison as to how the lower frequency theoretical estimates fit with the

trends of the experimental estimates at intennediate frequencies is made. That they are
comparable is all that can be said.

DISCUSSION AND CONCLUSIONS
Three goals of physical modeling research in seismology are to better understand

seismic processes, to test how well theory predicts seismic processes, and to find new
seismic techniques that could be used with field data to better understand seismic
processes in the earth. We feel that the work reported in this paper can add to the
understanding of isotropic and anisotropic scattering.
Examples of information about scattering and the resulting changes in velocity and
apparent attenuation that can be drawn from the results of this paper include:

1) At large scatterer volume fractions multiple scattering appears to dominate over

single scattering. What constitutes "large scatterer volume fractions" continues to be
an area of investigation.
2) In order to estimate the relative size of the azimuthal variations in velocity and

apparent attenuation for the aligned elongated scatterers, the ratios of the cos(2i)
coefficients to the mean are calculated. For compressional wave velocities the ratios
increase from less than 1% at a scatterer volume fraction of 0.0068 to about 3% at a

scatterer volume fraction of 0.0224. The ratios are consistently larger for the low
frequency phase method than for the first arrival method. For compressional wave
apparent attenuation, the ratio between 0.4 MHz and 0.8 MHz, where the attenuation
is at a maximum (except at the lowest scatterer volume fraction), increases from 10%
at the scatterer volume fraction of 0.0113 to about 25% at a scatterer volume fraction

of 0.0224. The ratio, at the lowest scatterer volume fraction, of about 30% is deemed
anomalous because of the uncharacteristic shape of the means (ie. for that scatterer
volume fraction the means have two minima instead of one). So the azimuthal
variation in apparent attenuation is an order of magnitude greater than the azimuthal

variation in the velocity. Changes in apparent attenuation, however, tend to be less
consistent than changes in velocity.
3) For anisotropic scattering the compressional and shear wave velocities have
very different dependencies. The compressional waves are much more dependent on

cos(2) in contrast to the cos(4A) dependence of shear waves.
4) The anomalous phase shift in the shear wave seismograms for the aligned
elongated scatterers at azimuths near parallel to the long axis of the scatterers could, if
it is not an experimental effect, have interesting ramifications. This phase change
could introduce errors in the focal mechanisms calculated for earthquakes that occur in
or have waves propagate through aligned fractured media. An example of this is
earthquakes along fracture zones.
The results of the tests of scattering theories include:

1) Isotropic low-frequency fractional-volume theory.
The fractional volume velocities compare very well with the velocities computed
for circular scatterers using the first arrivals. Since the fractional volume method does
not take into account any anisotropy in the scatterers, the circular scatterers are more
appropriate for comparison to the fractional volume method than the randomly oriented
scatterers. The other experimentally computed velocities are smaller than the fraction

volume velocity.

2) O'Connell and Budiansky's isotropic penny-shaped crack theory.
O'Connell and Budiansky's method does not sufficiently predict the change in
velocity due to scatterering from isotropic distributions of scatterers. The
experimentally computed velocities are all smaller than O'Connell and Budiansky's
velocities.

O'Connell and Budiansky's calculations for velocity, which because they are self
consistent are valid for large scatterer volume fractions, are linear in scatterer volume
fraction. Our experimental results for velocity are not linear in scatterer volume
fraction; this is possibly due to predominately single scatterering at low scatterer
volume fractions and multiple scatterering at higher scatterer volume fractions.
O'Connell and Budiansky found that circular and effiptical flat cracks produce
approximately the same velocity changes. We fmd that elliptical flat cracks, modeled
by randomly-oriented elongated scatterers, produce larger velocity changes than
circular flat cracks, modeled by circular scatterers.

3) Backus' [1962,19651 anisotropic low frequency layered (STILWE) theory.
Backus' compressional wave STILWE velocities compare reasonably well with
the low frequency phase shift velocites at low scatterer volume fractions. At higher
scatterer volume fractions, however, Backus' compressional wave velocities are
smaller than the low frequency phase shift velocites.

Backus' shear wave velocities are independent of cos(2i). Both types of
experimentally computed velocities also appear relatively independent of cos(2).
Considering the bias in the shear wave velocities due to the anomalous phase shifts,
the error in the shear wave velocities is large enough that the small dependence on
cos(2i) may not be significant.
Backus' compressional and shear wave velocites are more dependent on cos(4)
than either of the experimentally computed velocities or Hudson's velocities.
4) Hudson's [1981] anisotropic penny-shaped crack theory.
Hudson's velocities compare very well with the experimentally velocities
computed using first arnvals. The small differences that exist, slightly larger means
and slightly smaller cos(2A) coefficients for Hudson's velocites, may be small enough
that they are not significant.

The estimates of apparent attenuation from Hudson's theory can not be compared
directly to experimental estimates from this experiment because of the biasing of the

experimental results due to focusing. Hudson's estimates at low frequencies,
however, are consistent with the experimental estimates at somewhat higher

frequencies.
The work reported on in this paper also has the goal of fmding new techniques
that can be used on field data to better understand seismic scattering in general and
seismic anisotropy in particular. In any work involving field data where seismic
anisotropy is investigated, such as oblique seismic experiments [Little and Stephen,
1985], the apparent attenuation techniques in this paper could in principle add to the

information found using travel times and polarizations. This paper shows that the size
of the azimuthal variation in the apparent attenuation is larger by an order of magnitude
than the azimuthal variation in the velocity. Obviously when using this method on
field data it would not be possible to use use spectral ratios relative to the spectra of the

homogeneous seismograms. With field data, spectral ratios relative to an ensemble
average of spectra over azimuth could be used. The resulting log spectral ratios would
have positive values for azimuths and frequencies with more than average energy
propagation and negative values for azimuths and frequencies with less than average

energy propagation. Fourier analysis on these log spectral ratios could be used to
determine fracture alignment directions in data from an oblique seismic experiment.

IV. DISCUSSION AND CONCLUSIONS
The goals of this thesis have been threefold: a more complete understanding of the
scattering of seismic waves from the small scale heterogeneities in the earth's crust,
testing the theories describing this scattering, and the development of possible methods
for quantifying these heterogeneities using seismic field methods.
The first and second goals have been the main thrusts of Chapters II and ifi.
Information that has been learned, or reinforced, concerning scattering and its effect on
velocity and apparent attenuation includes:
1) multiple scattering needs to be considered, especially at large scatterer

volume fractions,
2) apparent attenuation is more sensitive to scattering than is velocity,
3) changes in apparent attenuation are less consistent than changes in
velocity,
4) for compressional waves with anisoiropic scattering, cos(2) dependence

is dominant over cos(4) dependence,
5) for shear waves with anisotropic scattering, cos(4) dependence is
and
dominant over cos(2) dependence.
Also in Chapters II and ffi, it has been shown that, while the theories that have
been developed for describing scattering and the subsequent changes in seismic
velocity and apparent attenuation are useful, they do not fully explain all of the changes
observed in the physical models. This apparent inadequacy may be partly due to
experimental error, however, it appears that there are changes that must be attributed to

inadequacies with the present theories.
It is understood that inadequacies in the present theories need to be addressed. It
is useful, however, to have these inadequacies exhibited in experimental data,
emphasizing the need for further advances in the theories and possibly giving some
further direction to the work. One example of an inadequacy that has been recognized
by theoreticians is the need for multiple scattering theory in place of single scattering
theory [Wu, 1984]. In the experimental work reported in this thesis, it has been
shown that multiple scattering theories are needed, especially at large scatterer volume
fractions. Another inadequacy is the lack of theories that explain scattering of seismic

waves with wavelengths of the same scale length as the scatterers themselves. This
inadequacy is due to the difficulty of calculating theories in this frequency range [Wu,

1986J. The frequency range used in the research in this thesis is in this range for

which theoretical work is difficult.
Other results of the testing of scattering theories include:
1) Velocities derived using the low frequency fractional volume theory
correspond veiy well to those for circular scatterers computed using first arrivals. The
circular scatterers are the scatterer type that best corresponds to this theory. All other
experimentally computed velocities are low than these theoretically derived velocities.

2) Velocities derived using O'Connell and Budiansky's [1974] theory are
larger than the experimentally computed velocities. O'Connell and Budiansky's
velocities are linear with respect to scatterer volume fraction, while the experimentally
computed velocities are not linear. O'Connell and Budiansky's velocities for circular
and effiptical scatterers are approximately the same, while the experimentally computed

velocities for randomly oriented elongated scatterers are significantly less than for the

circular scatterers.
3) Velocities derived using Backus' [1962,1965] theory are more dependent

on cos(4i) than experimentally computed velocities.
4) Velocities derived using Hudson's [1981] theory correspond well with the
experimentally computed velocities using the first arrivals.
5) Apparent attenuation derived using Hudson's [1981] theory corresponds
and
as well as can be expected considering the limitations of the experimentally computed
apparent attenuation due to the focusing effects.
The results of the research in this thesis show that while theory has come a long
way in explaining the scattering from small scale heterogeneities, much work still

needs to be done.
APPLICATIONS TO HELD DATA
The third goal of this thesis, the development of possible methods for quantifying
these heterogeneities using seismic methods, was addressed briefly for anisotropic
attenuation in Chapter ifi. By investigating anisotropic apparent attenuation in the
physical models of this experiment, it has been demonstrated that apparent attenuation
is a viable method for studying the anisotropic scatterers in the earth. The azimuthal
variation in apparent attenuation is an order of magnitude larger than the azimuthal
variation in the seismic velocity. By producing plots similar to Figure 111-15 for field

experiments such as oblique seismic experiments [Little and Stephen, 1985], it may be
possible to confirm preferred directions of fracturing. Additional information may be
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found using Fourier analysis on the azimuthal variations in the frequency dependent
apparent attenuation.
As stated in Chapter III, the techniques developed in this work need to be
modified for use with field data. This modification involves using log spectral ratios
calculated relative to ensemble averages of the spectra rather than log spectral ratios
calculated relative to the spectra of seismograms measured after propagation through

media without scatterers.
Preliminary apparent attenuation work has been done using these techniques with
field data. These field data are from an oblique seismic experiment done on the Deep
Sea Drilling Project (DSDP) leg 92 at DSDP hole 504B [Little and Stephen, 1985] for
which azimuthal vaiations in velocity were observed [Stephen, 1985]. This site is

located south of the Costa Rica Rift in an area with a crustal age of 5.9 m.y. While the
preliminary results have not shown any azimuthal variations in the apparent
attenuation, work on these data is continuing.

For the data from DSDP hole 504B, the amplitudes exhibit a large azimuthal ()
dependence on cos(), overshadowing any terms that are due to anisotropy, which are
dependent on cos(2). This problem, which may be related to the sloping bathymetry

and basement at DSDP hole 504B, is indicative of a problem with this technique.
While the azimuthal variation in apparent attenuation is an order of magnitude larger
than the azimuthal variation in velocity, other variations in apparent attenuation are not
as well understood as other variations in velocity. Because of this, it is relatively easy

to correct for variations in velocity due to bathymetry and some other path dependent
parameters but it is not as easy to do the same for apparent attenuation. This means
that the uncertainty in apparent attenuation is generally greater than the uncertainty in

velocity, and if this is the case then azimuthal variations in velocity are easier to
observe. In addition, while coupling is not very important to velocity determinations,
which depend directly on
it is very important to apparent attenuation determinations
amplitude.
In the physical modeling experiments of this thesis, the dependence of apparent
attenuation on other path dependent parameters, such as transducer coupling and path

length, was well understood and controlled so that the azimuthal variations in apparent
attenuation were observed. Even under conditions, however, there is an example of
this sensitivity of the apparent attenuation to path parameters. The anisoiropic apparent
attenuation at low frequencies is biased by geometrical focusing due to the geometry

of the experiment. This focusing, which affects the apparent attenuation much more

92
than the velocities, can be theoretically calculated to be as much as 4%. The effect
observed in the experimental data, however, shows somewhat more of an effect than

this. In other words, even in the controlled environment of the laboratoiy, the
apparent attenuation at low frequencies is biased by path parameters while the
velocities are not (at least to first order). Experimental field and data reduction
techniques need to be improved to the point that azimuthal variations in apparent
attenuation can be observed. By using physical modeling results, as well as by using
the techniques on field data, it may be possible to refine these techniques enough so
that they may be useable.
These problems show that although the use of apparent attenuation for quantifying
scatterers in the earth is promising, more development of the technique discussed here

is needed.

SUGGESTIONS FOR FUTURE WORK
Work on scattering needs to be done in four areas: development of more advanced
theories, additional physical modeling to test present and future theories as well as to
help point the way for future theoretical developments, additional physical modeling to
improve the techniques for use with field data, and further work on field measurement
and data reduction methods to improve the capability to use apparent attenuation to

quantify the scatterers in the earth.
Some of the theoretical aspects that need to be addressed are:
1) the use of multiple scattering instead of single scattering, especially at large

scatterer volume fractions,
2) the extension of theories to frequencies which correspond to wavelengths
of the same scale as the scatterers themselves, and
3) other, as yet undiscovered, methods to deal with scattering and the
resulting changes in velocity and apparent attenuation.
Some of the aspects that need to be addressed by physical modeling concerning
tests of theoretical predictions are:
1) a determination of the scatterer volume fraction for which multiple

scattering becomes dominant over single scattering,

2) a test of the theories over a wider range of frequencies and wavelengths,

and

3) entending the tests of theoretical predictions to a wider range of aspect

ratios and to other materials as scatterers (giving results for additional impedence

contrasts and material types such as fluids).
Some of the aspects that need to be addressed by physical modeling concerning
techniques for use with field data include:
1) refinements of the technique described herein (including, but not confined
to, further development of the relation between the apparent attenuation and the
scatterer size, aspect ratio, and filling material), and

2) additional new techniques to be used with field data (including, but not
confmed to, those dealing with apparent attenuation).
Some of the aspects that need to be addressed by further work on field
measurement and data reduction methods include:
1) improving the understanding of other aspects that affect amplitude (such as

geometrical spreading in areas with rough bathymetiy),
2) collecting data in areas with isotropic or amsotropic scattering where there
is less extraneous effects on amplitudes (e.g. areas where bathymetry and age of the

crust is less variable), and
3) refinements of the techniques for measuring consistent amplitudes.
These axe just some of the problems that need to be addressed by a wide variety of
scientists. Many of these areas are presently being worked on. There are, however,
many opportunities for important work still to be done.
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VI. APPENDICES
APPENDIX A
Bulk velocities of isotropic scatterer distributions

At low frequencies, those corresponding to wavelengths much larger than the
scatterer dimensions, a two phase system such as that used in this experiment acts as a
single phase system. In effect the long wavelength waves average out the fluctuations

in the seismic constants. Using this fact it is possible to calculate a low-frequency
fractional-volume velocity, where the averaging is done over the slowness of the two
media. For the model in this experiment it is

"fv =

sal dal + E"scat Sep + (1 "scat sal] dscat

(A-i)

dal + dscat

where v is the low-frequency fractional-volume velocity, val and Vep are the
velocities in aluminum and epoxy, sal (= val) and Sep ( "ep) are the slownesses
in aluminum and epoxy, dal and dscat are the distances the wave traveled in aluminum
outside the scattering region and in the scattering region, and vfscat is the scatterer

volume fraction. The low-frequency fractional-volume velocity is isotropic so it does
not take into account anistropy in the scatterers or in the distribution of scatterers and
as such can only be compared to the circular and randomly oriented elongated
scatterers.

A more accurate isotropic velocity calculation is that of O'Connell and Budiansky
[1974]. They calculate the compressional and shear wave velocities for media with
circular or elliptical cracks that are either dry, saturated, or partially saturated. The
results were found for an isotropic distribution of flat cracks from the energy of a
single crack by use of a self-consistent approximation and are applicable to dense

distributions of cracks.
For N dry circular cracks per unit volume, the compressional and shear velocities

for the fractured media are

Vp=

(1-v'Xl+v)

a
L

16(1-v'2)

[

1

(1+v')(l-v) i

9(1-2v')

1

(A-2)
J

and

[1

32 (1 - v')(5 - v')

45 (2- v')

e

1/2

(A-3)

j

where e is the crack density parameter that, for circular scatterers, equals the scatterer
volume fraction divided by pi, a and are the compressional and shear velocities of
1

the isotropic material, v is the Poisson ratio of the isotropic media and v' is the
effective Poisson ratio of the fractured media and can be calculated numerically from

45 (v - v')(2 - v')

(A-4)

16(1 -v'2)(lOv-3w'-v')

For N dry elliptical cracks per unit volume, the compressional wave velocity is

again given by (A-2), with a change in the definition of c and v. For elliptical cracks,
c must be calculated from
£=

2N

(A-5)

(A2/P)

It

where A is the area of a crack and P is the perimeter given by a complicated elliptical
integral [see O'Connell and Budiansky, 1974]. For circular cracks (A = ira2) this

more general definition of £ reduces to the value used for circular cracks. The effective
Poisson ratio of the cracked media can be calculated numerically from

45 (v - v')

(A-6)

8(1 -v'2)[2-T+2v(3+T)}

where T is a complicated elliptical formula given in the Appendix of O'Connell and

Budiansky [1974]. For elliptical cracks, shear wave velocities are given by
vs =

[1 -

32 (1 - v')
45

1/

3

[1-i--T(b/a,v')]c
4

]

(A-7)

Bulk velocities of anisotropic scatterer distributions

Backus [1962] derived the elastic coefficients for a STILWE (Smoothed,
Transversely-Isotropic Long-Wavelength Equivalent) media. These elastic coefficients
for a transversely-isotropic medium are equivalent for long wavelengths (that is, low

frequencies) to a plane layered medium made up of two isotropic media. For long
wavelengths the layers are averaged together. The properties of the STILWE media
are the same for any direction parallel to the layering and are different for directions

with a component perpendicular to the layering. Hence, the STILWE media has a axis
of symmetry perpendicular to the layering. From Backus [1962] the elastic
coefficients for a STILWE media are

/

/4j.t(Xj.t)\
A=(

\

/

?+2.i.

2?\
/
B=(
\

X+2j.t/

\A.+2p.

/

1

X+2

/

1

+2.t

F=

(1

1

\2+2ji.

/1\!
L=(
\t
and

M=

I
I

\

/

+2

/\2
\+2

/

(=c1

1c3333)
(A-8a),

(=c1 i33=33i 0

(A-8b),

(=c2222)

/\2

\

+2t/

(A-8c),

(=c1 i22=22i i)
(A-8d),

(=c1212=c2323)
(A-8e),
(= c1313)
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(A-8f),

where the angular brackets denote averaging. These are simply algebraic averages of
algebraic combinations of the Lame' constants. A different coordinate system than in
Backus [1962] has been used here. In this case we are using plane layers that are
parallel to the x-z plane to model aligned fractures that are aligned in the x-z plane.

Therefore, the axis of symmetry is the y axis. The elastic coefficients Cjjkl are labeled

accordingly. That is, x and z (indices 1 and 3) are symmetric and y (index 2) is not.
A weakly anisotropic media can be described by a isotropic media with a small
anisotropic perturbation [Backus, 1965]. Crampin [1977] extended Backus's work
and calculated the SH and SV shear wave velocities as well as the compressional wave

velocity. Crampin noted that for a media with sagittal symmetry, such as the
transversely isotropic media of Backus [1962], the equations for the
quasi-compressional and quasi-shear waves reduce to

pvp2 = A1 + B1 cos 28 + C1 cos 40
and
where

(A-9a),

= A2 + B2 cos 48

(A-9b),

pv5y2 = A3 + B3 cos 20

(A-9c),

(3 c1111+2 c1122 +4 c1212 +3 c2222)/8,
B1 = (c1111 -

C1 =(c111 -2c1122-4c1212+c2222)/8,
A2=(c1111 -2c1122+4c1212+c2222)/8,

B2=-C1,
A3 = c1313 + c2323,
and

B3=c1313-c2323.

(Where these elastic coefficients are labeled as above.) Since in the experiments

reported on in this paper SY shear waves did not exist, discussion of them will be
dropped. By knowing the isotropic elastic coefficients for the two media making up
the anistopic media it is possible to use a STILWE media to estimate the anistropic

compressional and shear wave velocities.
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Hudson [1981] examined the scattering due to a thin circular crack (penny-shaped
crack) and derived the velocities for seismic waves passing through a media with a
dilute concentration of fractures filled with a weak solid material. His derivation was
valid for small concentrations of cracks and for wavelengths large compared to the size
of the cracks and the crack seperation distances. His results are based on the static

solution for an ellipsoidal inclusion under stress. Hudson found the compressional
and shear velocities for aligned penny-shaped cracks to be
Vp2 =

1--(Na3)

a2
[

3

0.

+ 2.t cos29)2

(A, + )(1 + K)

+

16j.i. sin29 cos29

(3A, + 4)(1 + M)

]

10),
I

and
((A, + 2p.) cos2O sin29

16

2 [ 1--(Na)I
3

(A, + .t)(1 + K)

(A. + 2p.)(cos2O - sin29)2

+

'i

(3A, + 4.t)(1 + M)

J i

(A-i 1),

with

K=

a(1' + (4/3).t')(A, +
+

and

M=

1

4ap..'(A, + 2p.)

7rcp.(3A, + 4p.)

where a is the radius of the crack (the major semi-axis of the aligned elongated
scatterers in this experiment), c is the thickness of the crack (the minor axis of the

aligned elongated scatterers in this experiment), a and are the compressional and
shear velocities of the isotropic material, A, and p. are the Lame' constants of the
isotropic material, A,', p.' and ic are the Lame' constants and the bulk modulus of the
1

material inthe cracks, and N is the number density of cracks.
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Calculation of velocities from data

We use two methods to calculate plate velocities. The first arrival method consists
of measuring the arrival time of the first arriving phase on the seismogram and then
dividing by the propagation distances (with corrections for the fact that only some of
the path is through the scattering medium).

The second is based on the low-frequency phase difference between seismograms
without and with scatterers, S(t) and S5(t) respectively. These seismograms have

Fourier transforms

and

Sns(0)) = I

S5(co) =

I

S(0)) exp(i4(co)}

(B-i)

I

(B-2),

S(co) exp{i4(co)}
I

respectively. if the two seismograms differ only by a time shift, T, then the phase
difference would be $(o)) = 4(o) - 4(co) = coT. Thus T can be estimated by fitting
a straight line to the low frequency part of t9(co). The slope of this line is T. Special
care must be taken to avoid discontinuities in phase resulting from zeroes in S(co)
I

I.

The first arrival method uses a wide band of frequencies to find velocities. The
low frequency phase shift method, however, uses frequencies in the band from about
30 kHz to 80 kHz. (With the exception of compressional waves for circular scatterers
which, because of spectral holes at lower frequencies, use frequencies in the band

from 80 kHz to 150kHz.)

