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Preface

This book provides a self-contained mathematical exposition of the theory of
monochromatic wave propagation in layered viscoelastic media. It provides analytic
solutions and numerical results for fundamental wave-propagation problems in
arbitrary linear viscoelastic media not published previously in a book. As a text
book with numerical examples and problem sets, it provides the opportunity to teach
the theory of monochromatic wave propagation as usually taught for elastic media
in the broader context of wave propagation in any media with a linear response
without undue complications in the mathematics. Formulations of the expressions
for the waves and the constitutive relation for the media afford considerable general-
ity and simplification in the mathematics required to derive analytic solutions valid
for any viscoelastic solid including an elastic medium. The book is intended for the
beginning student of wave propagation with prerequisites being knowledge of
differential equations and complex variables.

As a reference text, this book provides the theory of monochromatic wave
propagation in more than one dimension developed in the last three to four decades.
As such, it provides a compendium of recent advances that show that physical
characteristics of two- and three-dimensional anelastic body and surface waves are
not predictable from the theory for one-dimensional waves. It provides the basis for
the derivation of results beyond the scope of the present text book. The theory is of
interest in the broad field of solid mechanics and of special interest in seismology,
engineering, exploration geophysics, and acoustics for consideration of wave pro-
pagation in layered media with arbitrary amounts of intrinsic absorption, ranging
from low-loss models of the deep Earth to moderate-loss models for soils and
weathered rock.

The phenomenological constitutive theory of linear viscoelasticity dates to the
nineteenth century with the application of the superposition principle in 1874 by
Boltzmann. He proposed a general mathematical formulation that characterizes
linear anelastic as well as elastic material behavior. Subsequent developments in

X1



xii Preface

the theory did not occur until interest increased in the response of polymers and
other synthetic materials during the middle of the twentieth century. During this
time considerable simplification of the mathematical aspects of the theory occurred
with developments in the theory of linear functionals (Volterra 1860—1940) and the
introduction of integral transform techniques. Definitive accounts and contributions
to the mathematical theory of viscoelasticity include the works of Volterra (2005),
Gross (1953), Bland (1960), Fung (1965), and Flugge (1967), and the rigorous
account by Gurtin and Sternberg (1962). Gross (1953) suggested that “The theory of
viscoelasticity is approaching completion. Further progress is likely to be made in
applications rather than on fundamental principles.” Hunter (1960) indicated that
the application of the general theory of linear viscoelasticity to other than one-
dimensional wave-propagation problems was incomplete. Subsequent to Hunter’s
review, significant advances occurred in the 1970s and 1980s concerning applica-
tion of viscoelasticity to wave propagation in layered two- and three-dimensional
media. This exposition provides a self-contained mathematical account of these
developments as well as recent solutions derived herein. It provides closed-form
analytic solutions and numerical results for fundamental monochromatic wave-
propagation problems in arbitrary layered viscoelastic media.

Recent theoretical developments show that the physical characteristics of the
predominant types of body waves that propagate in layered anelastic media are
distinctly different from the predominant type in elastic media or one-dimensional
anelastic media. For example, two types of shear waves propagate, each with
different amounts of attenuation. Physical characteristics of anelastic waves
refracted across anelastic boundaries, such as particle motion, phase and energy
velocities, energy loss, and direction of energy flux, vary with angle of incidence.
Hence, the physical characteristics of the waves propagating through a stack of
layers are no longer unique in each layer as they are in elastic media, but instead
depend on the angle at which the wave entered the stack. These fundamental
differences explain laboratory observations not explained by elasticity or one-
dimensional viscoelastic wave-propagation theory. They have important implica-
tions for some forward-modeling and inverse problems. These differences lend
justification to the need for a book with a rigorous mathematical treatment of the
fundamental aspects of viscoelastic wave propagation in layered media.

Viscoelastic material behavior is characterized herein using Boltzmann’s formu-
lation of the constitutive law. Analytic solutions derived for various problems are
valid for both elastic and linear anelastic media as might be modeled by an infinite
number of possible configurations of elastic springs and viscous dashpots. The
general analytic solutions are valid for viscoelastic media with an arbitrary amount
of intrinsic absorption. The theory, based on the assumption of linear strain, is valid
for media with a nonlinear response to the extent that linear approximations are
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valid for sufficiently small increments in time. Wave-propagation results in this
book are based on those of the author as previously published and explicitly derived
herein including recent results for multilayered media and Love-Type surface
waves.

The book is intended for use in a graduate or upper-division course and as a
reference text for those interested in wave propagation in layered media. The book
provides a self-contained treatment of energy propagation and dissipation and other
physical characteristics of general P, Type-1 S, and Type-II S waves in viscoelastic
media with arbitrary amounts of absorption. It provides analytic and numerical
results for fundamental reflection—refraction and surface-wave problems. The solu-
tions and resultant expressions are derived from first principles. The book offers
students the opportunity to understand classic elastic results in the broader context
of wave propagation in any material with a linear response.

Chapter 1 provides an introduction for new students to basic concepts of a linear
stress—strain law, energy dissipation, and wave propagation for one-dimensional
linear viscoelastic media. It provides examples of specific models derivable from
various configurations of springs and dashpots as special cases of the general
formulation.

Chapter 2 extends the basic concepts for viscoelastic media to three dimensions.
It provides the general linear stress—strain law, notation for components of stress and
strain, the equation of motion, and a rigorous account of energy balance as the basis
needed for a self-contained treatment of viscoelastic wave propagation in more than
one dimension.

Chapter 3 provides a thorough account of the physical characteristics of harmonic
waves in three-dimensional viscoelastic media. It provides closed-form expressions
and corresponding quantitative estimates for characteristics of general (homogeneous
or inhomogeneous) P, Type-I S, and Type-Il S waves in viscoelastic media with
both arbitrary and small amounts of intrinsic absorption. It includes expressions for
the physical displacement and volumetric strain associated with various wave types.
This chapter is a prerequisite for analytic solutions derived for reflection—refraction
and surface-wave problems in subsequent chapters.

Chapter 4 specifies the expressions for monochromatic P, Type-1 S, and Type-11 S
wave solutions needed in subsequent chapters to solve reflection—refraction and
surface-wave problems in layered viscoelastic media. The solutions are expressed in
terms of the propagation and attenuation vectors and in terms of the components of
the complex wave numbers.

Chapter 5 provides analytic closed-form solutions for the problems of general
(homogeneous or inhomogeneous) P, Type-I S, and Type-II S waves incident on a
plane boundary between viscoelastic media. Conditions for homogeneity and inho-
mogeneity of the reflected and refracted waves and the characteristics of energy
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flow at the boundary are derived. Careful study of results for the problems of
an incident Type-I S and Type-II S wave is useful for understanding reflection—
refraction phenomena and energy flow due to an inhomogeneous wave incident on a
viscoelastic boundary.

Chapter 6 provides numerical results for various single-boundary reflection—
refraction problems using the analytic solutions derived in the previous chapter.
Examples are chosen to provide quantitative estimates of the physical characteristics
for materials with moderate and small amounts of intrinsic material absorption as
well as a comparison with laboratory measurements in support of theoretical pre-
dictions. Study of these examples, especially the first three, is recommended for
developing an improved understanding of the physical characteristics of waves
reflected and refracted at viscoelastic boundaries.

Chapter 7 provides theoretical solutions and quantitative results for problems of a
general Type-1 S, P, or Type-II S wave incident on the free surface of a viscoelastic
half space. Results are included to facilitate understanding and interpretation of
measurements as might be detected on seismometers and volumetric strain meters at
or near the free surface of a viscoelastic half space.

Chapter 8 presents the analytic solution and corresponding numerical results for a
Rayleigh-Type surface wave on a viscoelastic half space. Analytic and numerical
results illustrate fundamental differences in the physical characteristics of visco-
elastic surface waves versus those for elastic surface waves as originally derived by
Lord Rayleigh.

Chapter 9 provides the analytic solution for the response of multilayered visco-
elastic media to an incident general Type-I1 S wave. It provides numerical results for
elastic, low-loss, and moderate-loss viscoelastic media useful in understanding
variations in response of a single layer due to inhomogeneity and angle of incidence
of the incident wave.

Chapter 10 provides the analytic solution and corresponding numerical results for
a Love-Type surface wave on multilayered viscoelastic media. It derives roots of the
resultant complex period equation for a single layer needed to provide curves
showing the dependencies of wave speed, absorption coefficient, and amplitude
distribution on frequency, intrinsic absorption, and other material parameters for the
fundamental and first higher mode.

New students desiring a basic understanding of Rayleigh-Type surface waves,
the response of a stack of viscoelastic layers to incident inhomogeneous waves,
and Love-Type surface waves will benefit from a thorough reading of Chapters 8, 9,
and 10.

Chapter 11 provides appendices that augment material presented in preceding
chapters. They include various integral and vector identities and lengthy derivations
relegated to the appendices to facilitate readability of the main text.
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One-Dimensional Viscoelasticity

The behavior of many materials under an applied load may be approximated by
specifying a relationship between the applied load or stress and the resultant
deformation or strain. In the case of elastic materials this relationship, identified
as Hooke’s Law, states that the strain is proportional to the applied stress, with
the resultant strain occurring instantaneously. In the case of viscous materials,
the relationship states that the stress is proportional to the strain rate, with the
resultant displacement dependent on the entire past history of loading. Boltzmann
(1874) proposed a general relationship between stress and strain that could be
used to characterize elastic as well as viscous material behavior. He proposed
a general constitutive law that could be used to describe an infinite number of
elastic and linear anelastic material behaviors derivable from various configura-
tions of elastic and viscous elements. His formulation, as later rigorously formu-
lated in terms of an integral equation between stress and strain, characterizes all
linear material behavior. The formulation, termed linear viscoelasticity, is used
herein as a general framework for the derivation of solutions for various wave-
propagation problems valid for elastic as well as for an infinite number of linear
anelastic media.

Consideration of material behavior in one dimension in this chapter, as
might occur when a tensile force is applied at one end of a rod, will provide an
introduction to some of the well-known concepts associated with linear viscoe-
lastic behavior. It will provide a general stress—strain relation from which stored
and dissipated energies associated with harmonic behavior can be inferred as well
as the response of an infinite number of viscoelastic models. It will permit the
derivation of solutions for one-dimensional viscoelastic waves as a basis for
comparison with those for two- and three-dimensional waves to be derived in
subsequent chapters.



2 One-dimensional viscoelasticity

1.1 Constitutive Law

A general linear viscoelastic response in one spatial dimension is defined mathe-
matically as one for which a function » (¢) of time exists such that the constitutive
equation relating strain to stress is given by

t

p(t) = J r(t — 7)de(7), (1.1.1)

—00

where p(#) denotes stress or force per unit area as a function of time, e(f) denotes
strain or displacement per unit displacement as a function of time, and r(¢), termed a
relaxation function, is causal and does not depend on the spatial coordinate.

The physical principle of causality imposed on the relaxation function #(¢) implies
the function is zero for negative time, hence the constitutive relation may be written
using a Riemann—Stieltjes integral as

o0

p(t) = J r(t — 7)de(7) (1.1.2)

—00
or more compactly in terms of a convolution operator as
p =rxde. (1.1.3)

Properties of the convolution operator are summarized in Appendix 1.

A corresponding constitutive equation relating stress to strain is one defined
mathematically for which a causal spatially independent function c(¢), termed a
creep function, exists such that the corresponding strain time history may be inferred
from the following convolution integral

e(t) = J c(t —1)dp(z), (1.1.4)

which may be written compactly in terms of the convolution operator as
e=cx*dp. (1.1.5)

Linear material behavior is behavior in which a linear superposition of stresses
leads to a corresponding linear superposition of strains and vice versa. Such a
material response is often referred to as one which obeys Boltzmann’s super-
position principle. Boltzmann’s formulation of the constitutive relation between
stress and strain as expressed by the convolution integrals (1.1.2) and (1.1.4)
is general in the sense that all linear behavior may be characterized by such a
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relation. Conversely, if the material response is characterized by one of the
convolution integrals then Boltzmann’s superposition principle is valid. To
show this result explicitly, consider the following arbitrary linear superposition
of strains

e(t) = zn:biei([), (116)
i=1

where b; corresponds to an arbitrary but fixed constant independent of time.
Substitution of this expression into (1.1.3) and using the distributive property of
the convolution operator, which immediately follows from the corresponding prop-
erty for the Riemann—Stieltjes integral (see Appendix 1), readily implies the desired
result that the resultant stress is a linear superposition of the stresses corresponding
to the given linear superposition of strains, namely

P:ibipizzn:bi(r*dei):r*d<ibiei>. (1.1.7)
=1 i=1 i=1

Similarly, (1.1.4) implies that a linear superposition of stresses leads to a linear
superposition of strains.

The term relaxation function used for the function 7 (f) derives from physical
observations of the stress response of a linear system to a constant applied strain. To
show that this physical definition of a relaxation function is consistent with that
defined mathematically, consider the stress response to a unit strain applied at some
time, say =0, to a material characterized by (1.1.3). Specifically, replace e(?) in
(1.1.3) with the Heaviside function

| 0fort<0
h(t):{lfortzo}' (1.1.8)

The fifth property of the Riemann—Stieltjes convolution operator stated in Appendix 1
implies that (1.1.3) simplifies to

t

p(t) = e(0+)r(1) + J r(t — 1) mé(:) &, (1.1.9)
0+
hence,
p(t) =r(1). (1.1.10)

Similarly, the creep function c(f) defined mathematically may be shown to represent
the strain response of a linear system to a unit stress applied at 1=0.



4 One-dimensional viscoelasticity

To consider harmonic behavior of a linear viscoelastic material, assume sufficient
time has elapsed for the effect of initial conditions to be negligible. Using the
complex representation for harmonic functions let

p(t) = Pe™ (1.1.11)
and
e(t) = Ee'™, (1.1.12)

where P and E are complex constants independent of time with the physical stress
and strain functions determined by the real parts of the corresponding complex
numbers. Substitution of (1.1.11) and (1.1.12) into (1.1.2) and (1.1.4), respectively,
shows that the corresponding constitutive relations may be written as

P=ioR(w)E (1.1.13)
and
E=ioC(w)P, (1.1.14)

where R(w) and C(w) are given by the Fourier transforms

R(w) = J r(t)e " dr (1.1.15)
and
Clw) = J c(t)e " dr. (1.1.16)
In analogy with the definitions given for elastic media the complex modulus M is
defined as
P
M(w) EEZZCOR(&)). (1.1.17)
The complex compliance is defined as
E .
J(w)z;:le(w), (1.1.18)

from which it follows that the complex modulus is the reciprocal of the complex
compliance, that is

M(w) :ﬁ (1.1.19)
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and the product of the Fourier transforms of the relaxation function and the
creep function is given by the negative reciprocal of the circular frequency squared,
that is

R(w)C(w) = (iw) . (1.1.20)

A parameter useful for quantifying the anelasticity of a viscoelastic material is
the phase angle 0 by which the strain lags the stress. This phase angle is given
from (1.1.17) by

M;

tand = — 1.1.21
ano = (1.121)

where the subscripts “/” and “R” denote imaginary and real parts of the complex
modulus.

1.2 Stored and Dissipated Energy

Energy in a linear viscoelastic system under a cycle of forced harmonic oscillation is
partially dissipated and partially alternately twice stored and returned. To account
for the energy in a linear viscoelastic system under a harmonic stress excitation as
characterized by a general constitutive relation of the form (1.1.13), consider the
complex strain given by

e=Jp. (1.2.1)

The time rate of change of energy in the system is given by the product of the
physical stress and the physical strain rate, namely,

PR éR, (122)

where the dot on éx denotes the derivative with respect to time and the subscript R
denotes the real part of the strain rate. Solving (1.2.1) for p, then taking real parts of
the resulting equation implies that the physical stress can be expressed as

J J
pr = RERZIier (1.2.3)
/]
For harmonic excitation
P— (1.2.4)
w

Substitution of (1.2.3) and (1.2.4) into (1.2.2) shows that the desired expression for
the time rate of change of energy in the one-dimensional system is given by



6 One-dimensional viscoelasticity

_ _ IR _ 1.2.
PRER a1 (2 |J|2€R> ( |J‘ ) (1.2.5)

Integrating (1.2.5) over one cycle shows that the total rate of change of energy over
one cycle equals the integral of the second term on the right-hand side of the
equation. Hence, the second term of (1.2.5) represents the rate at which energy is
dissipated and the first term represents the time rate of change of the potential energy
in the system, that is, the rate at which energy is alternately stored and returned. The
second law of thermodynamics requires that the total amount of energy dissipated
increase with time, hence the second term in (1.2.5) implies that

J; <0. (1.2.6)

A dimensionless parameter, which is useful for describing the amount of energy
dissipated, is the fractional energy loss per cycle of forced oscillation or the ratio of
the energy dissipated to the peak energy stored during the cycle. Integrating (1.2.5)
over one cycle shows that the energy dissipated per cycle as denoted by A&/cycle is
given by

AE
cycle

= —x|P|*J,. (1.2.7)

The first term on the right-hand side of (1.2.5) shows that the peak energy stored
during a cycle or the maximum potential energy during a cycle as denoted by max[.#]
is given by

max[?| = |P| IR, (1.2.8)

where Jr > 0. Hence, the fractional energy loss for a general linear system may be
expressed in terms of the ratio of the imaginary and real parts of the complex
compliance or the complex modulus. as

/m x[P) = 20— = 2x L (1.2.9)
cycle

Normalization of the fractional energy loss by 2z yields another parameter often
used to characterize anelastic behavior, namely the reciprocal of the quality factor,
which may be formally defined as

1 AE/cycle
~ 21 max[#]

0 !'= (1.2.10)
Q™! for a one-dimensional linear system under forced oscillation is, from (1.2.9),

given by
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=M

-1
=——=—. 1.2.11

Q 7. " M ( )

Examination of (1.1.21) shows that 0" ' also represents the tangent of the angle by

which the strain lags the stress, that is
0! =tano. (1.2.12)

Another parameter often used to characterize anelastic response is damping
ratio ¢, which may be specified in terms of 0" as

Qfl

£=5

(1.2.13)

For the special case of an elastic system J; = M; =0, hence Q_1 =tan 0=_=0.

1.3 Physical Models

The characterization of one-dimensional linear material behavior as defined math-
ematically and presented in the previous sections is general. The considerations
apply to any linear behavior for which a relaxation function exists such that the
material behavior may be characterized by a convolution integral of the form
(1.1.1). Alternatively, the considerations apply to any linear material behavior for
which a complex modulus exists such that (1.1.17) is a valid for characterization of
harmonic behavior. Specification of the complex modulus for a particular physical
model of viscoelastic behavior allows each model to be treated as a special case of
the general linear formulation.

The basic physical elements used to represent viscoelastic behavior are an elastic
spring and a viscous dashpot. Schematics illustrating springs and dashpots in
various series and parallel configurations are shown in Figures (1.3.3)a through
(1.3.3)h. In order to derive the viscoelastic response of each configuration one end is
assumed anchored with a force applied as a function of time at the other end. Forces
are assumed to be applied to a unit cross-sectional area with the resultant elongation
represented per unit length, so that force and extension may be used interchangeably
with stress and strain.

The elongation of an elastic spring element is assumed to be instantaneous and
proportional to the applied load. Upon elimination of the load the spring is assumed
to return to its initial state. The constitutive equation for an elastic spring as first
proposed by Hooke in 1660 is specified by

p = ue, (1.3.1)
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where u is a constant independent of time. The assumption that the response of an
elastic spring is instantaneous implies that for an initial load applied at time =0 the
strain at time #=0 is e(0)=p(0)/u. Hence, the creep and relaxation functions for the
special case of an elastic model are /(¢)/u and ph(f). For harmonic behavior substitu-
tionof (1.1.11)and (1.1.12) into (1.3.1) implies the complex compliance and modulus
as specified by (1.1.18) and (1.1.17) are given by 1/ and u, where the imaginary parts
of each are zero. Hence, Q™" as specified by (1.2.11) for an elastic model is zero.
The rate at which a viscous dashpot element is assumed to elongate is assumed to be
proportional to the applied force, with the resultant elongation dependent on the entire
past history of loading. The constitutive equation for a viscous element is given by

p = neé, (1.3.2)
7
(a) Elastic FWW—
Ui
(b) Viscous —{E—>
oo
(c) Maxwell HE—WW—>
7
(d) Voight || n |_>
M
(e) Standard o
Linear Ui
I
(f) Standard W=
Linear ) ;
K2
(9) Generdlized 7, 4y o 0
Voight l—E—MNv—Dé\A;_—H TIn |—>—
Ha
1
(h) Generalized S
Maxwell H T ey
—E—WW—]
I Hn
—F—\WW—]

Figure (1.3.3). Schematics showing elastic spring and viscous dashpot elements in
series and parallel configurations for various models of linear viscoelasticity.
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where é denotes the derivative of strain with respect to time or the velocity of the
elongation with respect to unit length. The viscous element is assumed not to
respond instantaneously, hence its elongation due to an instantaneous load applied
at time =0 is e¢(0)=0. Integration of (1.3.2) implies the creep and relaxation
functions for the special case of a viscous element are given by

c(t)y =1th(t)/n (1.3.4)
and
r(t) = nd(1), (1.3.5)

where J(f) denotes the Dirac-delta function, whose integral is unity and whose
non-zero values are zero. Substitution of (1.1.11) and (1.1.12) into (1.3.2) implies
the complex compliance and modulus for a viscous element are J(w) = 1/(icwn)
and M(w)=iwn. Equation (1.2.11) implies Q' is infinite, because no energy is
alternately stored and returned in a viscous element.

An infinite number of viscoelastic models may be derived from various serial
and parallel configurations of elastic springs and viscous dashpots. Schematics
for common models are shown in Figure (1.3.3). Three fundamental viscoelastic
models are the Maxwell model, which assumes the basic elements are in series, the
Voight model, which assumes the basic elements are in parallel, and a Standard
Linear model, which assumes a spring in series with a Voight element or a spring in
parallel with a Maxwell element. Generalizations of these models are the Generalized
Voight model and the Generalized Maxwell model. The Generalized Voight model
includes a Maxwell model in series with a sequence of Voight elements in series. The
Generalized Maxwell model includes a Voight element in parallel with a sequence
of Maxwell elements in parallel. A Standard Linear model may be considered as a
special case of a Generalized Voight model with n=2 and 5" =0.

The two configurations shown for a Standard Linear model (Figures (1.3.3)e and f)
are equivalent in that the parameters of the elements may be adjusted to give the
same response. Similarly, the configuration of springs and dashpots for any model
involving more than two of these elements is not unique, in that other configurations
of springs and dashpots in series and parallel will yield the same response.

For the Maxwell model the strain resulting from an applied load is the sum of the
strains associated with the individual elements in series. Hence, the resultant strain
rate is given by

e=é+é=L42 (1.3.6)
“on
where the initial strain, as implied by the assumed instantaneous response of the

spring, is e(0) = p(0)/u. Integration of (1.3.6) and substitution of a unit stress
implies that the creep function for a Maxwell model is
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I 1
c(t) = <;+;t>h(r). (1.3.7)

Similarly, integration and substitution of a unit strain implies the relaxation function
for a Maxwell model is

r(£) = s exp[—(u/n)i] h(0). (13.8)

Substitution of (1.1.11) and (1.1.12) into (1.3.6) together with (1.1.17) and (1.1.18)
implies the complex compliance and complex modulus for a Maxwell model
are given by J(w) = 1/u— i/(wn) and M(w) = (1/u— i/(wn))”", from which
(1.2.11) implies Q! = u/(wn).

For a Voight model the applied stress is the sum of the stress associated with each
of the elements in parallel. Hence the applied stress is given by

p = pe + e, (1.3.9)

where the initial strain is e(0)=0. The creep and relaxation functions inferred from
(1.3.9) for the Voight model are

doziu—mm4mmmmo (1.3.10)
and

F(1) = nd(1) + uh(1). (1.3.11)

Substitution of (1.1.11) and (1.1.12) into (1.3.9) implies the complex compliance
and modulus for a Voight model are J(w) = 1 /(i + iwn) and M(w)=u+ion.
Hence, (1.2.11) implies Q' = wn/u.

For a Standard Linear model with an applied load, the resultant strain is the sum
of the strains associated with the spring in series with the Voight element, while the
applied stress is the same for the spring and Voight elements in series. The resulting
equations for configuration “e” shown in Figure (1.3.3) are

p = mer +mer = e (1.3.12)
and
e =e + e, (1.3.13)

which upon simplification may be written as
p+1,p=M(e+r1.8), (1.3.14)
where 1, is the stress relaxation time under constant strain defined by

_ M
T, = ——!), (1.3.15)
g M+
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T, is the strain relaxation time under constant stress defined by

=M (1.3.16)
/l1

and M, is known as the relaxed elastic modulus defined by

M, =2 (1.3.17)
My + 1y

with the initial instantaneous response being e(0) = p(0)/x,. The creep and relaxa-
tion functions for a Standard Linear model inferable from (1.3.14) are

c(t) = A; <1 - (1 - ?) exp[—l/rg])h(l) (1.3.18)

and

r() = M,(l - <1 - :—> exp[—t/rp])h(t). (1.3.19)

p

Substitution of (1.1.11) and (1.1.12) into (1.3.14) implies the corresponding com-
plex compliance is

1 1+ iwt
J(w) = P 1.3.20
(©) =3 T+ iz, (1.3.20)
and the complex modulus is
1 +iwt,
M(w) = M, 0% (1.3.21)
1 + iwr,
Hence, (1.2.11) implies Q"' for a Standard Linear model is
0! _olte—5) (13.22)

1 + %17,

For a Generalized Voight model the strain resulting from an applied stress is the
sum of the strains associated with the Maxwell and Voight elements in series.
Hence, the creep function for the model can be readily inferred as the sum of
those associated with the elements in series as

()= (0 )0+ Do (1 = el G, (1329

My k2k
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Similarly, the compliance for the elements in series for a Generalized Voight model
is the sum of the compliances of the individual elements, namely

1 1 g 1
J@)=—+—+ . (1.3.24)
My lony =y Lo

Hence, Q"' for a Generalized Voight model may be readily inferred from (1.2.11) as

- J1 1 . O 1 . Hie
0 l:__:(_+ M VST M) (13.05)
Jr \on ; e + ion|* )/ \wu ; e + o]

For a Generalized Maxwell model the applied stress is the sum of the stresses
associated with each of the Voight and Maxwell elements in parallel. Hence, the
relaxation function for the model can be readily inferred as the sum of those for each
of the elements in parallel as

r(t) = m (1) + pyh( +Zﬂkexp (/i) 1 (2). (1.3.26)

Similarly, the modulus for the Generalized Maxwell model is given as the sum of the
moduli for each of the elements, namely

11
M(w) =y +ion, + Y —+—. (1.3.27)
! 1 ;ﬂk laon

Hence, Q"' for a Generalized Maxwell model may be readily inferred from (1.2.11) as

o
0 - ]1“2 (,71 ; n)/(ﬂl+; k) (1.3.28)

Differential equations, creep functions, relaxation functions, complex com-
pliances, complex moduli, and Q" for the physical models are tabulated in Tables
(1.3.29) and (1.3.30). An infinite number of additional physical models can be
derived from various configurations of springs and viscous elements in series and
parallel. As a converse of this result, Bland (1960) has shown that for any model of
material behavior that can be represented by a general linear convolution integral
of the form (1.1.2) the mechanical properties and the stored and dissipated energies
of the model can be represented by a set of Voight elements in series or a set of
Maxwell elements in parallel.
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1.4 Equation of Motion

To derive an equation of motion that governs the propagation of one-dimensional
waves in a general linear viscoelastic medium consider an infinitely long rod
constrained to deform only in one direction along the length of the rod (see Figure
(1.4.3)). Position along the rod shall be denoted by the coordinate, x, with the
displacement of a cross-sectional element as a function of time and position with
respect to an equilibrium position denoted by u(x,¢).

The stress p(f) and strain e(f) are assumed to vary sinusoidally with time, so in
terms of complex notation p(f)=Pe'”", e(f)=Ee'”", and u(x,t)= U(x)e'”" with angu-
lar frequency w = 2zf'and the corresponding physical components given by the real
parts of the corresponding quantities. The problem is linearized by assuming the
displacement of cross-sectional elements is infinitesimal, so that the strain at any
time is given by
~ Ou
= ox

In terms of the complex notation the general relation between stress and strain is
from (1.1.17), given by

e (1.4.1)

P=ioR(w) = M(w)E, (1.4.2)

where M is the complex modulus specified as a function of @ = 2af appropriate for
any chosen viscoelastic model.

P, (xt)
L} L] UR (X,t) p lI

Mil

>
P &

X

Figure (1.4.3). Cross-sectional element for an infinitely long rod constrained to
deform longitudinally, u (x,f) with respect to an equilibrium position, to a sinusoidal
physical stress py (x,f) acting uniformly on a cross-sectional element of area 4.

The law of conservation of linear momentum implies the equation of motion for a
cross-sectional element of the rod of density p is

op 0%u
—=p—. 1.4.4
ox "or (144
For harmonic motions, this equation of motion may also be written as
oP
— = plin)*U. (1.4.5)

ox
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The constitutive relation (1.4.2) implies

oP oF
— =M —. 1.4.6
Ox ox ( )
The assumption of infinitesimal strains (1.4.1) implies
OE 0°U
—=—. 1.4.7
ox  Ox? ( )
Hence, (1.4.6) may be written as
oP 0*U
— =M — 1.4.8
Ox ox?’ ( )
which upon substitution into (1.4.5) yields the desired equation of motion, namely
9*U(x) 2
2 +k°U(x) =0, (1.4.9)
where k is termed the complex wave number and defined by
2
=P (1.4.10)

M

For steady-state harmonic motion, an equivalent form of (1.4.9) in terms of the
complex displacement u(x,?) is

0%u(x,1) s O*u(x,t)
Ox? v2  or

where v is termed the complex velocity and defined by

=0, (1.4.11)

<

V2=—=—. (1.4.12)

A steady state solution of (1.4.11) in complex notation is
u(x,t) = U(x)e™ = Ce *e™' = Ce'®=F), (1.4.13)

which may be written in terms of the real and imaginary parts of the complex wave
number as

u(x,t) = Cereel@=kry) (1.4.14)

Hence, the physical displacement of a cross section in the rod corresponding to this
steady state solution is given by the real part of (1.4.14) as

ug(x,t) = Ce* cos(wt — kgx), (1.4.15)
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where C is without loss of generality assumed to be real.
The steady-state physical displacement described by this solution describes a
harmonic wave propagating in the positive x direction with phase speed

)
Vphase = e (1.4.16)

The wave decreases in amplitude in the direction of propagation due to the attenua-
tion factor e /¥, where —k; is often termed the absorption coefficient and sometimes
denoted by a=—k;.

For elastic media the modulus M is a real number, hence (1.4.10) implies &;=0,
so there is no attenuation of the wave in the direction of propagation. For a linear
anelastic model, M is a complex number and k;#0, so (1.4.15) describes a wave
attenuating in amplitude in the direction of propagation. The dependence of the
attenuation on the frequency of vibration is determined by the frequency depen-
dence of the modulus M implied by the anelastic viscoelastic model of interest.

The only permissible form of a steady-state solution of the one-dimensional wave
equation given by (1.4.11) for anelastic viscoelastic media is one for which the maxi-
mum attenuation of the wave must necessarily be in the direction of propagation. This
constraint does not apply to wave fields propagating in two or three dimensions. It will
be shown in subsequent chapters that solutions of the corresponding wave equation in
two and three dimensions describe waves for which the direction of phase propagation
is not necessarily the same as that of maximum attenuation. This important result will
be shown to be the basis for fundamental differences in the nature of one-dimensional
anelastic wave-propagation problems and two- and three-dimensional problems.

The physical characteristics of waves in one dimension in which the direction of
propagation coincides with the direction of maximum attenuation are analogous to
those for waves in two and three dimensions in which the two directions coincide.
Hence, for brevity further derivation of the characteristics of one-dimensional
waves will be presented in later chapters.

1.5 Problems

(1) For the Standard Linear model shown in Figure (1.3.3)f derive the
corresponding
(a) differential equation,
(b) creep function,
(c) relaxation function,
(d) compliance,
(e) modulus, and

M o™
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(2) Explain why the configurations of elastic and viscous elements shown in Figures
(1.3.3)g and (1.3.3)f for a Standard Linear solid yield equivalent responses to an
applied force.

(3) Consider the infinitely long rod shown in Figure (1.4.3) with arbitrary, but
fixed, viscoelastic material parameters of density p and modulus M constrained
to deform longitudinally with harmonic displacements of frequency f and
maximum amplitude C. For the one-dimensional waves propagating along the
rod find

(a) the rate at which energy is stored per unit length per unit time,

(b) the rate at which energy is dissipated per unit length per unit time,

(c) the maximum potential energy per unit length per cycle (max[Z]),

(d) the energy dissipated per unit length per cycle (AE/cycle),

(e) the reciprocal quality factor (0 "), and

(f) the damping ratio ({).

(Hint: Substitute solution (1.4.15) into appropriate expressions in (1.2.5) through
(1.2.10)).

(4) Use the expressions derived in problems 3(a) through 3(f) to find the corre-

sponding expressions for a viscoelastic rod that responds as
(a) an elastic solid
(b) a Maxwell solid, and
(c) a Voight solid.
(Hint: Use appropriate expressions for the modulus as specified in terms of specific
material parameters and frequency in Table (1.3.30).)
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Three-Dimensional Viscoelasticity

Consideration of viscoelastic behavior in three dimensions allows consideration of
stress distributions whose amplitude varies spatially over the surface to which it is
applied. As a result energy flow and resultant displacements may occur in directions
other than those of the maximum applied stress as they do for problems involving
only one spatial dimension. These differences in physical phenomena will be shown
to imply physical characteristics for radiation fields in three-dimensional viscoelas-
tic media that do not occur in one dimension.

2.1 Constitutive Law

A homogeneous linear viscoelastic continuum is defined mathematically as one for
which a causal fourth-order tensorial relaxation function 7, exists independent of
the spatial coordinates such that the constitutive equation relating stress and strain
may be expressed as

t

p{','([) = J V[/'kl([ — ‘L')d€k[(‘[>, (211)

—o0

where p;; and e; denote the second-order time-dependent stress and strain tensors,
respectively (Gurtin and Sternberg, 1962). Spatial independence of the tensorial
relaxation function r;;; characterizes the continuum and corresponding medium as
homogeneous.

The physical principle of causality requires that the relaxation function is zero for
negative time, hence the constitutive relation may be written in the form

pii(t) = J Fijt(t — T)deg(7) (2.1.2)

19



20 Three-dimensional viscoelasticity
or more compactly with the definition of a Riemann—Stieltjes convolution operator as
Dij = Tijk1 * dex;. (2.1.3)

Another function often used to characterize the behavior of a linear viscoelastic (LV)
continuum or material is the so-called tensorial creep function c;;,(7), which relates
stress to strain by the following relation,

ejj = Cijk1 * dpy. (2.1.4)

A Homogeneous Isotropic Linear Viscoelastic (HILV) continuum is defined to be
one for which the tensorial relaxation function r;; () is invariant with respect to the
rotation of Cartesian coordinates. For such a material, scalar functions rg and rg
exist, such that

rijkl = % (rg —rs)d; oK + % rs(0ik O + it Ojkc) (2.1.5)
where the Kronecker delta d;; is defined as
5,-,-5{5 i? i;j} (2.1.6)
For HILV materials, the constitutive relation simplifies to
pi =rsxdej  for i#j (2.1.7)
and
Dik = Tk * degy, (2.1.8)

where rg and rg are the spatially independent relaxation functions characteristic of
the shear and bulk behaviors of the material, a repeated index &k indicates summa-
tion over index values 1, 2, and 3, and the prime denotes the deviatoric components
of stress and strain defined by

, 1
Pij =Pij— §5ypkk (2.1.9)
and
1
e = ey — g@j Clek- (2.1.10)

2.2 Stress—Strain Notation

Interpretation of the notation for components of the stress and strain tensors as
presented in the previous sections for viscoelastic media is similar to that for elastic
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Figure (2.2.1). Notation for components of the stress tensor p;; as illustrated at a
fixed but arbitrary time ¢ on the faces of an elemental cube.

media, if the tensors are interpreted at an arbitrary, but fixed time . Diagrams
illustrating the notation are shown here to aid the student not familiar with the
notation. Formal derivations of the stress and strain tensors for elastic media are
available in several texts on classical continuum mechanics.

Notation for components of the stress tensor can be visualized by considering
an elemental cube located at the origin of a rectangular coordinate system (x1, x5, x3)
of dimension dx; by dx, by dx; (Figure (2.2.1)). Designating the plane perpendicular
to a coordinate axis by the corresponding subscript, the stress acting on the i ™ plane
in the direction of the j” coordinate axis at a fixed, but arbitrary, time ¢ is designated
as p; for i=1, 2, 3 and j=1, 2, 3. This notation is illustrated for the components
of the stress tensor acting on faces of an elemental cube (Figure (2.2.1)). Stress
components with the same subscripts, p;; for i=1, 2, 3, represent stresses normal to
the indicated plane. Stress components with subscripts that are not the same, p;; for
i#J, represent shear stresses on the indicated plane.

Notation for components of the strain tensor may be visualized by considering
undeformed and deformed states of the continuum. Deformation at a fixed but
arbitrary time in the solid is described by a displacement vector & = (u, ua, u3),
which specifies the position of each point in the continuum in the deformed state
with respect to its position in an undeformed state. Uniaxial extension or strain at a
point in the continuum as illustrated along the x; axis normal to the x; plane in
Figure (2.2.2) is denoted by e;; = du;/0x;. Uniaxial extensions or compressions
are denoted by components of the strain tensor with the same subscripts, namely
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oy,
—~-1 dx
Xm axl 1 .
/ o
: Jdu
! ™ |eu= a_Xi
Xy

X3

Figure (2.2.2). Notation for strain component e that designates uniaxial extension
normal to the plane perpendicular to the x; axis at a fixed but arbitrary time #

—!

u,
Y 1
—dx; _1{du; dug
X3 0x, el3_5[x+a_xl

Figure (2.2.3). Notation for strain component e;3 corresponding to average shear
strain of a plane square in the x;x; plane.

e = Ou;/Ox; fori=1,2,3. These components of the strain tensor represent strains
normal to the i plane in the direction of the i” coordinate axis.

Shearing strains at a point in the continuum are illustrated by considering a
planar elemental square deformed in one of the coordinate planes as illustrated for
the xx3 plane in Figure (2.2.3). The deformed square shows translation, shearing,
and rotation specified with respect to the reference square by i = (uy, uz, u3), where
u, =0 for the illustration considered. For small amounts of shear the tangents of the
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angles 6 and 65 are approximately equal to the angles and hence the average shear
strain of the deformed square is given approximately by

13_2 8)(3 8)(71 '

Similarly, each of the components of the strain tensor for which the subscripts are

not the same, that is
1 (Ou; N Ou;
Cj == ik
v 2 ax, 8x,~

can be visualized as the average shear strain in the x; x; plane for i # ;.

2.3 Equation of Motion

The motion of a material continuum with a specified set of boundary conditions
is governed by the conservation laws of mass and momentum together with a
constitutive relation characteristic of the material. The law of conservation of linear
momentum implies the following equation of motion,

pij,j +Ji = piii, (2.3.1)

where f; = body force per unit volume, p = mass density, and ;=™ Cartesian
component of the displacement vector.

To linearize the relation between the components of the stress tensor and the
components of the displacement it is necessary to assume the displacements are
infinitesimal. This assumption yields the following linear relation for the strain

1
€ = 5 (I/ll‘ﬁj + ujﬁ,'), (232)

where the notation u; ; denotes the partial derivative of the “/” component of
displacement with respect to the *j” variable.

The equation of motion (2.3.1) together with the linearized strain displacement
relation (2.3.2) and the constitutive relations (2.1.7) through (2.1.10) are sufficient
to describe the infinitesimal motion of a homogeneous isotropic linear viscoelastic
(HILV) continuum.

To find steady-state solutions of these equations, assume sufficient time has
elapsed for the effect of initial conditions to be negligible. Employing the usual
convention for steady state exhibited by

u = U; e, (2.3.3)

where U, is a complex function of the spatial coordinates and the physical displace-
ment is given by the real part of u; denoted by u;,, the equations governing the steady
state motion of a HILV continuum in the absence of body forces are
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Py +po*U; =0, (2.3.4)
1

Ej =5 (Uij+ Uyi), (2.3.5)

P} = ioRsE], (2.3.6)

Pkk = ia)RKEkk, (237)

where Rgand Rx denote the Fourier transforms of the relaxation functions rgand rg,
respectively. When the complex shear modulus is defined by

M= %inS (2.3.8)
and the complex bulk modulus is defined by

K= %ia)RK (2.3.9)

the constitutive relations (2.3.6) and (2.3.7) may be written as

Pi/j = 2ME; for i#j (2.3.10)
and
Py = 3KEy (2.3.11)
or as
Py =d, <1< _ %M)Ekk +2ME;. 2.3.12)

Other parameters familiar from elasticity theory are Lamé’s parameters 4 and
M, Young’s modulus £, and Poisson’s ratio V. Definitions of these parameters
extended to viscoelastic media are

AEK—%M, (2.3.13)
E=pAt2M (2.3.14)
AT M
A
N=— 2 231
2+ M)’ 2.3.15)

where each of the parameters is in general a complex function of frequency.
In terms of Lamé’s parameters the constitutive relation (2.3.12) becomes

Pj = 6; AEy + 2ME;;. (2.3.16)
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The equation of motion (2.3.4) may be written entirely in terms of U; by substituting
(2.3.16) into (2.3.4) and simplifying with (2.3.5). The resulting desired equation of
motion in vector notation is

M .
<K+?>V9 + M V?ii = pii, (2.3.17)
where
0= ukfck (2318)
and
0 = V.ii, (2.3.19)

with the divergence of i defined by

. 0 . o . 0 . . N .
Veai= | — X1 +=— X+ —X3 -(u1x1 —|—MQX2+M3X3) = Uj - (2320)
aXQ BX3

2.4 Correspondence Principle

Three sets of fundamental equations are needed to derive the equation of motion
for a HILV medium (2.3.17) under steady-state motion. The first set of equa-
tions is that implied by the conservation of momentum, namely (2.3.1) with
body forces included or (2.3.4) in the absence of body forces. The second set is
that which specifies that the problem is linear. It specifies, to first order, the
components of strain in terms of the spatial derivatives of the displacement
components, namely (2.3.2) or (2.3.5). The third set is the constitutive relations
which specify the relationship between the components of stress and strain,
namely (2.1.7) through (2.1.10) or (2.3.12). These equations are similar to those
for elastic media, except that the parameters used to characterize the response of
viscoelastic media are complex numbers instead of real numbers. This corre-
spondence between equations for some problems in linear viscoelastic media
and the equations for elastic problems has given rise to the term correspondence
principle.

The concept of the correspondence principle is that solutions to certain steady-
state problems in viscoelasticity can be inferred from the solutions to correspond-
ing problems in elastic media upon replacement of real material parameters by
complex parameters. This replacement of material parameters yields valid results
for some problems, but for other problems the solution cannot be found using the
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correspondence principle. Some problems in viscoelastic behavior do not have a
counterpart in elastic behavior.

Bland (1960, p. 67) states that the correspondence principle can only be used to
obtain a solution for a steady-state problem in viscoelasticity if (1) a solution for a
corresponding problem in elastic media exists, (2) no operation in obtaining the
elastic solution would have a corresponding operation in the viscoelastic solution
which would involve separating the complex modulus into real and imaginary parts,
and (3) the boundary conditions for the two problems are identical. Bland defines a
“corresponding problem” as an identical problem except that the body concerned is
viscoelastic instead of elastic.

One of the previously mentioned examples for which the replacement of real
material parameters with complex ones yields a correct equation is the equation of
motion for HILV media as specified in one dimension by (1.4.9). This equation for
viscoelastic media is similar to that for elastic media except that the material
modulus (M) is in general a complex number instead of a real number.

Examples of problems for which the correspondence principle as stated by Bland
(1960) cannot be used to derive solutions concern the dissipation and storage of
energy in HILV media. These problems require separation of material moduli into
their real and imaginary parts (see, for example, (1.2.7) through (1.2.11)). Energy
balance equations that account for the dissipation and attenuation of energy due to
intrinsic absorption in viscoelastic media have no corresponding counterpart in
elastic media.

Problems and solutions derived herein are formulated from first principles for
general linear viscoelastic media with the classic results for elastic media being
readily implied upon specification of material parameters that are real numbers. This
approach provides a rigorous framework from which the results for elastic media
and an infinite number of linear anelastic models are readily deduced as special
cases. This approach is needed to rigorously account for energy propagation and
dissipation in viscoelastic media. It provides a framework for solution of reflection—
refraction and surface-wave problems for general viscoelastic media some aspects
of which have no counterpart in elastic media, especially those aspects pertaining to
the physical characteristics of reflected, refracted, and surface waves required to
satisfy the boundary conditions.

2.5 Energy Balance

Expressions for the various energy characteristics of harmonic displacement fields
governed by the equation of motion provide the basis for understanding the nature
of wave propagation in three-dimensional HILV media. Explicit energy expressions
together with their physical interpretation are derived in this section.
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Energy characteristics of viscoelastic radiation fields can be determined from an
equation of mechanical energy balance which states that

rate of mechanical work = rate of change of internal energies

+ rate of energy dissipated. (2:5.1)

Considering the internal energies per unit volume as the sum of the kinetic energy,
A, and stored strain, ., energies per unit volume and denoting the rate of energy
dissipated per unit volume by 2, and the energy intensity by J, equation (2.5.1) can
be written as

_ jv.idv _ J (g (K + ) +.‘1)>dV. (2.5.2)
14

A mechanical energy-balance equation of the form (2.5.2) is derived by forming the
dot product of the physical velocity field, iig, with the steady-state equation of
motion, where the i ” component is given by

2 1 2 .
(KR — gMR)uRj,ji + Mg(ugi i + UR‘,-},‘-/-) + . <(KI - §MI>”RJ-_/'I'
(2.5.3)
+ M (g + f‘RL.f;’)) = piig;.

Upon applying the chain rule for differentiation, integrating over an arbitrary
volume ¥, and rearranging terms, an equation of the form (2.5.2) as initially derived
by Borcherdt (1971, 1973) and extended with physical interpretation of the terms by
Borcherdt and Wennerberg (1985) is obtained, where

1

K= Epu,g,., (2.5.4)
o 1 2 3 3
T :5 KR_§MR Lle’j—FMR(MRM—FMRI‘,_/URJ”;) , (255)
1 2 ) My, . . .
P :a <KI—§M]>U12{]]+E( Izgiﬁj+uR,-,_,-uR_,-7,-), (256)

and

2 ) .
Jj= _<<KR - gMR) ugi iug; + Mg(ug;j+ ug; ;) uRi>

1 2 .. My, . . .
+ ; <K1 - 3M1> URi iURj T zl (I/IR,'L,' + UR]"’,') UR;- (257)
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In terms of the physical displacement field, up, the various terms (2.5.4) through
(2.5.7) in the mechanical energy balance equation (2.5.2) also may be written in
vector notation as

1 .2
I 2N\, B
P =5 (Kn—3 M 0% + Mg(V+Viig« iig — VZiig« ilg), (2.5.9)
.‘Z) ZB<K]—§M>912{.+EI(Vo V],_[R.L_[R —VzﬁR'ﬁR), (2510)

e 2 5 — 5 Y —
J = <KR _§MR>0R UR —|—MR(VL{R-MR + Ug OVMR)

(2.5.11)
1 2 . M, .. . .
+ = (K,—-M,)@R i +— (Viig«iig +iigViig),

w 3 0}
where Or = Ve« iig.

To physically interpret the terms given in (2.5.4) through (2.5.7), the rate
of working of the stresses or the mechanical work on an arbitrary volume, V,
with surface element ds = 7i ds is defined by (Aki and Richards, 1980; Hudson,
1980)

- JPRijilRfﬁdS- (2.5.12)
s

Neglecting body forces and using the real components of (2.3.1) to represent the
physical equation of motion, where the i component is

DPRij,j = PURi, (2.5.13)
then forming the dot product of (2.5.13) with the velocity field iR yields
DRij,j URi = P UR; UR;- (2.5.14)
The chain rule for differentiation implies

PRij,j URi = (pRij L?Ri)j—Pszf Ugrij, (2.5.15)

so upon substitution of (2.5.15) into (2.5.14) the resulting equation can be written in
terms of the components of the strain tensor as
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. 10, . )
(Prijtiri) = 3%, (pid,) + Priéri- (2.5.16)

Integration of both sides of (2.5.16) over an arbitrary but fixed volume V with
outward surface element 7 ds yields

. 10
J(pR,;,-uR,-)’jdV J(za (pirg;) —I—pR,,eR,,>dV (2.5.17)

Vv

which upon application of Gauss’ theorem becomes
. 1o, ., :
— pRijuRinds: Ea(pum)—l—pmj CRjj dv. (2518)
S 14

Substituting the constitutive equations for steady state and rewriting with Gauss’
theorem (2.5.18) becomes

l\) |

JV (pR,/uR, dV—g

vV

2
J(p uRl (KR - EMR> 61231»]- + 2MR€12i’ij dV

V
1 2 ) )
[ (Kr =3 M ) e+ 2Mr ey v
V

Substitution of definitions (2.3.2) permits the right-hand side of (2.5.19) to be easily
expressed in terms of the physical displacement field with the resultant equation
being composed of terms of the form (2.5.4) through (2.5.7).

To physically interpret the terms on the right-side side of (2.5.19), the average
over one cycle implies that the average rate of mechanical work over one cycle
equals the average rate of energy dissipated; hence, the second term on the right-
hand side can be physically interpreted as the rate of energy dissipated; hence, the
rate of energy dissipated per unit volume, 2 is as given by (2.5.6). Physically
interpreting the kinetic energy per unit volume, & as % pﬁ}i indicates that the
remaining integrand in (2.5.19) can be interpreted as the stored (strain) energy per
unit volume, &, which is given by (2.5.5). Simplification of the integrand on the
left-hand side of (2.5.19) with the constitutive law for viscoelastic media yields the
desired expression for the components of the energy flux vector J as given by
(2.5.7). Hence, the desired physical interpretation and corresponding explicit
description have been derived for each of the various energy characteristics
(K, 2,9,and J ) as specified in terms of the components of a harmonic displace-
ment by (2.5.4) through (2.5.11).

(2.5.19)
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2.6 Problems

(1) Derive the steady-state equation of motion (2.3.17) for a viscoelastic medium
with complex shear and bulk moduli M and K and density p.
(2) Provide examples of equations that can and cannot be derived using the
Correspondence Principle.
(3) Using the steady-state equation of motion (2.5.3) as expressed in terms of the
components of the displacement field, derive expressions for the
(a) kinetic energy density A,
(b) potential energy density 2,
(c) dissipated energy density 2, and
(d) energy flux J.
4) Show several energy conservation relations of the form

Jv.()dvzjgt <()+()>dV 2.6.1)

4 4

can be derived from the steady-state equation of motion (2.5.3) with the
desired relation being that chosen based on physical interpretation of each
of the terms. Hint: For illustration purposes consider (2.5.3) for elastic media,
in which case three different identities can be derived by interchanging the
order of partial differentiation, namely

M, ..
(KR - TR> ugjji + MR Ui jj = pigi, (2.62)
M, ..
<KR +TR>”R1‘,U‘+MR URijj = P URi (2.6.3)
and
2 .
<KR - EMR> urj,ji + Mr(urijj + urj.ij) = plir:- 2.64)

The dot product of the vectors for which these identities specify the i” compo-
nent with the velocity field yields three additional energy-conservation relations,
the first of which is implied by

M, . .
<(KR + TR) URiiUgr; + MR”Ri,j”Ri)

10 . M
T 20 (p i+ (KR - TR> Uy + Mruirij i i,,;) :

N (2.6.5)
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Similarly, sixteen energy-conservation relations may be derived for an arbitrary
viscoelastic solid. The preferred conservation relation as defined by the terms
in (2.5.4) through (2.5.11) and the subsequent physical interpretation of the
terms may be obtained from that implied by (2.6.5) upon subtracting the
following identity from each side, where M;=0 for elastic media,

M,
J ((MR (urijtiri — urjtiri) + gl (tiri iR — tigj i tir ,-)) ) av
v sJ
o M, M,
= @TR J (trijurj.i — urjjurii)dV + ;I J (iRijtiry.i — tirj,jitric) V.

V V (2.6.6)

As a final note, the fact that different energy-conservation relations can be
derived from equations of the form (2.5.3) has led to confusion in the literature
as to the proper expressions for the various energy characteristics. For example,
for elastic media the energy characteristics defined by (2.5.4) through (2.5.11)
for elastic media with M ;=0 correspond to those derived for elastic media by
Morse and Feshback (1953, p. 151), while (2.6.5) corresponds to that derived
by Lindsay (1960, p. 154). Physical interpretation of the terms for the energy
characteristics as given following (2.5.12) and specialized for elastic media
implies the expressions derived by Morse and Feshback for elastic media are
preferable.
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Viscoelastic P, SI, and SII Waves

The equation of motion (2.3.17) governs wave propagation in a HILV continuum.
Solutions of the wave equation and physical characteristics of the corresponding
wave fields are presented in this chapter.

3.1 Solutions of Equation of Motion

A theorem due to Helmholtz implies that there exists a scalar potential ¢ and a
vector potential i such that the displacement field may be expressed as

U=Vo+Vxy, (3.1.1)
where
Ve =0. (3.1.2)

Employing the notational convention (2.3.3) for steady-state considerations and
substituting (3.1.1) into (2.3.17) shows that the equation of motion (2.3.17) is
satisfied if

V2 +kp=0 (3.1.3)
and or
VY 4+ k% =0, (3.1.4)

where the complex wave numbers are defined in terms of the material parameters by

kp=2 (3.1.5)
o
and
w
k= (3.1.6)
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with complex velocities defined by

o= w (3.1.7)
\/ p

ﬁz“ﬂ. (3.1.8)
p

One solution of the equation of motion (2.3.17) is given by the solution of (3.1.3)
with V x ¥ = 0. For such a solution (3.1.1) implies that the corresponding dis-
placement field is irrotational. This solution of the equation of motion states that
irrotational or P waves may propagate independently in a HILV continuum. Another
solution of the equation of motion (2.3.17) is given by the solution of (3.1.4) with
V& =0. For such a solution (3.1.1) implies that

Veii =V+(Vxip)=0 (3.1.9)

and

and hence the volumetric strain as denoted by A or 8, namely
A=0=V.ii=0, (3.1.10)

vanishes and the corresponding displacement field is termed equivoluminal. This
solution states that an equivoluminal or S wave may propagate independently in a
HILV continuum.

To consider general characteristics of the P and S wave solutions specified by
(3.1.3) and (3.1.4), it is sufficient to consider general solutions to a general
Helmholtz equation of the form

V3G + K2G =0, (3.1.11)

where for P solutions k=kp and G is interpreted as the complex scalar potential @
and for S solutions k=kg and G is interpreted as the complex vector potential P
Consideration of solutions of this general equation allows common characteristics
of any wave (P, S, or surface wave) as governed by a Helmholtz equation of the form
(3.1.11) to be derived.

A general solution of (3.1.11) for an assumed steady-state condition is given by a
general expression of the form

G = Gyexp [—Z-F}exp [—iﬁ.f}, (3.1.12)

where (1) P represents the propagation vector, which is perpendicular to surfaces of
constant phase defined by P+ ¥ = constant, (2) A represents the attenuation vector,
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which is perpendicular to surfaces of constant amplitude defined by
A« ¥'= constant, and (3) P and A must be related to the material parameters through
the wave number k by identities,

- —

PeP— A+ 4 = Re|k’] (3.1.13)

and
Bud = |Fl|A]cos(y) = —3 Im[K?, (3.1.14)

where y represents the angle between Pand A4 and “Re[z]” and “Im[z]” denote the
real and imaginary parts of a complex number “z”. The physical requirement that the
amplitude of the wave not increase in the direction of propagation is satisfied by
requiring that the angle between the propagation vector P and the attenuation vector
A not exceed /2, that is 0 < y<m/2.

Expression (3.1.12) is readily shown to be a solution of the Helmholtz equation
(3.1.11) if conditions (3.1.13) and (3.1.14) are satisfied by substituting the solution
(3.1.12) into (3.1.11) and simplifying with the vector identities in Appendix 2.
Solutions of this general form also may be derived from first principles using
separation of variables as shown in Appendix 3.

An inhomogeneous wave is defined as a wave for which surfaces of constant
phase are not parallel to surfaces of constant amplitude, that is, A isnot parallel to P.
If A is parallel to P, then the wave is defined to be homogeneous. The term general
will often be used to describe a wave that can be considered either homogeneous or
inhomogeneous in the context of the problem under consideration.

The velocity of surfaces of constant phase for the general solution (3.1.12) is
given by

F=0— (3.1.15)

with maximum attenuation for the general solution given by
|4]. (3.1.16)

Equations (3.1.13) and (3.1.14) provide considerable insight into the nature
of wave fields that can be solutions of the general Helmholtz equation (3.1.11)
and hence the equation of motion (2.3.17) for a HILV medium. It will be shown
that they imply that the type of inhomogeneous waves that propagate in elastic
media cannot propagate in anelastic HILV media and vice versa. This important
result will be shown to imply that the characteristics of P, S, and surface waves in
layered anelastic media are distinctly different from those in elastic media. The
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results specifying the types of inhomogeneous waves that may propagate in elastic
and anelastic media are stated formally in the following theorems (Borcherdt, 1971,
1973a).

Theorem (3.1.17). A wave governed by the Helmholtz equation (3.1.11) for HILV
media may propagate in non-dissipative or elastic media if and only if

(1) |A| = 0 and the wave is homogeneous
or

(2) \/T | # 0 and the direction of maximum attenuation for the inhomogeneous
wave is perpendicular to the direction of phase propagation.

To prove the first part of this theorem assume the medium is elastic. Interpreting
k as kp for P wave solutions as specified by (3.1.5) or as kg for S wave solutions
as specified by (3.1.8) in terms of the material parameters, the assumption of
elastic media implies Im[k*] = Im[k3] = Im[k%] = 0, which upon substitution
into (3.1.14) implies that either (1) |4| = 0 and the wave is homogenecous or
(2) y=/2 and the direction of maximum attenuation, 4/|A|, is perpendicular to
the direction of phase propagation, P/|P|. Conversely, (3.1.14) shows that if
|/T | =0 or y=n/2, then Im[k?]=0, which depending upon whether one is con-
sidering a P or S solution implies Im[k3]=0 or Im[k3]=0, which together with
(3.1.5) through (3.1.8) implies the medium is elastic.

This theorem establishes that the only type of inhomogeneous P and S solutions
for elastic media of the Helmholtz equations (3.1.3) and (3.1.4) as generalized to
(3.1.12) is one for which the direction of propagation is perpendicular to the
direction of maximum attenuation. It also establishes that the only type of homo-
geneous wave in elastic media is one for which there is no attenuation.

The corresponding result for dissipative or anelastic HILV media is stated
formally in the following theorem.

Theorem (3.1.18). A wave governed by the Helmholtz equation (3.1.11) for HILV
media propagates in dissipative or anelastic HILV media if and only if

A| #0,

(1) the maximum attenuation of the wave is non-zero, that is,
and

(2) the direction of maximum attenuation of the wave is not perpendicular to the
direction of phase propagation, that is, y+ /2.

The proof of this theorem is entirely analogous to Theorem (3.1.17). If the
medium is assumed to be anelastic, then (3.1.5) through (3.1.8) imply Im[£*] #0,
hence, (3.1.14) implies |A4| # 0, that is, the maximum attenuation is non-zero and
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y#7/2, that is the direction of maximum attenuation is not perpendicular to the
direction of phase propagation. Conversely, if |/T | # 0 and y#n/2, then (3.1.14)
implies Im[k?]#0, from which it follows the medium is anelastic.

This theorem establishes that the only type of inhomogeneous P and S solutions for
anelastic HILV media of the Helmholtz equations (3.1.3) and (3.1.4) as generalized to
(3.1.12) is one for which the direction of propagation is not perpendicular to the
direction of maximum attenuation. It also establishes that the only type of homogeneous
wave in anelastic media is one for which the maximum attenuation does not vanish.

The results pertaining to inhomogeneous waves as proved for Theorems (3.1.17)
and (3.1.18) also may be stated as

Theorem (3.1.19). For HILV media the only type of inhomogeneous wave that
propagates in anelastic media, namely a wave for which y# /2, cannot propagate
in elastic media and vice versa.

These results emphasize an important difference in the nature of inhomogeneous
wave fields in elastic versus anelastic media. This difference is the basis for
significant differences in the physical characteristics of two- and three-dimensional
wave fields in layered anelastic media versus those in layered elastic media. These
differences and the characteristics of the wave fields will be fully explored in
subsequent sections and chapters.

For y#m/2 (3.1.13) and (3.1.14) when solved simultaneously yield

2
1P| = % Re[k?] + \/(Re[kz])er% (3.1.20)
and
- 1Imlky |1 , e, (Im[k?)°

Equations (3.1.20) and (3.1.21) show that for a specified angle y#z/2, the
magnitudes of the propagation and attenuation vectors are uniquely determined in
terms of the complex wave number £. Equations (3.1.5) through (3.1.8) show that
the complex wave number is uniquely determined in terms of the parameters of the
material. These results indicate that, once the angle between the propagation and
attenuation vectors is specified for an inhomogeneous wave in anelastic media, the
velocity (3.1.15) and maximum attenuation (3.1.16) of the wave are uniquely
determined in terms of the wave number & and in turn the parameters of the material.
This is not true, however, for elastic media or non-dissipative media.
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For an inhomogeneous wave in elastic media with y=#/2, (3.1.13) and (3.1.14)
imply that a unique solution does not exist for the propagation and attenuation vectors.
In other words, for elastic media with the only type of permissible inhomogeneous
solution being y=7/2, the solution for the attenuation and propagation vectors is not
unique in terms of the parameters of the material. For those familiar with elastic
reflection—refraction problems, examples of this non-uniqueness for elastic media are
the solutions for inhomogeneous P waves generated by SV waves incident on a plane
boundary at angles beyond critical. The speed of the reflected solutions is the apparent
phase speed along the boundary of the incident wave field, and hence must vary with
the angle of incidence and is not uniquely determined once y=7/2 is specified.

For a homogeneous wave with y=0, the magnitude of the phase velocity
expressed in terms of the real part of the wave number, which in turn can be
expressed in terms of the parameters of the material, is given by

. w
V| = E (3.1.22)

and the magnitude of the attenuation vector by
| A = —k;. (3.1.23)

Equations (3.1.13), (3.1.14), (3.1.20), and (3.1.21) imply that for all y the magnitude
of the phase velocity for an inhomogeneous wave, denoted here by |Viy|, is less than
that for a corresponding homogeneous wave in the same medium, that is,

Vier| <[Vl. (3.1.24)

Similarly, the maximum attenuation for an inhomogeneous wave, denoted by
|A;n|, can be shown to be greater than that for a corresponding homogeneous wave
in the same material, that is,

| Ay < |Aim). (3.1.25)

3.2 Particle Motion for P Waves

The solution of the equation of motion corresponding to the Helmholtz equation,
(3.1.3) or (3.1.11), and in turn the equation of motion (2.3.17) for a general
(homogeneous or inhomogeneous) P wave, is given by

¢ = Gooxp|—dp- F|exp|i(wr = Fp-7)] (3.2.1)
with
Vxig=0, (3.2.2)
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where Pp and Ap are given by (3.1.20) and (3.1.21) with k=kp. Introduction of a
complex wave vector, Kp, defined in terms of the propagation and attenuation
vectors as

Kp=Pp— idp (3.2.3)

permits the solution for a general P wave to be written in a slightly more compact
form as

¢ = Goexpli(wt — Kp+ 7)), (3.2.4)
where the condition for propagation, namely (3.1.13) and (3.1.14) rewritten in terms
of Kp, is

2 o 2
CK+iM

EP.EP:(ﬁp.ﬁp—zp.zp)—izﬁp.zpzkiz(ﬂ) (3.2.5)

a

The complex displacement field for the P wave solution (3.2.1) is, from (3.1.1)
and identity (11.2.6), given by

=V =—i(Pp— idp)p = —iKp ¢, (3.2.6)
from which it follows that the complex velocity field for a P wave is given by
it = w(Pp— idp)p = wKp . (3.2.7)

The complex volumetric strain, A = § = V.« associated with the displacement
field & may be written in terms of the complex scalar potential ¢ for P waves using
(11.2.7) as

A=V?¢=—Kpe Kpp = —k2 ¢ (3.2.8)
or in terms of the complex displacement field as
A= —i(Pp— idp)eil = —iKp+ . (3.2.9)

The actual particle motion for a wave field is specified by the real part of the
displacement field. The real part of the displacement field for a P wave is

il = Re[V] = exp[—Ape« 7 |Re[—(dp + iPp) Gy expli(wt — Pp+F)]]. (3.2.10)

Simplification of (3.2.10) allows the physical displacement field describing the
particle motion for a general P wave (Borcherdt, 1973a) to be written as

ifg = |Go|lkp|exp[—Ap- F] (EIP cos {p(1) + &rp SinCP(Z)> (3.2.11)
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where
- kpyPp—kp A
Ep= 8T N (3.2.12)
|k
= kp Pp+hp A
p = oilp T Kpedr RCE (3.2.13)
193
and
Cp(t) = wt — Ppo P+ arg[Gokp| — z/2. (3.2.14)
The identities required for propagation, namely (3.1.13) and (3.1.14), imply that
Eipe&ap=0 (3.2.15)
and
EipeEip — EapeEop = 1. (3.2.16)

Equations (3.2.11) through (3.2.16) indicate that the particle motion for a general P
wave is elliptical. To see this result more clearly, consider the transformation defined by

P2 IR Cir (3.2.17)
Cléipl
and
u = MRS, (3.2.18)
Cl&2p|
where
C = [kp||Gy) exp[—/IP. 7} . (3.2.19)

Substitution of (3.2.11) for i/x into (3.2.17) and (3.2.18) for the transformation
shows that

cos(p(t) = T{ (3.2.20)
[€1p]
and
sinCp(r) = ~2. (3.2.21)
IS

Substitution of these expressions into the trigonometric identity

sin” ¢ p(1) + cos’ Cp(t) = 1 (3.2.22)
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yields the desired equation of an ellipse, namely

12 12
U U

“ e M (3.2.23)

2 270
[Eipl” 1&0l

with major axis || p|, minor axis ||, and eccentricity e = 1/|€, p|. The direction of

motion is from Pp to Ap with the angle between the major axis of the ellipse and the
direction of propagation given by

EipsPp ko,

cosnp = m = lep| (3.2.24)
For a homogeneous P wave,
|Ppu| = kp, (3.2.25)
and
|Ap| = —kp, (3.2.26)

so (3.2.13) implies 52 p = 0 and (3.2.24) implies 77, =0; hence the elliptical motion
for an inhomogeneous P wave degenerates to linear motion parallel to the direction
of propagation for a homogeneous wave.

The parameters describing the elliptical particle motion for a general P wave are
illustrated in Figure (3.2.27).

N
A
U ke |
— ’
Ug u;
&..—_‘ N

<\ >R
| e
Figure (3.2.27). Diagram illustrating the parameters describing the elliptical
particle motion orbit of a P wave in HILV media. If the wave is homogeneous,

then the elliptical particle motion degenerates to linear motion parallel to the
direction of phase propagation.

3.3 Particle Motion For Elliptical and Linear S Waves

The solution of the equation of motion corresponding to the Helmholtz equation,
(3.1.3) or (3.1.12), and in turn the equation of motion (2.3.17) for a general
(homogeneous or inhomogeneous) S wave, is given by
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v = 60exp[—23-7}exp[i(wt—ﬁsof’)} (3.3.1)

with
Vo =0 (3.3.2)

and
Ve =0, (3.3.3)

where Pg and A are given by (3.1.20) and (3.1.21) with k=kg. The most general
form of the solution for an S wave is given by (3.3.1) with G, being a complex
vector of the form

60 = Z1X] + 22Xy + 23X3, (3.3.4)

where zy, z,, and z3 are arbitrary, but fixed, complex numbers and X, X,, and X3 are
orthogonal real unit vectors for a Cartesian coordinate system. The form of the
complex vector G, and its relation to the plane defined by the directions of
propagation and maximum attenuation determines the type and corresponding
characteristics of the S wave solution as initially shown by Borcherdt (1973a, 1977).

Introduction of a complex wave vector, Ks, defined in terms of the propagation
and attenuation vectors as

Ks=Ps—ids (3.3.5)

permits the solution for a general S wave to be written in a slightly more compact
form as

7 = Goexp|i(wr — Ks-7) |, (3.3.6)

where the condition for propagation, namely (3.1.13) and (3.1.14) rewritten in terms
of I?S, is

2 2
Ko Ky = (PS- P — ASoAS> —i2Pse Ag=k2 = <%> - %. (3.3.7)
Condition (3.3.3) and identity (11.2.9) imply
Ve = —i<ﬁ5 . i/TS) .Gy = —iKs+ Gy = 0. (3.3.8)

The complex displacement field for the S wave solution (3.3.1) is, from (3.1.1) and
(11.3.10), given by

- —

i=Vxi= —i(PS - iAS) X = —iRs X (3.3.9)
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and the complex velocity field by
i = w(ﬁS - iZS> X = ok X 7. (3.3.10)
Introduction of a complex vector displacement coefficient D, defined as
D = —iKs x Gy, (3.3.11)
allows the complex displacement field to be written conveniently as
ﬁ:ﬁexp[i(wz—ks.f’)] (3.3.12)
The vector identity for a quadruple vector product, (11.2.4), implies that
BeB=—(Rsx Gy)e (Rsx Go) = —R3G + (Rs-Go).  (33.13)

hence conditions (3.3.8) and (3.3.7) show that the dot product of the vector
displacement coefficient with itself, i.e. D+ D, is related to the corresponding dot
product of the vector displacement potential coefficient for S waves by

DD =—K2Gy+ Gy = —k% Gy G. (3.3.14)

Substitution of (3.3.12) into (2.3.17) shows that the equation of motion for a
general S wave reduces to

Vil =L, (3.3.15)

<|=

with solutions of the form (3.3.12), where V. i =0 and the corresponding
Helmholtz equation is

VU4 kiU =0. (3.3.16)

3.3.1 Type-I or Elliptical S (SI) Wave

If the complex vector G, in the general solution (3.3.1) for the displacement
potential for an S wave is a simple vector multiplied by an arbitrary, but fixed
complex number, that is, if

Go = zA, (3.3.17)

then the corresponding S wave is defined as a Type-I S wave (Borcherdt, 1973a).
For brevity, this type of S wave often will be referred to as an SI wave. It sometimes
will be called an Elliptical S wave, because it will be shown that the particle motion
for an inhomogeneous SI wave is elliptical as opposed to linear for an inhomoge-
neous Type-II S wave, to be defined in the next section.
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For S wave solutions of the form (3.3.17), the equivoluminal property of the wave
as specified by (3.3.8) implies that

Pseit =0 (3.3.18)
and
Agehn=0. (3.3.19)

For an inhomogeneous SI wave solution in elastic or anelastic media
(3.1.17) and (3.1.18) imply A #£0 and Pg# 0, so the equivoluminal prop-
erty of the solution implies that 72 must be perpendicular to the plane defined
by Pg and As, in order that (3.3.1) represent a solution of the equation of
motion.

For solutions with complex vector amplitude of the form (3.3.17), the complex
vector displacement (3.3.11) may be written as

Ds = —iRs x Gy = —iz(ﬁs X i — idsg X n> (3.3.20)
where Dg;+ D, is given from (3.3.14) by
D+ Dg = —k3 Gy Gy = —k32°. (3.3.21)

The particle motion for a Type-1 S wave is specified by the real part of the

displacement field, namely
ugr = Re[V x ]
S I o - T (3.3.22)
= exp[—AS- r} Re[—i(PS — iAS) x Gy exp[i(a)t — Pge r)” .

Simplification of (3.3.22) allows the physical displacement field for a Type-1 S wave
(Borcherdt, 1973a) to be written as

i = |Golles| exp [~ A5+ 7] (—1) (€51 008 Cst(n) + EysinCr(n) ), (3:3.23)
where
2 - ks Ps — 2kS,/TS
|Fes|
o _ ks, Ps+ ks, As

281 —
|ks|®

X A, (3.3.24)

X A, (3.3.25)

with 7 = (ﬁsxgs>/‘ﬁs></_fs‘ and

Csi(t) = wt — Pge 7+ arg[(Go» i)ks] + /2. (3.3.26)
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The identities required for propagation, namely (3.1.13) and (3.1.14), imply that

€51+ Ers1 =0 (3.3.27)
and

Eisie Evsr — Exgre osr = 1. (3.3.28)

Analogous to the derivation for a P wave, equations (3.3.23) through (3.3.28)
indicate that the particle motion for a general inhomogeneous Type-I1 S wave is
elliptical in the plane of the propagation and attenuation vectors, P and A. The
plane of the elliptical particle motion is perpendicular to 60 = zn. The major axis of
the particle motion ellipse is |€,s2]. Tts minor axis is |$s;| and its eccentricity is
e=1/ |£ 1s57]- The direction of motion is from Pg to Ag with the angle between the
major axis of the ellipse and the direction of propagation given by

<13$ X ﬁ) . 5151 ks,

= = 3.3.29
|Ps x al[&is| ksl ( )

COS 7’]3[ ==

The parameters describing the elliptical particle motion of a general Type-1 S wave
are illustrated in Figure (3.3.30).
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Figure (3.3.30). Diagram illustrating the parameters describing the elliptical
particle motion orbit of a Type-I S (SI) wave in HILV media. If the wave is
homogeneous, then the elliptical particle motion degenerates to linear motion
perpendicular to the direction of phase propagation.

For a homogeneous Type-I S wave,

|Psy| = ks, (3.3.31)
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and
| Asu| = —ks,, (3.3.32)

s0(3.3.25) implies 5251 = 0 and (3.3.29) implies #5;,= 0. Hence, the elliptical motion
for an inhomogeneous Type-I S wave degenerates to linear motion in the plane of Pg
and Ag perpendicular to the direction of propagation if the wave is homogeneous.

3.3.2 Type-1I or Linear S (SI1I) Wave

If the complex vector G, in the general solution (3.3.1) for an S wave is not a simple
vector, Gy = z#, but a more general complex vector, which upon introduction of a
rectangular Cartesian coordinate system may be written as

Gy = 2181 + 2% + 2353, (3.3.33)

where z1, z,, and z; are arbitrary, but fixed, complex numbers and X, X», and X3 are
orthogonal real unit vectors for a Cartesian coordinate system, then a special case of
interest is that for which z, = 0 and the propagation and attenuation vectors are in the
x1x3 plane. This type of S wave is defined as a Type-II S wave (Borcherdt, 1977).
For brevity, it shall be referred to as an SII wave and sometimes called a Linear S
wave, because the particle motion for both inhomogeneous and homogeneous Type-
II S waves will be shown to be linear.
For expression (3.3.1) to represent a solution of the equation of motion with

Gy = 2151 + 2353, (3.3.34)

condition (3.3.8) implies that the complex constants z; and z3 for the wave must be
chosen in relation to the directions of propagation such that

K¢+ Gy =0. (3.3.35)

For S wave solutions of the form (3.3.34), the definition of the cross product of
two vectors implies that the complex displacement coefficient, D, for a Type-II S
wave is given from (3.3.11) by

55][ = DS”)ACQ = l.[_igﬂ (23)%1 — Zl)AC3>)272. (3336)
Expression (3.3.36) implies that the complex displacement field is given by
i = l([?s) . (23)%1 — 21)2'3) exp[i(a)l — I?S' 7)])272 (3337)
and the corresponding physical displacement field by

g = ‘5511| exp[—/_fgo F} cos[a)z — Pge P+ arg[DS”]} X;. (3.3.38)
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'
X3

Figure (3.3.39). Diagram illustrating the parameters describing the linear particle
motion orbit of a Type-II S wave in HILV media. The particle motion is linear for
both homogeneous and inhomogeneous Type-II S waves in contrast to elliptical
particle motion for inhomogeneous Type-I S waves.

Equation (3.3.38) shows that the particle motion for a Type-II S wave is not
elliptical as it is for a Type-1 S wave, but that it is linear perpendicular to the directions
of propagation and attenuation. The particle motion for a Type-II S wave is linear
parallel to the x, axis for both homogeneous and inhomogeneous waves. Parameters
for the particle motion of a Type-II S wave are illustrated in Figure (3.3.39). This
important difference in the nature of the particle motions for the two types of S waves,
which may propagate independently in a HILV medium, has significant implications
for interpretation and measurement of S waves in a HILV medium.

3.4 Energy Characteristics of P, SI, and SII Waves

Energy characteristics of a viscoelastic radiation field are expressed in terms of the
corresponding physical displacement field by the scalar equations (2.5.4) through
(2.5.7) or by the vector equations (2.5.8) through (2.5.11). Substitution of the
expressions for the physical displacement fields for P, SI, and SII waves into these
expressions provides explicit expressions for the energy characteristics of each
wave type in terms of the wave’s basic parameters, namely amplitude, propagation
vector, attenuation vector, frequency, and the material parameters These energy
expressions for each wave type are derived in subsequent sections (Borcherdt,
1973a, 1977; Borcherdt and Wennerberg, 1985).

3.4.1 Mean Energy Flux (Mean Intensity)

The energy flux or intensity for a steady-state wave field is specified in terms of the
physical displacement field for the wave by (2.5.7) or (2.5.11). Substitution of
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expressions (3.2.11) and (3.3.22) for the physical displacement fields for P and
Type-1 S waves, respectively, into (2.5.7) or (2.5.11) yields after some algebra
the following expressions for the energy flux time averaged over one cycle for a P
wave as

(30) = 1Guf exo| 2050 7] 2 (2P +4(Po  A) (Vi — W)
(3.4.1)

and for a Type-I S wave as

<3S1> = ‘60’26Xp[—2113' F} % (pa)2ﬁ5 +4<ﬁ5 X /Is) X <A41ﬁ5 — MR/TS)>7
(3.4.2)

where the time average of a function f(¢) over one cycle of period T = 27/w is
denoted by “( )”” and defined by

) = 7|0 (343

Equations (3.4.1) and (3.4.2) express the time-averaged energy flux for P and
Type-I S waves in terms of the propagation and attenuation vectors for the
respective waves. The expressions for P and Type-I S waves are of the same
form with the expression for one wave derivable from that for the other by
substitution of the correct propagation and attenuation vector and the appropriate
interpretation of Go.

Similarly, substitution of expression (3.3.38) for the physical displacement field
ofa Type-II S wave into (2.5.7) or (2.5.11) yields the expression for the mean energy
flux of a Type-II S wave, namely

— 2
- |DSII‘ - 1w 9= - - - -
<«7SII> = exp[—2AS- }"} E (pa) PS + Z(PS X As) X <A4[PS — MRAS))a

hs
(3.44)
where
= 2 -2
hs = |Ps|” + |4s|". (3.4.5)
This expression for a Type-II S wave may be rewritten as
- L2 - o o .
<,.7511> = }DSII‘ eXp |:—2A50 l"] 5 (MR PS + MA5> . (346)

Comparison of equations (3.4.2) and (3.4.4) shows that the mean energy flux for
an inhomogeneous Type-l S wave is not equal to that of a corresponding
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inhomogeneous Type-II S wave. For inhomogeneous waves, examination of the
expressions for the mean energy flux shows that the direction of maximum energy
flow does not coincide with the direction of phase propagation or the direction of
maximum attenuation, but instead is at some intermediate direction between those
of phase propagation and maximum attenuation for each wave type.

For homogeneous waves, P x 4 = 0, so the expressions for the mean energy

flux simplify for
a P wave,
<7HP> = |Gy’ exp[—zzp. 7] % (pwzﬁp), (3.4.7)
an SI wave,
<3HS,> — |Gy’ exp[—zjg. 7} % (pwzﬁs), (3.4.8)
and an SII wave,
<}HS,,> - ’5;;"2 exp[—LZS- f’} % (pw2ﬁ5>. (3.4.9)

For homogeneous waves equations (3.4.7) through (3.4.9) show that the direction
of mean energy flux coincides with the direction of phase propagation.
For homogeneous S waves

=2 - 2 2
hus = |Ps|” + | As|* = ks, + ks, = [ks|. (3.4.10)

Hence, (3.3.14) implies for homogeneous SII waves that

= |Gy (3.4.11)

showing that the mean energy flux of a homogeneous Type-II S wave equals that of
a corresponding homogeneous Type-I S wave as expected. The equations for the
mean energy flux in terms of the propagation and attenuation vectors for each of the
respective homogeneous wave types are of the same form.

The simple linear particle motion of an SII wave allows some simple expressions
for the energy characteristics of the wave to be readily derived. The steady-state
displacement field for a Type-II S wave as specified by (3.3.38) may be expressed
simply as

iR = g %o, (3.4.12)
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where

6x2 '

The general expressions, which describe the energy characteristics of steady-state
viscoelastic radiation fields (2.5.4) through (2.5.7), simplify for a Type-II S wave as
specified by (3.4.12) to

1 .
Ky = Epu,i, (3.4.14)
1
P =5 Mr (“13,1 - ufm), (3.4.15)
1 ) .
Dy = gMz(u,%’l - u,%_g), (3.4.16)

and
. . . 1 A A
I s = —ug <MR (MR,l X1+ UR3 X3) + ;Ml(uR,l X1+ ur3 X3)>. (3.4.17)

Components of the physical stress tensor for a displacement field of the form
(3.4.12) are given from (2.3.5) and (2.3.12) by

1 .
Pr12 = Mpug +5M1MR,1 (3.4.18)
and
1 .
Pr32 = MRugs +5MIUR73, (3.4.19)

where the physical stress tensor is given by the real part denoted by pp;;.
Hence, the mean energy flux for a Type-II S wave may be written in terms of the
velocity field and the components of the stress tensor as

(Isu) = —((ir pri2)X1 + (i pr32)X3). (3.4.20)

Substitution of the physical displacement field as specified by (3.3.38) into (3.4.18)
and (3.4.19) implies that the components of the physical stress tensor may be written
in terms of the parameters of an SII wave as

PRI12 = ‘DSII‘ exp[—/IS- 17} <Gﬁs' )ACl + HZS- )21) (3421)
and

pry = |Dsil exp[—/fs. 7} (GPS. %+ HAge >e3), (3.4.22)
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where
G = MgpsinQ + M;cos Q, (3.4.23)
= —MpcosQ + M;sin Q, (3.4.24)
and
Q = wt — Ps « P+ arg[Dgy]. (3.4.25)

Substitution of (3.4.21) through (3.4.25) and (3.3.38) into (3.4.20) and taking time
averages over a cycle yields (3.4.6). This independent derivation of the expression
for the mean energy flux of a SII wave provides explicit expressions for the
components of the physical stress tensor for a SII wave. These equations will be
useful in later derivations concerning the nature of energy flow at viscoelastic
boundaries.

3.4.2 Mean Energy Densities

The kinetic and potential energy densities per unit time for a steady-state visco-
elastic radiation field are given by (2.5.4) and (2.5.5) or by (2.5.8) and (2.5.9).
Substitution of expressions (3.2.11), (3.3.22), and (3.3.38) for the physical displace-
ment fields for P, Type-I S, and Type-II S waves, respectively yields after some
algebra the expression for the kinetic energy density time averaged over one cycle
for a

P wave,
() = |Gol” exp| 24 p+ 7| (”’%’2(\13,3}2 + }ZP|2)>, (3.4.26)
ST wave,
(K ) = |Gol> exp[—2As- 7] (’%"2(\135\2 + \ZS}2>>, (3.4.27)

and SII wave

D , 2 g
(K g) _| Z”‘ exp[_zAS.f} (’%(\Ps\z + \ASf)). (3.4.28)
S

Similarly, substitution of the physical displacement fields for each wave into the
expressions for the potential energy density per unit time for a steady-state wave
field yields the expression for the time-averaged potential energy density for a
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P wave,

#5) = 1Gof exp[-2p+ 7] (p? (1o = |Ao[7) +8Me| P x '),
(3.4.29)

SI wave,

(p (175 — |4s[) + 8 M| Ps x 4s[*),
(3.4.30)

Sl —

(#s1) = |Go[” exp{—bfs-?}

and SII wave,

!5511‘2
hs

exp [—225- 7] % (pwz(’ﬁ5’2 - |/TS’2) +4Mp|Ps x /TS|2)-

(3.4.31)

(Psu) =

For inhomogeneous waves in elastic and anelastic media and homogeneous
waves in anelastic media, | A | # 0, so comparison of expressions (3.4.26) through
(3.4.28) with corresponding expressions (3.4.29) through (3.4.31) shows that for
such waves the mean kinetic energy density is not equal to the mean potential energy
density. For homogeneous waves in elastic media, however, A ‘ = 0, so the above
expressions do imply the familiar result that for elastic homogeneous waves the
mean kinetic energy density equals the mean potential energy density.

Expressions (3.4.30) and (3.4.31) show that the mean potential energy density for
an inhomogeneous Type-I S wave is not equal to that of a corresponding Type-II S
wave.

For homogeneous waves Px A =0, so these expressions for each wave type
simplify to

(Prp) = |Gol* exp [—2/?,,. f’} % (pw2(|ﬁp\2 - \A’Pyz)), (3.4.32)

(Pust) = |Gol” exp| 25+ 7| 7 (e (|1Ps]” — | s[) ) (3.4.33)

and

o =2 e — 1 2 = 12 - 2

(Pusu) = |Go exp[—zAs-r} Z(pa) (\PS{ yy )) (3.4.34)
where (3.4.34) follows from (3.4.10) and (3.4.11). Expressions (3.4.33) and (3.4.34)

show that the mean potential energy density for a homogeneous Type-I S wave is
equal to that of a corresponding homogeneous Type-II S wave.
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The mean total energy density for a wave field, denoted by (&), is defined as the
sum of the mean kinetic and potential energy densities, that is,

(&) = (K) + (). (3.4.35)

Substitution of the corresponding expressions for the mean kinetic and potential
energy densities for each wave type into (3.4.35) yields for a
P wave,

. 1 B L
(Ep) = |Go|? exp[—2Ap- 7} - (pw2\Pp\2 + 4Mg| B> x AP|2), (3.4.36)
ST wave,
. . 1 B L.
(Es1) = |G| exp [_2AS. 7] 5 (pa)zyps\z + 4Mp| Ps % A5|2>, (3.4.37)

and SII wave
|Dsu|
s
(Espp) = =Sy
S

- 1 - ~ -
exp[—2AS- f’} 5 (pwz\PS\z + 2My| Py AS\2>. (3.4.38)
Comparison of the equations for the mean energy flux (3.4.1) through (3.4.4) with
those for the mean total energy density (3.4.36) through (3.4.38) shows that for each

wave type

(€)= ﬁ.§3> : (3.4.39)

Hence, the total energy density for each wave type depends on the component of the
mean energy flux in the direction of phase propagation.

The corresponding expressions for homogeneous waves with Px A=0 are
for a

P wave,

Y
(Enr) = |Gof” exp[~24p+ 7] 5 (p?| P ) (3.4.40)
ST wave,

(Enst) = |Go|” exp|—24s-7] % (pe?|Bs[). (3.4.41)

and SII wave,
‘2

(Ensi) = |Go|” exp [—zzs. 7} % (paﬁ}ﬁs\z). (3.4.42)



3.4 Energy characteristics 53

The expressions for the total energy density for homogeneous waves are of the
same form for each wave type. They show that the total energy density of a
homogeneous Type-I S wave is equal to that of a homogeneous Type-II S wave.

3.4.3 Energy Velocity

Energy velocity, denoted by v, for a viscoelastic radiation field is defined as the
ratio of the mean energy flux to the mean total energy density, that is,

7)
Vg = ———. (3.4.43)
(€)
Substitution of the corresponding expressions for the mean energy flux (3.4.1)
through (3.4.4) and mean total energy density (3.4.36) through (3.4.38) yields the
energy velocity for a

P wave,
0)<pa)2ﬁp+4<ﬁp X /_fp) X (M[ﬁp —MR/TP)>
Vp = — ~ : (3.4.44)
(pa)z‘Pp‘ +4MR‘P}) X Ap| )
SI wave,
w(pw2ﬁ5+4(ﬁg X 1‘?5) X (Mﬁs — M]p‘fs))
Vs = — B : (3.4.45)
(p(l)z‘Ps‘ +4MR‘PS X A5’ )
and SII wave,
w(pa)zﬁs —|—2(ﬁs X 1‘?5) X <Mﬁs — M]p‘fs))
Vesy = (3.4.46)

(pe2|Ps|” + 20| Ps x As|")

Comparison of these expressions for the energy velocity with the corresponding
expressions for phase velocity indicated by (3.1.15) shows that the energy velocity
is not equal to the phase velocity in either direction or amplitude for inhomogeneous
anelastic waves. In addition, equations (3.4.45) and (3.4.46) show that the energy
velocity for an inhomogeneous anelastic Type-I S wave is not equal to that of a
corresponding Type-II S wave.

For homogeneous waves, P x A =0and the expression for energy velocity for
each wave type reduces to
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-

VEP - _,—|2 == 171), (3447)

VES[ == _)—2 — VS, (3448)
and

VESII = T 5 = 1_1:9, (3449)
75|

showing that for each type of homogeneous wave the energy velocity equals the
phase velocity.

3.4.4 Mean Rate of Energy Dissipation

The rate of energy dissipation for a harmonic radiation field is given by (2.5.6) or
(2.5.10). Substitution of the expression for the physical displacement field for each
wave type into these expressions and taking time averages yields the following
expressions for the time-averaged rate of energy dissipation for a

P wave,
(D) = |Go|* exp|-2Ap+ F|(pe? Poe Ap + 4Mi|Pr x ), (3.450)
ST wave,

(Ds) = |($o}2

exp[—L‘TS- 7} w(pw2ﬁ5. A+ 4M;| Pg x /I’Sf), (3.4.51)
and SII wave,

| B’

Do) =
(Dsm) s

€Xp|:—2/IS- I_”i| a)(pa)zﬁgo /IS + 2M1‘ﬁs X 1‘?5‘2) . (3452)

Comparison of the equations for the mean energy flux (3.4.1) through (3.4.4)
with those for the mean rate of energy dissipation (3.4.50) through (3.4.52) shows
that for each wave type

(D) = -V (F)=24.(F). (3.4.53)

Hence, the mean rate of energy dissipation for each wave type depends on the
component of the mean intensity in the direction of maximum attenuation.
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Equations (3.4.51) and (3.4.52) show that the mean rate of energy dissipation of
inhomogeneous Type-1 S waves in anelastic media is not equal to that of a corre-
sponding Type-II S wave.

For homogeneous waves with P x A =0the expressions simplify to

(Dup) = |Gyl exp[—Z/Tp- 7}pw3|ﬁp||2p , (3.4.54)

(Dusi) = |Go” exp| 245+ 7| pe | Ps|| 4], (3.4.55)
and

(Dusi) = |G| exp| ~2As 7| po? | P | 4] (3.4.56)

Equations (3.4.55) and (3.4.56) show that the mean rates of energy dissipation for
the two types of S wave are equal if the waves are homogeneous.

3.4.5 Reciprocal Quality Factor, Q'

A dimensionless parameter useful for describing energy loss is the reciprocal quality
factor denoted by Q. It is defined here as the ratio of the loss in energy density per
cycle of forced oscillation to the peak energy density stored during the cycle with the
ratio normalized by 2z. Substitution of the expression for the physical displacement
field for each wave type into (2.5.6) or (2.5.10) shows that the energy loss per cycle
of forced oscillation for each wave type is

AEp o 47T/_1‘P' <3P>

= , (3.4.57)
cycle w
A((:SI _ 471'.25- <jg]> (3 4 58)
cycle ® ' o
and
Ay . 47le$' <js11> (3.4.59)

cycle w

The peak energy density stored during a cycle is given by the maximum of the
potential energy density during the cycle. Substitution of the physical displacement
field for each wave type into (2.5.5) or (2.5.9) yields the following expressions for
the peak energy density stored during a cycle for each wave type:
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1 4

max[#5] = |Gol” exp [—2AP. 7} 2, (3.4.60)
FPE ,

max[#s] = 3 (;0’ exp [—2AS-7] gsi, (3.4.61)

and

— 2
D - N -
max[Lsy| = ’ SH‘ exp[_ZAS' 7} <gsn + \/8511,0602(‘1'33‘2 - ’AS‘2> >,

4hg
(3.4.62)
where
= 2 = =2
gr=p?(|Pol” = |4p +4Mg| P x p["), (3.4.63)
— 2182 2 B 1.2
gs1 = pw (‘Ps‘ — ‘AS’ +4MR’PS X As| ), (3464)
and
— 2 |B.2 2 5o 1.2
gsir = pw (}Ps‘ — |A5’ +2MR‘PS XAS’ ) (3465)
Using the definition for the reciprocal quality factor, namely
B 1 AE/cycle
1
== 3.4.66
Q 27 max[P] ’ ( )

the corresponding expressions for the reciprocal quality factor for each wave type
are

1 - o o -

QI_J1 :g_<pa)22PP°AP+8M]‘PP X AP|2>, (3.4.67)
P
1 - o o -

05 = - (pa)22PS. As +8M;|Ps x AS|2), (3.4.68)
SI

and
4(pw2ﬁ5- 125+2M1‘ﬁ5 X 25‘2)

gsu+ \/gsupszﬁS‘z - ‘/TS‘2>

Ol = (3.4.69)
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For inhomogeneous waves in anelastic media expressions (3.4.68) and (3.4.69)
show that the reciprocal quality factors for the two types of S waves are not equal,
that is

05! # Q- (3.4.70)

For homogeneous wave fields with Px A=0the expressions for the reciprocal
quality factor reduce to

Opp = %}Af‘z, (3.4.71)
[P — [ 4|
2|Pgl|4
st = JZSH f’ X (3.4.72)
|Ps|” = |4
and
2|Psl| A4
Qs = %‘5}2 (3.4.73)
|Ps|” = |4s]

Equations (3.4.72) and (3.4.73) show that the reciprocal quality factors for
homogeneous Type-I and Type-II S waves are equal and hence the subscript
distinguishing the quantities for the two types of homogeneous S waves can be
dropped. Henceforth the reciprocal quality factor for homogeneous S waves shall be
denoted by QL.

Expressions (3.1.11) though (3.4.73) provide a through description of the physi-
cal characteristics of harmonic P, Type-I S, and Type-II S waves in a general HILV
medium in terms of their respective propagation and attenuation vectors whose
characteristics are determined by properties of the material as characterized by
complex bulk and shear moduli. These expressions will be used in subsequent
sections to consider alternative characterizations of material response in terms of
characteristics of homogeneous waves, to derive expressions for the physical
characteristics of inhomogeneous waves in terms of those for homogeneous
waves, and to derive explicit expressions for the physical characteristics of general
waves in HILV media with small amounts of intrinsic absorption.

3.5 Viscoelasticity Characterized by Parameters for Homogeneous
P and S Waves

Physical characteristics of P, SI, and SII waves as derived in previous sections are
based on characterization of the material response using complex bulk and shear
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moduli, K and M. Additional insight is provided by deriving here the expressions
showing that the phase speeds and reciprocal quality factors for homogeneous P and
S waves also can be used to characterize the response of the material (Borcherdt and
Wennerberg, 1985).

The reciprocal quality factors for homogeneous P and S waves as given
by (3.4.71) through (3.4.73) may be expressed in terms of the real and
imaginary parts of the complex moduli using (3.1.13), (3.1.14), and (3.1.5) through
(3.1.8) as

—Im[kp] K +iM,

-1 — 3.5.1
Qe Relkp]  Kr+35Mg (351
and
L —Im[ks] M
[l . o O 3.52
Qs Relki] Mz (3:5:2)

The phase speed for a homogeneous P wave as specified from (3.1.15) and
(3.1.20) is

()]

e = =2w| |Relkp] | 1+ (3.5.3)

7|

Using the definition (3.1.5) of kp and substitution of (3.5.1) the wave speed for a
homogeneous P wave may be written as

<KR + %MR> 2(1+ 053)
Vap = .
P 1+4/1+ 04

Similarly, the wave speed for a homogeneous S wave may be written as

Vars = (MR> 214 Qi) (3.5.5)

P71+ /14 0%

For elastic media, K; = M; = Q,;}, = Q,;}g = 0, the expressions for the wave
speeds reduce to the familiar expressions for the wave speeds of elastic P and S

waves, namely
Kr +3M,
Viipe = \/¥ (3.5.6)

(3.5.4)
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M,
Vise = 7’? (3.5.7)

The complex wave number for P and S waves defined in terms of the complex
bulk and shear moduli by (3.1.5) through (3.1.8) may be written in terms of wave
speed and reciprocal quality factor for the corresponding homogeneous wave using
expressions (3.5.1) through (3.5.5) as

and

207 1 —-i07!
ki = T—HP (3.5.8)
Vir 1+ /1+ 04
and
2 2 1—3 -1
o2 1 70us (3.5.9)

3
VST 4 /1 + O

With the complex bulk and shear moduli expressed in terms of the complex wave
number for homogeneous P and S waves using (3.1.13), (3.1.14), and (3.1.5)
through (3.1.8) by

4 pw?
K+-M=—- 3.5.10
and
2
M= (3.5.11)
ks

(3.5.8) and (3.5.9) imply that specification of vp, vizs, Q7;h, and Qs specify the
real and imaginary parts of the complex moduli. Hence, specification of these
parameters for homogeneous P and S waves together with density specifies the
steady-state response of a HILV medium for a given circular frequency w.
Specification of the response of HILV media in terms of these parameters for
homogeneous P and S waves will be shown in subsequent sections to afford a
number of analytic simplifications for problems regarding wave propagation in
layered viscoelastic media.

3.6 Characteristics of Inhomogeneous Waves in Terms of Characteristics
of Homogeneous Waves

The predominant type of P, SI, and SII waves that propagate through a stack of
linear anelastic layers will be shown in later chapters to be inhomogeneous.
Hence, to better understand the nature of body waves in layered anelastic
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media, it is of interest to describe the physical characteristics of inhomogeneous
waves in more detail. This section will use the characterization of material
response in terms of the parameters for homogeneous P and S waves as just
presented to express the physical characteristics of inhomogeneous waves in terms
of those for corresponding homogeneous waves. These expressions will afford
simplifications in formulae and prove convenient for solution of subsequent
problems. They will be used to derive closed-form expressions herein for the
physical characteristics of inhomogeneous P, SI, and SII waves in media with
small amounts of intrinsic absorption (Borcherdt and Wennerberg, 1985). The
results will be shown to be of interest for wave-propagation problems in layered
low-loss anelastic Earth materials.

3.6.1 Wave Speed and Maximum Attenuation

The wave speed for a general P wave as implied by (3.1.15) may be written in terms
of the wave speed, the reciprocal quality factor for a homogeneous P wave, and the
angle between the directions of propagation and attenuation, y, as

(1+\/1+Q;ﬁo)
Vp| = ) 6.1
Vel = vip 1+4/14 Qpbsec?y (3.6.1)

Similarly, the wave speed for a general Type-I or Type-II S wave may be written in
terms of the wave speed, reciprocal quality factor for a homogeneous S wave, and y as

1+4/1+ 0%
[Vs| = vas ( ) (3.6.2)
14+ 4/1+ Op5sec?y,

where (3.6.2) shows that for equivalent degrees of inhomogeneity, y, for SI and SII
waves the wave speed of an SI wave equals that of an SII wave. Hence, with this
understanding the introduction of subscripts to distinguish the wave speeds for the
two types of S waves is not necessary. This convention simplifies the notation and is
applied to other characteristics for which equivalency of inhomogeneity implies the
characteristics for SI and SII waves are equal.

The maximum attenuation for P and both types of S waves may be written in
terms of that for corresponding homogeneous P and S waves as

. . — 14 4/14 Oy sec?
| Ap| = |Aur ( Qi 1) (3.6.3)
—1+4/1+ 04
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and

(—14—\/1 +Q,}2,Ssec2y)
11102

where the corresponding maximum attenuation for homogeneous waves is given by

’/TS‘ = }I‘THS‘ (3.6.4)

QO i
| App| = ——2HP (3.6.5)
V’”’l +/1+ Opp
and
—1
| Aps| = I 77 S (3.6.6)

HS 1 441+ 0%

Expressions (3.6.1) through (3.6.6) express the phase speed and maximum
attenuation of inhomogeneous anelastic P and S waves in terms of the correspond-
ing quantities for homogeneous waves. They show that as the degree of inhomo-
geneity, y, approaches its physical limit of 7 /2, the phase speed decreases to zero
and the maximum attenuation becomes infinite. As the amount of absorption
becomes small, the phase speed of a P wave is given approximately by

2

[Vp| = vipe 1
+ 1+ 07 sec2

showing that the phase speed for an inhomogeneous wave field may differ sig-
nificantly from that of a homogeneous wave in materials with small amounts of
absorption provided that the inhomogeneity of the wave field is sufficiently close to
7/2. A similar expression may be readily derived for S waves.

The term /1 + Q37 sec? y which appears in the preceding equations is a function
of the amount of inhomogeneity y and Q' for the respective homogeneous wave
field. Its magnitude plays a central role in determining the magnitude of the phase
speed and maximum attenuation of P, SI and SII waves as specified by (3.6.1)
through (3.6.4). The term plays a similar role for other characteristics of the waves.
Hence, it is expedient to introduce the definitions

xp =1+ Qppsec?y (3.6.8)
Xs =1+ Qpgsec?y (3.6.9)

(3.6.7)

and
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Corresponding definitions for homogeneous P and S wave solutions are

Xup =V1+ 0 (3.6.10)
and
Xus = V1 + Q5. (3.6.11)

The above definitions show that for each wave type y increases as either the
inhomogeneity y increases or the intrinsic material absorption increases. For elastic
media, yyp=yus= 1. For media with small amounts of absorption, which are often
referred to as low-loss media, Q5 and Q% are assumed to be much less than
unity, that is, Q% < 1 and Q% < 1. For such materials y;;»= yys=1 for both P
and S wave solutions.

Identities for P, SI, and SII waves, involving vyp, vus, Qb Quk, xup,and
Xus» that are useful for subsequent derivations are

-1
kpzi(l —i@) kszi(l Qs ) (3.6.12)
Vup 1+XHP Vs 1+XHS
o K
Relkp| = kp, = — Relks] = ks, = —r (3.6.13)
HP H
-0 Oy —o O
k kp, = —-—=HF ks| = kg = —-—=HS 3.6.14
m[ P} P = vip 1 +XHP7 m[ S] Sy = VH51+XH5 ( )
2021 —i0;) 2021 —i07;
k} :%&’ k2 :%ﬂ (3.6.15)
Vigp L+ Xup vizs 1+ Xus
20?2 2
ip| =g = s (3.6.16)
Vigp L+ Xup Vizs 1+ Xus
N 2] _, 1
Bl = 2oL B O s (3.6.17)
Vip L+ Xup Vvizs 1+ Xus
- 2 yp—1 " 2 yo—1
P e e - AL (3.6.18)
Viep L+ Xup vizs 1+ Xus
2 =1 2 -1
Ppedp =" Our — po g Qs (3.6.19)
Vigp L+ Xup Vizs 1+ Xus
. 5 wz Q—l N 2 1
Bpx Ap| = 2=yl |y x Ag| = 20 —CHS jany),
‘ ’ 12{P1+XHP ’ ‘ ’ f2151+ HS S

(3.6.20)
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- [1+ - [1+
|VP| =Vp = Vyp T);:D, |V5‘ = Vs = VHS ﬁ);f:, (3621)

o _ o Q;ﬁD - _ o QI_-I}S‘
[ Anr| = var L+ xpp’ }AHS‘ vas L+ xps (3:622
[p] = |y = = | ] Moy for 0 £ 0,
AHp He (3.6.23)
207 =1+ x5 2 | Vs -1
As| = |Aps|y|— % — RER
| As| = |Aus| 1+ g | Aus| Vis secy for Oy # 0,

and

4 vip 1+ o vis 1+ =
K+ 30 =20 (1 it ag =PI 14 g
HP HS
(3.6.24)

Proofs of these useful identities are left to the reader. Equations (3.6.12) through
(3.6.14) show the following additional relations useful for later reference

Relkp] =kp, —kp >0,  Relkg] = kg, —k5 >0, (3.6.25)
kpp >0, ks >0, (3.6.26)

and
kp, <0, ks, <0. (3.6.27)

The expressions describing the physical characteristics of P and S waves in terms
of those for homogeneous waves readily permit insight into the quantitative depen-
dence of the characteristics on inhomogeneity and the intrinsic material absorption
of the media. The phase speed and attenuation coefficient in the direction of phase
propagation,|/f | cosy, as normalized by the corresponding quantity for a homoge-
neous P, SI, or SII wave are plotted as a function of the degree of inhomogeneity, v,
and various values of intrinsic material absorption as measured by Q' for the
corresponding homogeneous wave in Figure (3.6.28). The curves show that the
wave speed and attenuation coefficient in the direction of phase propagation of an
inhomogeneous P, SI, or SII wave in anelastic media decreases to zero as the
inhomogeneity of the wave increases toward its physical limit of z/2 regardless
of the amount of intrinsic material absorption. They also show that the phase speed
and attenuation coefficient of an inhomogeneous wave differ most significantly
from those for homogeneous waves for materials with significant amounts of
intrinsic absorption (Q ! > 0.1) or for materials with small amounts of absorption,
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Figure (3.6.28). Phase speed and absorption coefficient in direction of phase
propagation of an inhomogeneous P or S wave normalized by the corresponding
quantity for a homogeneous P or S wave.

say Q' >0.1, and larger degrees of inhomogeneity, say y>~75°. The curves show
that for fixed amount of inhomogeneity the phase speed and attenuation coefficient
in the direction of phase propagation decrease with increasing amounts of intrinsic
material absorption.

3.6.2 Particle Motion for P and SI Waves

The particle motions for P and Type-I S waves are explicitly described by (3.2.11)
and (3.3.23). The parameters describing the elliptical particle motion for inhomo-
geneous P and SI waves may be readily expressed in terms of y and the velocity and
intrinsic absorption for homogeneous waves using identities (3.6.12) through
(3.6.19) together with expressions (3.2.12), (3.2.13), and (3.2.24) for P waves and
expressions (3.3.24), (3.3.25), and (3.3.29) for SI waves.

The parameters describing the elliptical particle motion of a P wave may be
rewritten for the

major axis,

Lo
(glp\ — (£ 4 1), (3.6.29)
2\ xup
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minor axis,

L2 1

‘fzp‘ :§<X—”— ) (3.6.30)

XHP

tllti’]P,

1y +1>< x —1)

2 HP HP
cos“np==|==—7——| 1 +=—, (3.6.31)
d 2( XHP xp+1

and eccentricity,

ep = (| 2Lap (3.6.32)
XptXmp

Similarly, the parameters describing the elliptical particle motion of an SI wave may
be rewritten for the

major axis,
5131‘2:%<j:—§;+ 1>7 (3.6.33)
minor axis,
‘5251‘22%<;{—;;— 1), (3.6.34)
tilt 75y,
cos? g = %(X’;SHE 1)<1 +)Zf;11) (3.6.35)

and eccentricity,

2
g = 4| —XHS__ (3.6.36)
XsitXus

Equations (3.6.29) through (3.6.36) show that the eccentricity and tilt of the particle
motion ellipse for P and Type-1 S waves vary with y and hence are dependent only on
the amount of intrinsic material absorption and the amount of inhomogeneity of the
wave field. These equations and the corresponding calculations shown in Figures
(3.6.37) and (3.6.38) show that as the amount of inhomogeneity, y, approaches its
physical limit of /2, y becomes infinite and the eccentricity approaches zero,
indicating that the particle motion for P and SI waves becomes circular. As the
amount of inhomogeneity, y, approaches zero, y approaches yg, indicating that the
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Figure (3.6.37). Eccentricity for particle motion ellipse for P or Type-1 S waves as
a function of inhomogeneity and intrinsic material absorption as measured by Q7'
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Figure (3.6.38). Tilt of the particle motion ellipse for P or Type-I S waves as a
function of inhomogeneity and intrinsic material absorption as measured by Op'

for the corresponding homogeneous wave.
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elliptical motion for both wave types becomes linear with the eccentricity e approach-
ing unity and the tilt # approaching zero. The figures show that the eccentricity and tilt
of the particle motion ellipse deviate most significantly from those for corresponding
homogeneous waves for materials with large amounts of intrinsic absorption
(Oi' > 0.1) or for waves in materials with smaller amounts of absorption (say
Ofi' < 0.1) with larger degrees of inhomogeneity, say y>~75°.

3.6.3 Energy Characteristics for P, SI, and SII Waves

Towards developing expressions for the energy characteristics of P, SI, and SII
waves in terms of corresponding expressions for homogeneous waves, the expres-
sions for homogeneous waves as derived in preceding sections may be easily
rewritten in terms of y. The resulting expressions for homogeneous P and S waves
are, respectively,

magnitude of mean intensity,

(Fup| =1Gol” exp| ~24p+ 7| ;‘“4

e (3.6.39)
‘<jHS>‘ = |qu ‘ZeXp[—z/_fHS . 7} zp‘f:: )

mean kinetic energy density,

o) = (N (T () = (5P (Ts),

(3.6.40)
mean potential energy density,
1 1
(Pup) = <—> (K up), (Pus) = <—> (Kus), (3.6.41)
XHP XHS

mean total energy density,
1+ 1+
€ur) = (Y (), () = () (), (364)
XHP
mean energy density dissipated,

@u) = (P22 ) ) = (222 51,

(Dus) — (2“’—%> (Ens) = (2“’92’5) ().

1+ xus

(3.6.43)
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maximum potential energy density,
max[?Pup] = 2(Pupr), max[P ys| = 2(Pus), (3.6.44)
and energy speed,

[VErP| = Vap, [Vens| = vus, (3.6.45)
where with the exception of the solution amplitudes (|Fy|* is interpreted as |Gy
for SI waves and as ‘5511}2 /hs for SII waves) the characteristics indicated for
homogeneous SI waves equal those for homogeneous SII waves. Hence, subscripts
distinguishing these characteristics for the two types of homogeneous S waves are
not necessary.

Equations (3.6.39) through (3.6.45) provide explicit relations between the var-
ious energy characteristics of homogeneous waves in general viscoelastic media. As
a check, they can be used to readily derive the familiar expressions for elastic media.
Introducing the subscript “e” to designate terms for elastic media, the result that

XHPe = Xtse = 1 (3.6.46)

implies for P and S waves in elastic media that

‘jHPe‘ = 2vupe (K upe), ‘jHSe‘ = 2vuse(H nse), (3.6.47)
(Prpe) = (K upe), (Puse) = (Kuse), (3.6.48)
(Erpe) = 2Kppe),  (Ense) = 2(Kpse), (3.6.49)
(Dupe) = (Duse) =0, (3.6.50)
and
[VHEPe| = VHpe, [ViESe| = Vise- (3.6.51)

These expressions imply the familiar results for homogeneous P and S waves
in elastic media, namely, the mean intensity of the wave equals twice the product
of the wave speed and the mean kinetic energy density (3.6.47), the mean
potential energy density is equal to the mean kinetic energy density (3.6.48), the
total energy density is equal to twice the mean kinetic or potential energy density
(3.6.49), the mean rate of energy dissipated per unit volume vanishes (3.6.50),
and the energy speed is equal to the phase speed for both homogeneous P and S
waves (3.6.51).

Energy characteristics for general P, SI, and SII waves as specified by equations
(3.4.1) through (3.4.69) can be readily written in terms of those for homogeneous
waves as specified by (3.6.39) through (3.6.45). The expressions for the magnitude
of the mean energy flux for general P, SI, and SII waves are
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- 14+ yp+4FpHp, =
(Tp)| = YP\/ - PP T p)), (3.6.52)
XHP
. 1+ g + 4Fs;Hsp, )~
(Fs))| = YS,\/ Xf’ SIS F s, (3.6.53)
+Xus
and
- 1+ + 2FsH -
(Isu)| = Ysu Asi St SH’(JHSH, (3.6.54)
1+ xus
where Y, H, and F are defined as
Yp = exp '—2( ip— /I’HP) . 7}, (3.6.55)
YS[E eXp —2(1‘?51—1‘?1-15) . }_"}, (3656)
Yeu = exp —2(/TS,,—/THS) . 7}, (3.6.57)
-2 2 1
Hp = pr% + s tan’y, (3.6.58)
Xirs Vire L+ Xup
2
HS = HS[ = HS[] = % tan2 Vs (3659)
Hs
1 vigl4y 1o _
Fp= 1ML o 000 00— 0 1)), (660)
Xiis Vie L+ Xup
1 ovig 1+ xus 2
Fg=1+4—-15 X 2055 Ons — Qs + 1
St XHSVH51+XHS( HSXSI — ( HS ¥ HS HS )) (3.6.61)
:XSH
1 vZiel+y 1o _
FSHEI+2 3 %Sl R (XI%ISXSII_(ZQH}SQH}S_QH%S‘_‘_ 1))
Xits Vits | T Xns (3.6.62)
1
E(XSH+ 1).

Expressions for the other energy characteristics written respectively, for general P,
SI, and SII waves in terms of corresponding expressions for homogeneous waves are
mean kinetic energy density,

(Kp) = YPX7P<]{HP>, (3.6.63)
XHP
(Fsr) = Y51&<«75HS>, (3.6.64)

XHS



70 Viscoelastic P, SI, and SII Waves
. Asil
(HKsu) = Ysu==(Hnus),
XHS
mean potential energy density,
(Pp) = Yp(1 +2Hp)(Pup),
(Psr) = Ysi(1 + 2Hs)
(Psi) = Ysu(1 + Hs)

HS>7

/\/\

HS>7

mean total energy density,

(€p)=1Yp (M) (Enp),

1+ xpp
Es)) = Yg| —=2>—")(Ens),
(€)= Yo (2 e
1+X511+HS>
Eqt) = You [ —XsuTHSY gy
(Esm) sn( . (Ens)

mean rate of energy dissipation per unit volume,

(Dp) = <1 +2 g;fi HP> (Dup),

1
(Dsi) = YSI<1 + 2%1‘&) (Dus) = Ysi(1 +2Hs)(Dps),

HS

(Dsiy = Ysu(l + gH

H

maximum strain energy density,

max[f/’p] Yp(l + Hp)maX[f?Hp],

max[f/’S,] YSI(I + HS)max[j’HS],
Y
maX[..{/j_g[]] T(l—{—Hs—}—\/l—FHs)max JHS]

o,

1 2 —1 —1
QP—l _ <( + IQZ_S;I%HP)HP> Q;l}%

_ 1 +207,L /07 ) Hg\ 1 +2H
o = (LA g - (1)

SHS) (Dus) = Ysu(l + Hs)(Dus),
s

(3.6.65)

(3.6.66)
(3.6.67)
(3.6.68)

(3.6.69)

(3.6.70)

(3.6.71)

(3.6.72)

(3.6.73)

(3.6.74)

(3.6.75)
(3.6.76)

(3.6.77)

(3.6.78)

(3.6.79)
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Qi1 = ( - ;if%) 0, (3.6.80)
energy velocity,
Ve = 2‘25 wl :Z i;‘g’PH” Fenp (3.6.81)
Vst = iesﬁi wl :X;zﬁfk Venst, (3.6.82)
= = 039

For homogeneous waves y=0, so Hp=Hg=0, Yp=Yg=Ys;=1, and y =y for
each wave type. Substituting these identities into the preceding energy expressions
confirms that each of the expressions reduces to that for the corresponding homo-
geneous wave.

The expressions for the energy density characteristics of general P, SI and SII
waves, namely equations (3.6.63) through (3.6.74), readily permit comparison of
the magnitudes of various energy characteristics of inhomogeneous waves with
those of corresponding homogeneous waves. Choosing the position vector 7 as a
unit vector in the direction of wave propagation, that is letting ¥’ = P / }ﬁ | for each
wave type, together with (3.6.19) and (3.6.22) implies

- 1)] (3.6.84)

Q' (V 1+ xu
vi+y

and hence ¥ > 1 for each wave type. This result, together with (3.6.55) through

(3.6.74) implies that the mean kinetic energy density, mean potential energy density,

mean energy dissipated per unit volume, and total energy density for harmonic

inhomogeneous P, SI, and SII waves in HILV are greater than the corresponding

energy density quantity for homogeneous waves, that is,

Y:exp[—Q(/f—/fH) . 7] = exp il
vl + xy

(Kup) < (Kp), (Kust) < (Ksr), (Kusu) < (Ksu),  (3.6.85)
(Pupr) < A(Pp), (Pus)) < (Psi), (Pusi) < (Psu), (3.6.86)
(Dup) < (Dp), (Dust) < (Dsr), (Dusi) < (Dsm), (3.6.87)

and
(Emp) < (Ep), (Eust) < (Esr), (Eusu) < (Esm). (3.6.88)
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Similarly, (3.6.79) and (3.6.80) imply the following inequalities for the reciprocal
quality factors for SI and SII waves, namely

Qs < Ogpy < Q51 <2075 (3.6.89)

These inequalities indicate that regardless of the amount of inhomogeneity
of either type of S wave, the reciprocal quality factor for the wave is less than

7 (degrees)

1 n I
60 70 80 90

7 (degrees)

Figure (3.6.90). Q"' for inhomogeneous Type-I (a) and Type-II (b) S waves
normalized by that for a homogeneous S wave (i.e. Qg'/Ouk, Oshi/Ons)
computed as a function of inhomogeneity, y, and the amount of intrinsic material
absorption in shear as measured by Q7.
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14¢

7 (degrees)

Figure (3.6.91). Ratio of Q"' for an inhomogeneous Type -1 S wave to that for a
corresponding inhomogeneous Type-II S wave (i.e. Qsz / an) computed as a
function of 1nhomogenelty, y, and the amount of intrinsic material absorption in
shear as measured by Q%

twice that of a corresponding homogeneous S wave. They indicate that Qg};
for an inhomogeneous SII wave is less than Qg for an inhomogeneous SI
wave with the same degree of inhomogeneity and that both are greater than
that for a corresponding homogeneous wave. They indicate that Qg/, and Qg;
for inhomogeneous SII and SI waves are bounded and contained within the
half-open interval [Q%,20:%).

Calculations showing the reciprocal quality factor for inhomogeneous SI and
SII waves normalized by the corresponding factor for a homogeneous S wave and
their ratio are shown in Figures (3.6.90) and (3.6.91). The calculations indicate
that the amount the reciprocal quality factors for the two types of inhomogeneous
S waves differ from that for a corresponding homogeneous wave increases with
increasing inhomogeneity of the wave and the amount of intrinsic material
absorption. For fixed, but arbitrary, amounts of intrinsic absorption and inhomo-
geneity, the curves shown in Figures (3.6.90) and (3.6.91) are consistent with
inequalities (3.6.89). The curves in Figure (3.6.91) show that the amount by
which Qg; exceeds Qj/); increases with the intrinsic absorption of the media to a
maximum amount of 31 percent. They indicate that this maximum deviation
occurs at degrees of inhomogeneity of the waves which increase as the amount of
intrinsic absorption decreases.
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An important result for Earth materials establishes limits on the magnitude of
Q™! for an inhomogeneous P wave in terms of those for homogeneous P and S
waves. This result can be stated most efficiently as

Theorem (3.6.92). If Q7% < 2Q;Sf0ra HILV medium, then Q71, < Qp' < ZQEIS.

The proof of this result follows readily from (3.6.78).

For most Earth materials Q% < QL. hence Theorem (3.6.92) indicates that Q'
for an inhomogeneous P wave, regardless of the amount of inhomogeneity, is
contained within the half-open interval [Qy},207%) and hence less than twice
that of a homogeneous S wave.

Curves showing Qp'/Qp)» for a set of chosen material parameters (Figure
(3.6.93)) show that the amount Qp' for an inhomogeneous P wave differs from

Curveno. Materia type Vis/ Vip QQlS/Q,],lp Q,]:FL,
T 1 A=M N3 1.0 1.0
2 Ag=Mg,QE=0 =1N3 94 0.05
5f 3 4g=Mg,Qy=0 =IN3 94 0.001
4 QEp=1/500 031 7.7 0.002
5 Q=130 0.38 315 0.03
4 6 Q=13 0.38 3.15 031

Ta
I
o
-
I'n 3
o
2
1
3
O Il 1 L 1 1
60 70 80 90

7 (degrees)

Figure (3.6.93). Q5! for an inhomogeneous P wave normalized by Q. for a
homogeneous P wave computed as a function of inhomogeneity, y, for six types of
material with varying amounts of intrinsic material absorption.
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that for a homogeneous wave increases with increasing inhomogeneity of the wave
towards a value equal to twice that for a homogeneous S wave as indicated by
Theorem (3.6.92). The curves show that Q' depends on not only the material
parameters chosen for homogeneous P waves, but also those chosen for homoge-
neous S waves.

3.7 P, SI, and SII Waves in Low-Loss Viscoelastic Media

Many wave-propagation problems are concerned with media and wave frequencies
for which the amount of wave energy absorbed by the media as the wave passes is
small. Many seismological problems involving wave propagation in the core,
mantle, and crust of the Earth are best modeled using materials with small amounts
of intrinsic absorption. Consequently, it is of considerable interest to develop
explicit expressions for the physical characteristics of P, SI, and SII waves in such
materials.

Materials with small amounts of absorption can be quantitatively characterized
by the assumptions that Q% and Q) are much less than unity, as denoted by

Opk<1 and QL <. (3.7.1)

Applying these assumptions to the preceding equations for the characteristics of P
and both types of S waves readily permits the derivation of explicit expressions for
the physical characteristics of P, SI, and SII waves in low-loss anelastic media as
initially derived by the author (Borcherdt and Wennerberg, 1985). Parameters
describing the physical characteristics for waves in low-loss media are distinguished
from those in media for which the assumption is not necessarily valid by the
subscript “L”.

Equations (3.5.4) and (3.5.5) together with the low-loss assumption (3.7.1)
imply the wave speeds for homogeneous P and S waves in low-loss media are

given by
Kr +3%M,
Vip R vip, = || ——2—C (3.7.2)
p
M
Vis & Vys, = 1/7]*. (3.7.3)

The maximum attenuation for a homogeneous P wave is given from (3.6.5) by the
familiar expression often used to characterize attenuation for waves in the Earth,
namely

and
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i |7 o le_-IlP
‘AHP‘ ~ ‘AHP‘L = 2, (3.7.4)

and for homogeneous S waves from (3.6.6) by
ya CUQE]S
L

Expressions for the wave speeds of inhomogeneous P, SI, and SII waves in low-
loss media from (3.6.1) and (3.6.2) are

2
Vp| = |Vp|, = |V — 3.7.6
ol 2175, = Wil (3.7.6)
[Wotl = [Fsul ~ [Fsl, = [Fursl 1/~ (3.7.7)
SI| — |\vsi| ~ VS| — |VHS|L 1+){S’ ol

where for brevity it is assumed yg;=ysy, SO ysi=xsu=xs and ‘1751‘ = ‘\7311‘.
Corresponding expressions for the maximum attenuation from (3.6.3) and

(3.6.4) are
. . 2 1\, -
|Ap| = |4p], = \/m(@) |Ane|, (3.7.8)
- - - 2 1Y\, -
|ASI‘ = ‘ASlll ~ |AS’L = T){S Fsy ’AHS’L7 (3.7.9)

where for brevity it is assumed ys;= sy, SO xs7=xsiu=xs and ‘/TSI‘ = ‘/TSH‘.
Particle motion characteristics for P waves in low-loss media from (3.6.29)
through (3.6.32) are given by

and

and

- . 1
Er" & [arl, =5 0p + D), (3.7.10)
- . 1
&r[” ~ |Enl; =50p = 1), (3.7.11)
eP%ePL - X 3_17 (3712)
P

and

cos?np ~ 1. (3.7.13)
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Corresponding particle motion characteristics for SI waves from (3.6.33) through
(3.6.36) are given by

Z 2 2
€| ~ il = 5 (s + 1), (3.7.14)
22 > 2 1
|Ssi|” ~ |&si|, = 5(){51_ 1), (3.7.15)
esr & esp, = ¢/ 2 (3.7.16)
SI SIy, XSI+ 17 .
and
cos’ g ~ 1. (3.7.17)

The mean energy flux for inhomogeneous waves in low-loss media in terms of
the corresponding expressions for homogeneous waves from equations (3.6.52)
through (3.6.54) are given

for P waves by

5 S 1+yp+4Fp Hp |,
‘<]P>’ ~ ‘<7P>)L = Yp\/ A 5 PPN G e, | (3.7.18)
for SI waves by
- - 1+ yo +4Fs;, Hg, |, =
j(ys,>‘ ~ }<]S’>‘L: YS\/ Xt e <yHS>L], (3.7.19)
and for SII waves by
- - I+ +2Fg, Hs, |, =
(Fan)| = | Fon)] = oL 2o sl 1 7.0
where
Hp~ Hp, = QHi, 5 tan®y, (3.7.21)
Vip
HS = HS[ = HSII ~ HSL = QITIZS tan2 Y, (3722)
2
Fp Fp, =1+ (xp— 1), (3.7.23)
Virp
2
Fsi~ Fg, =1 +—(XSI 1) = xs1 (3.7.24)
Virs

lv 1
Fsy~ Fsy, = HS ()(S” 1) = E(XSH +1). (3.7.25)
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The corresponding approximate expressions for the other energy characteristics for
low-loss media from equations (3.6.63) through (3.6.83) for P, SI, and SII waves are
mean kinetic energy density,

(FKp) = (Kp)= Yrxp{Fur), (3.7.26)
(HKsr)y = (HKsty, = Ysixsi{Hnus),, (3.7.27)
(K su) = (Ksi), = Ysuxsy(HKus)y, (3.7.28)

mean potential energy density,
(Pp) = (Pp), = Yp(1+2Hp,)(Prip), . (3.7.29)
(Psi) = (Psi), = Ys(1+2Hs,)(Pus), (3.7.30)
(Psu) = (Psu),= Ys(1 + Hs, ) (Pus) (3.7.31)

total energy density,

(€5) ~ (Er)= o (14 2+ 2Hp, )\ Enr)y, (3.732)
()~ (Esih= DL (1 b g+ 208 ) Ens) (B739)
(Esi) = (Esu)y = Y;” (1 + sy + Hs, )(Ensu) s (3.7.34)

mean rate of energy dissipation per unit volume,

(Dp) = (Dp), = Yp(l +2QHS HPL)<.‘1)HP> (3.7.35)
P
(Ds1) = (Dsi), = Ysi(1 +2Hs, ) (Dusi), , (3.7.36)
(Dsir) = (Dsi) = st(l + HSL)(-@HSU>L, (3.7.37)
maximum potential energy density per cycle,
max[#p| ~ max[Pp|, = Yp(1 + Hp, )max[Pyp|,, (3.7.38)
max|Ps;] ~ max[j’s]]LZ Ysi(1 + Hs, )max[Pys],, (3.7.39)
max[JS”] ~ max[JSH ( + 4/ 1+ HSL -+ HSL)maX ‘/HS] (3740)
and 0~
1+ (20,L /050 H
07" ~ o5 = (120 Qi) ey (3.7.41)
1+ Hp,
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_ _ 1 +2Hs ) _
1 1 L 1
~ = : 3.7.42
QSI QSIL ( 1 HSL QHS ( )
2(1+ Hg,)
-1 -1 L -1
~ = : 3.7.43
QSII QSIIL <1 T+ He HSL HSL QHS ( )

Equations (3.7.2) through (3.7.43) provide an explicit description of the physical
characteristics of P, SI, and SII waves in low-loss general viscoelastic media.
Inspection of the expressions for inhomogeneous waves, namely (3.7.6) through
(3.7.43), shows that each of the characteristics with the exception of the tilt of
the particle motion ellipse for P and SI waves exhibits an explicit dependence on the
amount of inhomogeneity, y, of the wave field. The expressions show that the
amount that the characteristics differ from those for homogeneous waves increases
as the inhomogeneity of the wave increases. They imply that for a given low-loss
material the wave speed, attenuation, and ellipticity of the particle motion for P and
SI waves, and each of the energy characteristics for each wave type, can differ
significantly from that for a corresponding homogeneous wave, provided the
inhomogeneity of the wave increases to a value sufficiently close to its physical
limit of /2. The tilt 5 of the particle motion ellipse for inhomogeneous P and SI
waves in low-loss media is approximately zero and shows no the dependence on the
degree of inhomogeneity. Equations (3.7.2) through (3.7.43) provide explicit esti-
mates to further evaluate the influence of inhomogeneity and the approximations
introduced by the low-loss assumption on characteristics of P, SI, and SII waves.

Comparison of the wave speed, vys = |Vys|, and maximum attenuation, 4ys =
‘A_{ us|, for homogeneous S waves with those predicted by the low-loss assumption for
homogeneous S waves is provided explicitly from (3.5.5), (3.6.6), (3.7.3) and (3.7.5) by

Vs~ isy V1 s (3.7.44)

VHS - \/§XHS
and
Ans, = Ans _xusV1tans (3.7.45)

Aps V2

Corresponding error-percentage curves computed as a function of the amount of
intrinsic absorption are shown in Figure (3.7.46). The curves show that for solids
with Q7% < 0.1 (Figure (3.7.46)a), the low-loss expressions for wave speed and
absorption coefficient yield estimates that deviate from those predicted exactly for
homogeneous S waves by amounts less than 0.35 and 0.65 percent, respectively.
The corresponding curves for solids with moderate to large amounts of intrinsic



80 Viscoelastic P, SI, and SII Waves
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Figure (3.7.46). Error percentages for wave speed and maximum attenuation of
homogeneous S waves as predicted by the low-loss approximation relative to that
pred1cted exactly. The error percentages are plotted for materials w1th (a) small

(07! ns < 0.1) and (b) moderate to large amounts of absorption (Q ns > 0.1). The
curves are valid for P waves upon replacement of the S subscript.

absorption Q% > 0.1 (Figure (3.7.46)b) show that the low-loss expressions yield
estimates that deviate from those predicted exactly for homogeneous S waves by
amounts up to 35 and 55 percent, respectively. Expressions (3.7.44) and (3.7.45)
and the corresponding curves in Figure (3.7.46) are valid for P waves upon
replacement of the “S” subscript.

Comparison of the wave speed, vs = |Vs|, and maximum attenuation, 4 = \/I sl
for inhomogeneous SI and SII waves with those predicted by the low-loss approx-
imation for homogeneous S waves is provided explicitly from (3.6.2) and (3.7.7) by

VHsL TS _ o Vs _ V2y1+ O3 (3.7.47)

; =
5 Vit zs \/ + /1 + Opsec?y
and
_ / —2 qop2
As— Aps, 1T s \/ 14+ 4/1+4+ Opgsec?y

_ 1= — 1. (3.7.48)
A -1./1 /
HSL QHS +XHS Q;—]}S‘ 1_|_ /1+Q;-]%9

Corresponding error-percentage curves for the wave speed in Figure (3.7.49) show
that for materials with large amounts of absorption, for example Q% = 1, the wave
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speed of an inhomogeneous SI or SII wave deviates significantly for nearly all
degrees of inhomogeneity from that predicted for a corresponding homogeneous S
wave using the low-loss approximation. For materials with small amounts of
intrinsic absorption, Q% < 0.1, Figure (3.7.49) shows that the amount of the
deviation for wave speed increases with increasing Q% and the degree of inhomo-
geneity of the wave. Expressions (3.7.47), (3.7.48), and the corresponding curves in
Figure (3.7.49) are valid for P waves upon replacement of the S subscript.

ol @ ol @
701
70 ¢
S
= 50
@
s 50
2 30t
@
= 30
10F
-1_
10k 10 + QHS— 0.001
-30 L i 1 s L 1 -10 1 1
0 20 40 60 80 60 70 80 90
7 (degrees) 7 (degrees)

Figure (3.7.49). Error-percentages for wave speed of inhomogeneous S waves
relative to that predicted by the low-loss approximation for homogeneous S waves.
The error percentages are plotted on two scales as a function of the amount of
inhomogeneity for materials ranging from those with a large amount of loss,
0% =1, to low-loss materials, Q5>0.1. The curves are valid for P waves
upon replacement of the S subscript.

Error-percentage curves in Figure (3.7.50) show the attenuation in the direction of
maximum attenuation of an inhomogeneous wave for relatively small amounts of
inhomogeneity can deviate significantly from that predicted by the low-loss expressions
for homogeneous waves. They indicate the deviations for degrees of inhomogeneity of
greater than 20 degrees are significant even for low-loss materials. For materials with
large amounts of absorption, e.g. Q7% = 1, the deviation is large for all degrees of
inhomogeneity. For materials with small amounts of absorption the error percentage
becomes infinite for sufficiently large values of inhomogeneity. Comparison of other
characteristics of inhomogeneous waves with those of homogeneous waves in either
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Figure (3.7.50). Error percentages for attenuation coefficient in direction of
maximum attenuation for inhomogeneous S waves relative to that predicted by
the low-loss approximation for homogeneous S waves. The error percentages are
plotted at two scales as a function of the amount of inhomogeneity for materials
ranging from those with a large amount of loss, Q7% = 1, to low-loss materials,
Q;,lg >0.1. The curves are valid for P waves upon replacement of the S subscript.

media with an arbitrary amount of intrinsic absorption or low-loss media can be readily
derived in a similar fashion using (3.7.10) through (3.7.43).

3.8 P, SI, and SII Waves in Media with Equal Complex Lamé Parameters

An assumption sometimes made for elastic media is that of equal Lamé parameters,
that is A= Mp. This assumption provides considerable simplification in some for-
mulae and is a good first approximation for the elastic response of some Earth
materials. An extension of the assumption for viscoelastic media is to assume that
the imaginary parts of the complex Lamé parameter are equal as well, that is 4;= M;.
Definitions (2.3.13) through (2.3.15) show that for the special class of solids with
equal complex Lamé parameters the complex parameters of the material are related

by the following expressions:
A=M, (3.8.1)

5

K=-M, (3.8.2)

E

N L W

M, (3.8.3)
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1
N=-. 3.84
: (3.84)

Expressions (3.1.7) and (3.1.8) imply the complex velocities are related by

B 1

—==. 3.8.5

23 (3.8.5)
Expressions (3.5.1) through (3.5.9) and (3.6.5) and (3.6.6) imply the speed, max-
imum attenuation, and quality factor for homogeneous P and S waves in such solids

are related by

vip = V3 vys, (3.8.6)
| Anp| = |Ans|/V3 (3.8.7)

and
Qus = Oup- (3.8.8)

Expressions (3.6.12) through (3.6.23) and (3.6.58), (3.6.59), (3.6.78), and
(3.6.80) imply for a given equal amount of inhomogeneity y for inhomogeneous
P, SI, and SII waves in HILV solids with equal Lamé parameters that the parameters
of the inhomogeneous wave fields are related by

1

kp = gkg, (3.8.9)
|7p| = V3|7, (3.8.10)
1 102
HP:—HS:—%tanzy, (3.8.11)
3 3xus?

o (3.8.12)

05l — 34+ 2Hs Q71_3+2HS 1 + Hg
P\ 34+ Hg )5S T 34+ Hg 1+ 2Hg

0l = (1+2HS> o 1+2Hs 1+ Hs++/1+ Hg
SI —

— = s 3.8.13
I+ Hg J=" 14 Hs 2(1 + Hy) Qs )

and

. 2(1 + Hy) .
O, = Ore- 3.8.14
S <1+HS+\/1+HS> s ( )

Expressions for other physical characteristics of general P, SI, and SII waves may be
derived readily in a similar fashion for HILV solids with equal Lamé parameters.
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This assumption will be shown to provide simplification of formulae used to
describe a Rayleigh-Type surface wave on a HILV half space.

Equation (3.8.8) shows that the assumption of equal complex Lamé parameters
implies that the fractional energy loss for homogeneous P waves equals that for
homogeneous S waves. This assumption, valid for some elastic media, is used on
occasion to describe anelastic media with very small amounts of absorption, but it is
not a good approximation for many near-surface and crustal materials in the Earth.

3.9 P, SI, and SII Waves in a Standard Linear Solid

The characterization of linear viscoelastic behavior and the subsequent derivation of
expressions describing the physical characteristics of P, SI, and SII waves in
preceding chapters and sections are general and valid for any particular viscoelastic
solid with a specific dependence of moduli on frequency. To illustrate the applica-
tion of the general formulae consider a Standard Linear solid. The complex shear
modulus for a Standard Linear solid is given by

1 + iwt,

M =M,

T 3.9.1
1 +iwr, ( )

as a function of circular frequency w, relaxation times 7, and 7., and relaxed elastic
modulus M,. (see Table (1.3.30).

The real and imaginary parts of (3.9.1) and general formulae (3.5.7), (3.5.5), and
(3.5.2) immediately imply

M, M, |1 + w17,
e =\ =\ Trere (392)
P

with the reciprocal quality factor and the speed of a homogeneous S wave given by

% - a)(re — T,,)

Mr 1+ 0, (3.9.3)

-1
Ous =

2 2
_ M, 1+’ 514 w(t. — 1) A w(t. — 1) '
p\ 1+’ 1 + 0?17, 1 + 0?17,

(3.9.4)
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Substitution of (3.9.3) and (3.9.4) into (3.6.2) permits the dispersion relation for
general inhomogeneous SI and SII waves in a Standard Linear solid to be readily
specified as

2

2 1+(4w(re—2rp)>

M, 14 @, 1+ oty
S e ot — 1)\
I 1+<#>

1 + w?1,7,
2
1+ 1+ w(T" _ Tp)
1 + C()szTe

2
14+4/1+ M sec? y (3.9.5)
1 + CUZTpTe

Substitution of (3.9.3) into (3.6.59) allows Hg to be specified as

Q72
Hs = Hs; = Hg;y = =25 tan®y
Hs

oz — 1) Y (. — 1) Y 2
= — 1+ | —— tan” y. (3.9.6)
1 + w’7,7, 1 + w?1y7,
Hence, the frequency dependences of the reciprocal quality factors for inhomoge-

neous SI and SII waves in a Standard Linear solid are readily specified from
(3.6.79) and (3.6.80) upon substitution of this expression for Hg into

1 2H e
o= (=25 ot~ o) (3.9.7)
1+ Hs ) 1+ %t

for inhomogeneous SI waves and

Qil B 2(1 + Hy) a)(re —‘L'p) (39.8)
M\l Hs+ V1 + Hg) 1+ 0%t o

for inhomogeneous SII waves.

For Standard Linear viscoelastic solids with small amounts of absorption, the
general low-loss expressions for wave speed (3.7.7) allow the dispersion relation for
SI and SII waves to be readily written as
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+ w?t,7, 2
|Vs| ~ Vsl = | — \/le . : (3.9.9)
7 a)(re - Tp)
Y B R

1 + 0’17,

Equation (3.7.22) implies that Hg is approximately given by

2
HS:HSIZHS[[%HSL = (M> tan2y. (3910)
1 + w?1p7,
Hence, substitution of this low-loss approximation for Hg into (3.7.42) and (3.7.43)
allows the frequency dependence for inhomogeneous SI and SII waves in a low-loss
Standard Linear viscoelastic solid to be immediately specified.

The frequency dependence of other physical characteristics of P, SI, and SII waves
in a Standard Linear solid or any other specific viscoelastic solid of choice may be
written in a similar fashion using the general expression for the physical characteristic
of interest derived in preceding sections for general viscoelastic media.

3.10 Displacement and Volumetric Strain

Measurements of seismic radiation fields using volumetric strain meters and three-
component seismometers are of special interest in seismology. Corresponding
expressions for volumetric strain and components of the displacement or velocity
fields for general (homogeneous and inhomogeneous) P, SI, and SII waves in HILV
media are useful for interpretation of near-surface measurements either in the field
or in the laboratory (Borcherdt, 1988; Borcherdt ef al., 1989).

3.10.1 Displacement for General P and SI Waves

The physical displacement field for a general P wave may be written from (3.2.11)
and identities (3.6.12) through (3.6.14) in terms of its propagation and attenuation
vectors as

- —»

iix = |Gokp|exp| ~Ap- | <|f: - coslEp(0) + ] + 75 sinle 1) + m) 7

(3.10.1)

where

Cp(t) = wt — Ppe P+ arg[Gokp) — /2 (3.10.2)
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and

[ Oup ]
=tan ' |—22 | 3.10.3
Yp [ [ ( )
Similarly, the physical displacement field for a general SI wave may be written from
(3.3.23) in terms of its propagatlon vector, Py, its attenuation vector, A, and its
complex vector coefficient, Go, as

—

N = - ﬁ i Asr X .
”R:’Goks‘exp[—ASI'VK | COS[CSI( )+Ws]+i[€—s‘sm[551(l)+'ﬂs}>>

(3.10.4)
where
Cs(1) = wt — Py« 7+ arg[Goks| + /2, (3.10.5)
[ Ouk }
=tan ! |5 | 3.10.6
Vs n [1 ¥ xus ( )

and the “SI” subscript is introduced to avoid potential confusion with displacements
for SII waves.

Components of the physical displacement field for P and SI waves, as might be
inferred from seismometer recordings, can be derived upon specification of the
directions of propagation and attenuation for the waves with respect to a rectangular
coordinate system. Without loss of generality, the directions of propagation and
attenuation shall be assumed to be in the x;x3 plane with propagation in the +x;
direction. (For brevity, quantities requiring subscripts corresponding to components
of the (x1, x,, x3) coordinate system will be referenced using the notation (x, y, z).)

The angle of incidence or the direction that the propagation vector makes with the
vertical shall be denoted by 6 with 0 <0 < x/2 and the angle between the
propagation and attenuation vector by y, so that the direction the attenuation vector
makes with respect to the vertical is given by 6 — y. With this notation, the
propagation and attenuation vectors for a general P wave may be written with
identities (3.6.17) and (3.6.18) as

= 1
Pp —1/ e (X1 sin @ + X3 cos ) (3.10.7)
L+ xup
— w _1 X
A :—,/71’ 0 — g — 3.10.8
P= AT e (X1 sin[@ — y] + X3 cos[0 — 9]), ( )

and
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xp =2/ 1+ O5psec?y. (3.10.9)

Substitution of these results into (3.10.1) allows the radial (x) and vertical (z)
components of the physical displacement field for a general P wave to be written as

where

gy = |Gokp| exp[—ZP . 7] Fp[sin 0] cos[Cp(1) + wp — Qpfsind]]  (3.10.10)
and

ur. = |Gokp| exp[—zp. 7} Fplcos 6] cos[Cp(t) + yp — Qplcosd]],  (3.10.11)

where
2 _ 200 _
Folfi6] = \/(1 JRICETSEYRTE: 310.12)
and
Q5[ f16]] = tan™ |, /_llj;ip f[?[;] y]] : (3.10.13)
If the P wave is homogeneous, then
Fplf10] = f10] (3.10.14)
and
-1
Qp[f]0]] = tan™" [I—QF%HJ = Yp. (3.10.15)

Hence, the expressions for the components of the physical displacement field for a
homogeneous P wave simplify to

ugy = |Go kp| exp[—gp- F’} sin[0] cos[{p(1)] (3.10.16)
and

ug. = |Go kp| exp[—A_fp- 7} cos[d] cos[{p(1)]. (3.10.17)

For a general SI wave substitution of expressions analogous to (3.10.7) and
(3.10.8) into (3.10.4) yields the components of the physical displacement field of
a Type-I S wave as

Upy = ‘@0 ks| exp[—/_fsp 7} Fg/[cos ) cos[{s(1) + wg — Qsicos )] (3.10.18)
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and
Ug, = {éo ks| exp[—/fgl- f'] Fs[sin 0] cos|[Cs;(t) + wg — Qs/[sin6]], (3.10.19)

where definitions for F'g and Qg are readily inferred from (3.10.12) and (3.10.13).
The corresponding expressions for a homogeneous SI wave are

Upy = |(70 ks‘ exp[—/_fsp 7] cos[f] cos|{g;(1)] (3.10.20)

and
Up: = ]60 ks| exp[—/IS,- F} sin[d] cos[{s;(1)], (3.10.21)

where

Fs[f10]] = 16] (3.10.22)

and

: 1| Qns

Qsilf[0)] = tan™ [lﬂms] _— (3.10.23)

Expressions (3.10.18) through (3.10.23) for the displacement components of SI
waves expressed in terms of 6,y, and Q% are similar to (3.10.10) through
(3.10.17) for P waves upon replacement of Q% with Q.

For homogeneous P and SI waves the radial and vertical amplitudes vary as the
cosine or the sine of the angle of incidence, but the phase term is constant as a
function of angle of incidence and depends only on the corresponding amount of
intrinsic material absorption. For materials with small amounts of absorption
(O < 1; 05k < 1), the phase terms may be approximated by

arl 1) tant [ 2]~ Lt (1024
and
Qq[f10]] ~ tan™! [QTHIS] ~ QTHIS (3.10.25)

The expressions for the radial and vertical components of displacement for
general P and SI waves, (3.10.10) through (3.10.23) show explicit dependences
on the corresponding amplitude modulation factor F, and the phase modulation
term Q. Each of these terms depends on angle of incidence 8, wave inhomo-
geneity 7, and intrinsic material absorption Q4 or Q% depending on the wave
type being considered. To quantify these dependences for general P waves,
numerical calculations for the amplitude modulation factor and the phase term
are shown in Figures (3.10.26) and (3.10.27) for media with large (Q5» = 0.2),
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moderate (0}, = 0.1), and small (Q;, = 0.01) amounts of intrinsic absorption.
The curves as computed are valid for general SI waves upon replacement of
Opp With Qp.

The calculations show that both the amplitude and the phase of the displacement
components at each angle of incidence are influenced by the degree of inhomo-
geneity of the wave and the amount of intrinsic material absorption. The curves
show that the dependence of the vertical and radial amplitudes on angle of incidence
increasingly deviates from that of a cosinusoidal or sinusoidal dependence for
corresponding homogeneous waves with increasing amounts of intrinsic absorption
and wave-field inhomogeneity. For media with large amounts of absorption the
dependences of the amplitude and phase modulation on angle of incidence differ
significantly from those for a corresponding homogeneous wave (y=0) for degrees
of inhomogeneity as small as 20°. For materials with small amounts of intrinsic
absorption the amplitude and phase dependences on angle of incidence for inho-
mogeneous P and SI waves differ significantly from those for corresponding
homogeneous waves only for large degrees of inhomogeneity, say y>~85° and
either large or small angles of incidence, say 8> ~75° or §<~15°, depending on
the component of interest (Figures (3.10.26) and (3.10.27)).

3.10.2 Volumetric Strain for a General P Wave

The volumetric strain associated with a general P wave as might be measured using
a volumetric strain meter (Borcherdt, 1988) is given from (3.2.8) by

Ar(t) = |Go kel exp[—zp. 7} (kprcos|Cp(0)] + kprsin[Cp(d)])  (3.10.28)

with no such strain, of course, being associated with either type of S wave. Using
identity (3.6.16) for a P wave and notation in the preceding section, this expression
may be written as

A(1) = |Go epl exp| —Ape 7 |lfepl cos[Cp(t) = yp — /2. (3.10.29)
Substituting the relations
cos|Cp(1)] = 2R 'f”; (3.10.30)
D|¢p|
and
. iig + &>p
sin[¢p(1)] = (3.10.31)

- Dlgy
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into (3.10.28), where
D =Gy kpl exp[—/_fP- 7} (3.10.32)

and é} pand 52 p are defined by (3.2.12) and (3.2.13), allows the volumetric strain for
an inhomogeneous P wave to be expressed in terms of the displacement field as

Ax(t) = ® (ﬁwfzp_ Qup ﬁR°§1P> (3.10.33)

S\ (& T Hme |Gf

and that for a homogeneous P wave by

Lo \2
(“R’ flP)
D2

OQup =
. . 3.10.34
1+XHPMR flp ( )

These expressions specify the volumetric strain for a general P wave as might be
recorded on a dilatometer in a HILV whole space in terms of the corresponding
displacement field for the wave as might be inferred from a three-component
seismometer.

3.10.3 Simultaneous Measurement of Volumetric Strain and Displacement

Simultaneous measurement of volumetric strain and components of the displace-
ment field as might be inferred from a dilatometer and a three-component seism-
ometer allows information regarding the wave field and the material parameters to
be inferred that cannot be inferred from either measurement alone. Expressions for
elastic media relating displacement components and various components of the
strain tensor have been derived by Benioff (1935), Benioff and Gutenberg (1952),
Romney (1964), and Gupta (1966). Expressions derived here are valid for viscoe-
lastic media (Borcherdt (1988).

Examples of additional information that can be derived from collocated simulta-
neous measurements for a general P wave propagating in a HILV whole space are
implied by expressions (3.10.10) and (3.10.29). As a first example the general expres-
sion for the displacement field of a general P wave, (3.2.11), shows that the elliptical
particle motion reaches its maximum along the major axis of the ellipse (i.e. \El P }) and
minimum along the minor axis of the ellipse (i.e. ‘52 P ‘ )attimes #; and £, when {'p(¢1)=0
and {p (%) =n/2. Determination of these times from particle motion plots as might be
inferred from seismometer measurements and substitution of these times into (3.10.29)
shows that the ratio of corresponding values for volumetric strain is given by
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Ar(t1) Qb (3.10.35)

Ar(t) 1 +Xup

Hence, measurements of volumetric strain amplitudes during the passage of an
inhomogeneous P wave at times of maximum and minimum particle motion as
inferred from collocated seismometer measurements when substituted into
(3.10.35) permit an independent estimate of the intrinsic material absorption Q.
As asecond example, involving inhomogeneous wave fields, consider the ratio of
the maximum amplitude of the radial component of displacement as implied by
(3.10.10) to the maximum volumetric strain as implied by (3.10.29), namely

maxlurd _ vue [VE A p ) (3.10.36)
max[Az] o 2xup

This expression shows that if the maximum amplitude of the radial component of
displacement and the volumetric strain can be determined from measurements, then
if independent estimates of the material parameters, vyp and Q;{}), are available
then the function Fp[sin 8] which depends on the angle of incidence and inhomo-
geneity of the P wave can be estimated. In addition the phase lag between the radial
component of displacement and the volumetric strain is given by

2yp — Qp[sin 0] + /2. (3.10.37)

Hence measurement of this phase lag together with the estimates of the material
parameters yields an estimate of Qp[sin #]. This estimate together with one for
Fp[sin 8] provides two expressions that can be solved to yield estimates of the angle
of incidence and degree of inhomogeneity for the P wave.

If the wave field is known to be homogeneous from particle motion plots then
the phase lag between the radial component of displacement and volumetric
strain is

-1
vp + = tan”! [@] + T (3.10.38)
2 Ut xuel 2
Hence, measurement of the phase lag between radial displacement and volumetric
strain permits an independent estimate of the intrinsic material absorption Qb

As another example, if the wave field is known to be homogeneous, the ratio of
the maximum amplitude of one of the displacement components, say the vertical,
from (3.10.11), and the maximum volumetric strain is given by

) 1
maxugz] _ var o |1t dnp (3.10.39)
max|4g] ® 2 up
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This expression suggests that if the material parameters are known, then this ratio of
maximum amplitudes allows the angle of incidence to be estimated. Conversely, if
the angle of incidence is known, as might be estimated from

0 = tan ug, /ug-), (3.10.40)

then the ratio of maximum displacement and maximum volumetric strain might be
used to estimate one or the other of the material parameters vp or Qph.

Determination of the times that the volumetric strain signal vanishes and reaches
its maximum value, namely { p (t;)=yp+mand {p(12) = wp + 7/2, and correspond-
ing determination of the horizontal or vertical displacement at these times yields

upy(t2) _ ug-(t2) _ Q;}iv
upe(ti)  ur-(t1) 1+ yup

Hence, these measurements provide another means of estimating the intrinsic
material absorption O}, of the media.

For materials with small amounts of intrinsic absorption Q7 < 1 and yyp ~ 1,
50 (3.10.39) implies the ratio of maximum displacement of the vertical component to
the maximum volumetric strain for a homogeneous P wave is given approximately by

(3.10.41)

maxfug]  var o (3.10.42)
max[Agr]
and the phase lag in radians between the radial component of displacement and
volumetric strain is, from (3.10.37), approximately

—1 —1
vp+ T~ tan {ﬂ} LTl T (3.10.43)

Consequently, for a homogeneous P wave in low-loss anelastic media, (3.10.42)
shows that the ratio of maximum amplitudes of vertical displacement to maximum
volumetric strain provides an approximate estimate of one of the local constitutive
properties, namely homogeneous P velocity, as scaled by the cosine of the angle of
incidence and the inverse of circular frequency. Equation (3.10.43) shows that
measurement of the phase lag provides an approximate estimate of another of the
local constitutive properties, namely Qj,h.

The measurability of the phase shift wp due to intrinsic absorption depends on
both the amount of intrinsic absorption and the period of the wave. For low-loss
materials with Q5 = 0.01, the phase shift wp for a one-second wave is about
0.8 millisecond (ms) and that for a 20 second wave about 16 ms. Hence, the phase
shift for materials with O}, = 0.01 should be detectable in the time domain using
20-second signals sampled at rates greater than about 100 sps. For shorter-period
waves (e.g. one-second waves) in materials with Q% = 0.01 the phase shift could
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be ignored at sampling rates of 100 sps and the volumetric strain signal could be
regarded as an amplitude-scaled displacement signal for a homogeneous P wave in
low-loss media. For elastic media, Q% = 0, so definition (3.10.3) implies phase
shift vanishes, that is yp=0.

3.11 Problems

(1) Compare characteristics of an inhomogeneous wave in linear anelastic media
with those of an inhomogeneous wave in elastic media.

(2) Show that an inhomogeneous plane P wave with the direction of phase propa-
gation not perpendicular to the direction of maximum attenuation may propa-
gate in linear anelastic media but cannot in elastic media.

(3) Use the method of separation of variables to derive a solution to the scalar
Helmholtz equation for a harmonic plane S wave as specified in Appendix 3,
Chapter 11.3. Show that the complex amplitude of the solution is independent
of the spatial coordinates. (Hint: see the procedure used in Appendix 3 to derive
solutions for P waves.)

(4) Describe basic differences in the physical characteristics of homogeneous and
inhomogeneous waves. Show that the expressions for wave speed, particle
motion, energy flux, kinetic energy density, potential energy density, total
energy density, mean rate of energy dissipation, energy velocity, and reciprocal
quality factor depend on the degree of inhomogeneity.

(5) Describe basic differences in the physical characteristics of inhomogeneous
Type-1I and Type-II S waves. Show that the physical characteristics of particle
motion, energy flux, kinetic energy density, potential energy density, total
energy density, mean rate of energy dissipation, energy velocity, and reciprocal
quality factor are different for the two types of S waves.

(6) Use expressions for the physical characteristics of P, SI, and SII waves in low-loss
anelastic media to show that each of the characteristics, as identified in Problems
4 and 5, depends on the degree of inhomogeneity of the waves with the only
exception being tilt of the particle motion ellipse for P and Type-I S waves.

(7) Derive expressions showing the dependences of wave speed and the reciprocal
quality factor on frequency for inhomogeneous P, SI, and SII waves in a
Maxwell solid.

(8) Derive expressions for the time-averaged energy flux for Type-I and Type-II S
waves, namely

(o) =IGof* exol-2e7) 5 Py + 4(Ps x )

X (M[ﬁs — M]p‘?s))
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and

S Del?
(Fsuy =121

exp[—2/fso F] % (pwzﬁg + 2<ﬁs X 1‘?5)
X (MIﬁS - MRI‘TS>>7

from (2.5.7) or (2.5.11). Show that the mean energy fluxes for the two types of
S waves are equal if and only if the waves are homogeneous.

(9) Derive expressions (3.5.8) and (3.5.9) for complex wave numbers kp and kg in
terms of the wave speed and Q' for a corresponding homogeneous wave
using (3.5.1) through (3.5.5). Explain why wave speed (vys, vyp) and
0! (Q;IE, Q;{},) for homogeneous S and P waves may be used together
with density to characterize the response of a viscoelastic material for a given
frequency.

(10) Use definitions and equations in Sections 3.1, 3.5, and 3.6 to derive identities
(3.6.12) through (3.6.24) involving the wave speed (vys, vgp) and
0 ' (Opk, Oph) for homogeneous S and P waves.

(11) Use expressions derived for components of the displacement field and the
volumetric strain to show that simultaneous collocated measurements of each
can be used to infer constitutive properties of the media.
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Framework for Single-Boundary Reflection—Refraction
and Surface-Wave Problems

Analytic closed-form solutions for problems of body- and surface-wave propaga-
tion in layered viscoelastic media will show that the waves in anelastic media are
predominantly inhomogeneous with the degree of inhomogeneity dependent on
angle of incidence and intrinsic absorption. Hence, it is reasonable to expect from
results in the previous chapter that the physical characteristics of refracted waves in
layered anelastic media also will vary with the angle of incidence and be dependent
on the previous travel path of the wave. These concepts are not encountered for
waves in elastic media, because the waves traveling through a stack of layers are
homogeneous with their physical characteristics such as phase speed not dependent
on the angle of incidence. This chapter will provide the framework and solutions
for each of the waves needed to derive analytic solutions for various reflection—
refraction and surface-wave problems in subsequent chapters.

4.1 Specification of Boundary

To set up the mathematical framework for considering reflection—refraction pro-
blems at a single viscoelastic boundary and surface-wave problems, consider two
infinite HILV media denoted by ¥ and V'’ with a common plane boundary in welded
contact (Figure (4.1.3)). For reference, the locations of the media are described by a
rectangular coordinate system specified by coordinates (x1, x», x3) or (x, y, z) with the
space occupied by ¥ described by x3 > 0, the space occupied by ¥’ by x3 >0, and the
plane boundary by x3 =0. For problems involving a viscoelastic half space V"’ will
be considered a vacuum.

Wave propagation in multiple layers of viscoelastic media will be considered in
subsequent chapters by extending the notation used here for single-boundary problems.
The notation will be extended by eliminating the prime superscript and introducing an
additional subscript to distinguish parameters for the m” layer. This additional subscript
is not introduced for single-boundary problems for purposes of simplicity.

98
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The response of a HILV medium Vof density p shall be characterized by complex
shear and bulk moduli or real parameters corresponding to the wave speed and
reciprocal quality factor for homogeneous S and P waves in V, namely
vus, vip, Qps,and Qp b as indicated by (3.5.1) through (3.5.5). The corresponding
complex wave numbers for homogeneous S and P waves may also be used to
characterize the material as the following expressions from (3.6.12) indicate:

ks:i<1_iQ4;llS>7 k,,:i(l—iQ—I_{}’) 4.1.1)
Vis 1+ xus Vip 1+ xpup

where y ;6 = /1 + Qg and ypyp = /1 + Oz

Similarly, the response of HILV medium ¥ of density p’ shall be characterized
by K’ and M’ or real parameters corresponding to the wave speed and reciprocal
quality factor for homogeneous S and P waves in V7, namely v/,¢, v},p, Qj74, and
Q};PI , or complex wave numbers for homogeneous S and P waves, namely

1) ot 1) ]
ki=—1—i=H5_ kjf=—|[1—i—=H2 |, 4.1.2
5 vhs ( L+ s " v 1+ xhp ( )
’ ’ ’ 7—1 =1 r
P’y Vs Vip: Qus Qup 4 .
_ 1
P Vis Ve Qs QHPl V
X2
Y

X3

Figure (4.1.3). Illustration showing configuration of rectangular coordinate system
and welded plane boundary at x3 =0 between two infinite HILV media Vand V.

4.2 Specification of Waves

Harmonic motions of media ¥ and V' are governed by the equation of motion
(2.3.17). Solutions of the equations of motion corresponding to Helmholtz equa-
tions (3.1.3) and (3.1.4) which satisfy the divergenceless gauge (3.1.2) in each
medium describe harmonic motions of the media. To consider two-dimensional
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surface-wave and reflection—refraction problems, the solutions shall be restricted
without loss of generality to those that have components of propagation and
attenuation only in a plane perpendicular to the planar boundary, namely in the
x1x3 plane. In addition, only solutions propagating in the +x; direction need be
considered with incident waves assumed to originate in medium ». Upon considera-
tion of a specific reflection—refraction problem or a particular surface wave problem,
application of the boundary conditions and (3.1.2) implies that the complex wave
number k associated with each solution is the same. Hence, without loss of general-
ity the complex wave number k for each of the solutions in media Vand V' are
assumed to be equal.

For medium /] a set of general displacement potential solutions that satisfy the
preceding restrictions for two-dimensional surface-wave and reflection—refraction
problems (Borcherdt, 1971, 1973a, 1973b, 1977, 1982) as inferred from (3.1.12) is

b=+, = ;21:3,- exp [i(wz .y F)} 4.2.1)
and
2
G=i +i, = Crexp [i(wz - K, F)] (4.2.2)

where the complex wave vectors are given by

Ky, = Py, — iy, = ki1 + (=1)/d,%s, (4.2.3)
K, =P, —id, =k + (—1)/dz;, (4.2.4)

and the corresponding propagation and attenuation vectors are given by

Py, = kpfy + (—1)/dy, %3, (4.2.5)
Py, = kg + (—1)/dg, %, (4.2.6)
and
Ay, = —kpsy + (—1)7d,, %5, (4.2.7)
Ay, =~k + (1) dy 55, (4.2.8)

for j=1, 2 with

d, = \/K> — k2, (4.2.9)

dy = \/k2 — k2, (4.2.10)
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where “v/” is understood to indicate the principal value of the square root of a
complex number z=x+iy=zp+iz; (Kreysig, 1967, p. 535) defined in terms of its
argument as

v/z = principal value {(2)1/2] =./zexp [i ar§ Z] 4.2.11)

with
—r<argz<m 4.2.12)

or in terms of the positive square root of real numbers by

Jz= /¥ JZFZR +i sign|z)] 1 ;ZR, (4.2.13)
where
. o 1 if zZr Z 0
sign[z/] = {_1 it 2 <0 } (4.2.14)

Use of the principal value of the square root implies d,, > 0 and dg, > 0. This
selection of a root ensures a known direction of propagation for each of the specified
solutions with respect to the boundary. A non-negative value for k; ensures propa-
gation in the positive x; direction. For purposes of generality C_" (j=1,2) is
interpreted as an arbitrary complex vector defined by

é/‘ = Cjx1 + Cjaxs + Cj3X3 (4.2.15)

such that Veyy; = 0 and C;; (j = 1, 2; i = 1, 2, 3) are arbitrary but fixed complex
numbers. This interpretation permits (4.2.2) to describe both Type-I and Type-II
S waves, depending on the characteristics of (_fj (j =1,2), where the complex ampli-
tudes B; and (_fj (j = 1,2) are independent of the spatial coordinates (Appendix 3).

A set of solutions in medium V”’ that correspond to waves propagating away from
and toward the boundary with circular frequency w are specified symbolically by
attaching primes to each of the wave parameters in (4.2.1) through (4.2.10). The
appropriate solutions for V' are

2
¢ = ¢+ ¢y = Blexp [i(m — Ry 7)} (4.2.16)
=1

and

7 =+ =y Clexpli(wr — Ky« )| (4.2.17)
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where
Ky = Py, —idy, = ki + (=1)/ds, (4.2.18)
12;,_1 = 13;,] — M;,j = k&) + (= 1) dy%3, (4.2.19)
Py = ki + (=1)d,, %, (4.2.20)
13;,_ = kgXi + (=1)/d} %3, (4.2.21)
Aﬁp = —ki% + (=1)"d,, %5, (4.2.22)
A;/ =~k + (=1)"d) %3, (4.2.23)

forj=1, 2 with

d; = \/kj.? — k2 (4.2.24)
and
d; = \/k’S2 — k2. (4.2.25)

For reflection—refraction problems involving a single boundary the amplitudes of
the waves in J/ that propagate toward the boundary are set to zero, that is B} = 0
and C, = 0.

The nature of the complex vectors C 7 and C{ determines whether the displace-
ment potential solutions represent Type-I S or Type-II S solutions. If the complex
vectors are of the simple form (_,’; = C;n, where C;is an arbitrary, but fixed, complex
number and 7 is a real unit vector, then as shown in (3.3.18) and in (3.3.19) 72 must
be perpendicular to the plane (x;, x3) containing the propagation and attenuation
vectors and, hence, parallel to X,. So, for SI solutions only the X, component of the
vector displacement potential y; is needed, that is C CpXy (j=1,2) and
C = C/, X». Hence, problems involving P and SI solutions are more easily speci-
ﬁed using the solutions of the equations of motion involving the displacement
potentials ¢; and the X, component of y; as opposed to solutions of equation
(3.3.16) involving the vector displacement field i, which would require two com-
ponents of the displacement field vector to describe P and SI solutions.

If the complex vectors C_’; and C { are not of simple form, then the special case of
interest for two-dimensional problems under consideration is that in which the X,
component of the vectors is zero. For this case the vector displacement potential
solution describes a Type-ll S wave as described by equations (3.3.34) through
(3.4.13). The particle motion for a Type-II S wave is unidirectional and parallel to
X,. Hence, problems involving SII solutions are more easily described using the
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solutions of equation (3.3.16) for the vector displacement field, as opposed to using
two components of the vector displacement potential i to describe Type-1I S solutions.

Solutions of the equation of motion involving the displacement field (3.3.16) for
Type-1I S waves in media Vand V' are easily specified by

il = ity + it = 22: Djexp [i(m — K, f)} %, (4.2.26)
j=1
and
2
i =i +iy =Y Dlexp [i(a)l -K,. *)] %, (4.2.27)
j=1
where
K, = P, — id, = k3| + (—=1)/ds%s, (4.2.28)
K, =P, —id, = ki + (=1)/dyis, (4.2.29)
P, = kgt + (—1)/dy, %, (4.2.30)
ﬁ;/_ = kgXi + (=1)/d} %3, (4.2.31)
Ay = —ki%1 + (=1)7dy %3, (4.2.32)
Al = —kify + (1) dy %5, (4.2.33)

forj=1,2 with dgand d ’ﬂ defined by (4.2.10) and (4.2.25). For reflection—refraction
problems involving a single boundary the amplitudes of the waves in V7’ that
propagate toward the boundary are set to zero, that is D} = 0.

For ease of physical interpretation of reflected and refracted waves specified
with respect to the boundary, it is expedient to introduce notation designating the
angles @ that the propagation vectors make with respect to the vertical and the
angles y between the corresponding attenuation and propagation vectors. The angles
6 are termed the angles of incidence, reflection, or refraction depending on the
corresponding wave. The angles y specify the degree of the inhomogeneity of the
corresponding wave and in turn together with 6 specify the angles that the corre-
sponding attenuation vectors make with respect to the vertical. An illustration of
this notation is given in Figure (5.2.18) for the reflection—refraction problem of
an incident general SI wave.
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In terms of these angles, the propagation vectors in medium ¥ may be written as

Py = ks + (—1)dyp 3 = |y (sin [%J}%l +(=1)7 cos [9@})&3),
Py, = kit + (=1 dg 55 = [P, |(sin [0, |51 + (=1)7 cos 6, | 53),
Py = ka1 + (=1)1dy, 55 = [P, | (sin[6,] 21 + (-1)*"cos[6, %),
and the attenuation vectors as
Ay, = —kik1 + (=1)7dy, %3
= ‘Zqﬁj‘ (sin [94,_}. - yd,j}fc] + (=1)" cos [6(/,/. - y¢j] )%3),
Ay, = —ki% + (=1)"dy 33
= ‘/Ty,j‘ (sin [9,/,]. — ywj]fc] + (—1)./+l cos [9,,,,- - yv’./] )23)’
Ay = —kixy + (=1)7 dy, 33
|A ](sm [91, yu/]xl + (1) cos {9 yuj )
The corresponding propagation vectors in medium V' are
ﬁ:bj = kg1 + (— )’d X3 = |P¢ ‘(sm[ ¢]fcl + (=1)’" cos [%_ )23),

— R . N — . N i1 7 N
Pl’/{/ = kpX; + (—l)fd,’ng = ’P;//’ (sm [(9;/]})61 + (=1)" COS[@;IL X3),

P, = ka1 + (1Y dy, 5 = [P, [ (sin|0], |51 + (~1)"" cos|0], | %),
and the corresponding attenuation vectors in medium V' are
/I;, = —k% + (-1)/7'd] %3
\A“(sm[ y¢}x1+( 1)-’+lcos[9 ,_V¢,]x3)
Ay, =~k + (=1 %
= |4, (sin [9;,/, - y;/j}fcl + (=1 cos [e;j - y;/j] fc3),
Al = —kify + (1) d) 55

14 [nln _ o |5 _1V\J+! A S
_‘Auj|<s1n[6’uj yuj]x1+( 1) cos{t?uj yuj}x3>.

(4.2.34)
(4.2.35)

(4.2.36)

(4.2.37)

(4.2.38)

(4.2.39)

(4.2.40)
(4.2.41)

(4.2.42)

(4.2.43)

(4.2.44)

(4.2.45)
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For later reference, the complex wave number £ for each of the solutions may be
written explicitly in terms of the directions of propagation and attenuation for each
solution and the parameters of the material using (3.6.21), (3.6.22), and (3.6.23) as

1+XS . -1 + XS
ky, = — Usin 0y, — iy [ sin |0, ~ 7, | |
" ovas \ V1 +xus ! 1+ xus s
1 +ys, —1 4 xqu,
Su’sineu.—i 73“’sin[9u.—yu.] )
+Xus ’ 1+ Xus S
1+ xpy. —1+ xpy.
kd,_:i Péy sinfy, — i —%sin[é’d,.—m} ,
" vup L+ xup ! L+ xup ! !
1+ x5, —1+x5,
k’v:fo 7/&/"5in0’,—i —/Sw’sin{H’,—y’,] ,
vi VHS 1 +XH5’ Yi 1 +XHS Yi vi
ki, =— 7/sin9;_—i 7su"sin{0;_—y;} ,
j Vs 1+X}{S i 1+X/HS j i)
14y, —1 4+,
kﬁj,_:/i f(b’ sin@y — i —/w’sin[eij,_—y;,] :
7 Vhp 1+ x'up / 1+ xup / /

where

XS(/// = \/ 1 + QI_{%S 8602 yz//,-? XSuj = \/ 1 + QI_-I%Y SCC2 yuj? XPd)j = \/ 1 + Q;I%’ SCCZ yd)ja
X5y, = A1+ O3 56 vy Iy = /14 Qg seCyly, ap, =1+ Qpap sec?yy,

\N
I
5o

(4.2.46)

T

(4.2.47)
and
Xus =/ 1+ O, xup =\/1+ Onp,
(4.2.43)
X;{SE\/1+Q;J_§7 Xup =\ 1+ 0np

for j=1, 2. Application of the boundary conditions will imply the complex wave number
for each of the solutions is equal. Hence, without loss of generality, each wave number
is designated by k with k = k,,, = k,; = k¢, = k;/j = k;/j = k;j = k;)j for j=1,2.
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4.3 Problems

(1) Express the complex wave number k as specified in the solutions for an
incident P wave in (4.2.1), (4.2.3), and (4.2.9) in terms of the directions
of phase propagation 64 and maximum attenuation (64, — y¢l) for the
incident wave, material parameters, and circular frequency as

I+ "1t
k=2 ﬂsinﬁm—i &Sin{%l_ml] _
VHP 1+ Xup 1+ xup

(2) Derive the expression for the wave number for an incident homogeneous P

wave using the expression derived in Problem 1 for
(a) an arbitrary viscoelastic solid,
(b) an elastic solid, and
(c) a Voight solid.

(3) Derive an expression for the wave speed and absorption coefficient along
the viscoelastic interface of an incident P wave using the expression for the
complex wave number derived in Problem 1. For a fixed angle of incidence how
do the apparent wave speed and absorption coefficient along the interface
change as

(a) the amount of intrinsic absorption in the incident wave increases, that is
as Qb — 00, and

(b) the degree of inhomogeneity of the incident wave approaches its physical
limit, that is y, — /2.



S

General P, SI, and SII Waves Incident
on a Viscoelastic Boundary

A theoretical closed-form solution for the problem of a general P, SI, or SII wave
incident on a plane welded boundary between HILV media, ¥'and V", is one for
which the characteristics of the reflected and refracted waves are expressed in terms
of the assumed characteristics of the incident wave. Application of the boundary
conditions at the boundary allows the amplitude and phase for the reflected and
refracted waves to be expressed in terms of the properties of the media and those
given for the incident wave. The directions of the propagation and attenuation
vectors for the reflected and refracted waves are determined in terms of those of
the incident wave by showing that the complex wave number for each solution must
be the same. For problems involving incident P and SI waves, the boundary
conditions are most readily applied using the solutions involving displacement
potentials, namely, (4.2.1), (4.2.2), (4.2.16), and (4.2.17). For problems involving
incident SII waves, the boundary conditions can be applied most easily using
solutions involving only one component of the displacement field, namely
(4.2.26) and (4.2.27).

5.1 Boundary-Condition Equations for General Waves

The welded boundary between media ¥ and V' is specified mathematically by
requiring that the stress and displacement are continuous across the boundary. For
purposes of brevity, application of these boundary conditions to the general solu-
tions specifying each type of wave as incident, reflected, or refracted allows a
general set of equations to be derived from which a particular problem of interest
can be solved by choosing the incident wave of interest.

Substitution of solutions (4.2.1), (4.2.2), (4.2.16), and (4.2.17) into the expres-
sions relating the displacement field and the displacement potentials, namely (3.1.1)
and (3.1.2), applying identities in Appendix 2, and requiring that the displacements

107
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on each side of the boundary when evaluated at x3;=0 are equal yields a set of
equations describing the displacement fields for the wave fields on the two sides of
the boundary. Substituting these expressions for the displacement fields into the
expressions relating the components of the displacement fields to components of the
strain tensor (2.3.5) and substituting these in turn into the expression relating stress
and strain (2.3.12) yields a set of equations for the components of the stress tensor
on both sides of the boundary acting on the plane x3 =0. The resulting continuity of
displacement and stress equations with £ taken as an arbitrary complex number yet
to be specified in terms of the propagation and attenuation characteristics of the
incident wave are

,.
ulzul,

k(Bi + By) 4 ds(Cia — Caz) = k(B{ + B;) +dy(Cl, — Chy), (5.1.1)
Uy = uﬁ;

dy(Cri = Co1) + k(Ci3 = Co3) = dg(Cfy = C3y) +k(Cl3 — Cyy), (5.1.2)
us = us;

dy(By — B)) — k(Ci1o + Cp) = d.,(B] — BS) —k(C, + Ch,), (5.1.3)

P31 ZP/31;
M[2kd,x(B1 - B) + <dﬁ2 - kz) (Cra+ sz)}
— M’ |2k} (B] — B}) + (df = 1) (Cl, + Cp) | (5.1.4)
P32 = Py
Mdp[dg(Cyy + Ca1) + k(C13 — Co3)]
— M'dj|di(Cly + Ch) +k(CTy = Ch) |, (5.1.5)
P33 =Dy
M|:— (dﬁz — kz) (Bl + Bz) + 2dﬁ k(Clz — sz)}
= M|~ (df — k) (B + B}) + 25 k(CT, - C) |. (5.1.6)

Choice of solutions for a single incident wave and choice of solutions for
reflected and refracted waves with phase propagation away from the boundary
will allow these equations to be solved for the complex amplitudes of the reflected
and refracted waves in terms of the complex amplitude and complex wave number
for the specified incident wave.
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5.2 Incident General SI Wave

The physical problem of a general SI wave incident on a viscoelastic boundary is
specified by choosing solutions (4.2.1), (4.2.2), (4.2.16), and (4.2.17) to represent
the incident SI and reflected and refracted SI and P waves, where the amplitudes of
the incident P solution and the incident P and SI solutions in 7’ with phase
propagation toward the boundary are set to zero, that is

B =B} =C} =Cly=Cl=0. (5.2.1)

The boundary conditions imply that no SII waves are generated at the boundary,
hence without loss of generality the complex vector amplitude of the vector
displacement potential i is of simple form for incident, reflected, and refracted SI
waves and the X; and X3 components for each of the waves vanish, namely

Cii=Ci3=Cy =Cy=Cl,=Cly=0. (5.2.2)

5.2.1 Specification of Incident General SI Wave

The expression for the assumed or specified incident general SI wave as given by
(4.2.2) through (4.2.38) with j=1is

7 = Cia %2 exp [i(wz ~ R, - f’)] (5.2.3)

where
K, =P, —id, =k% +(—1)/dss, (5.2.4)
P, =kpx —dg, %3 = |P,,|(sin[0,,]% + cos[6,,]%3), (5.2.5)

Ay, =~k + dyy % = | Ay, |(sin |0, =, |1+ cos[0,, =, | 1), (526

and the complex wave number k, written in terms of the given parameters of the
incident general SI wave, is given by

k=P, |sin0y, = ild,,|sin|0,, =7, (5.2.7)

where, to ensure propagation of the incident wave in V, the magnitudes of the
propagation and attenuation vectors for the incident wave are specified from
(3.1.20) and (3.1.21) in terms of the given parameters of the material,
ks =w/p = o/\/M/p, and the given degree of inhomogeneity y,, by
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-

Py | = \/% <Re (k3] + \/(Re [K2])* + (Im[k2])? sec? le)
(5.2.8)
_ o T txsy,
vus \ 1+ xus
and
[, | = \/ % (—Re k3] + y/ (Re[Kk3])* + (Im k3] sec?,, )
_ o [TlHxs, (5.2.9)

_VHS 1+XHS ’

with y,, ~chosen such that y, = 0 for elastic media and y,, < 90°, for anelastic

media with yg, = V1+ Q% sec? Yy, a0d xpg =1+ Q7% where the expres-
sions in terms of y,, follow from (3.6.17) and (3.6.18).

The complex wave number £ for the incident general SI wave (5.2.7) as given by
(4.2.46) shows an explicit dependence on an assumed degree of inhomogeneity and
angle of incidence in anelastic media, namely

I+x —l+x
k = “ Sy sin ellfl _ " ASn sin [le — yV/l} . (5.2.10)
VHS L+ xus U+ s,

In elastic media £ shows only a dependence on angle of incidence as indicated by

k=-"sin6,,. (5.2.11)
VHS

For the special case that the incident SI wave is assumed to be homogeneous, (5.2.7)
and (5.2.10) for k simplify for HILV media to

k= (|Py| = il4,,]) sino,, = kssin0,, (5.2.12)
and
~1
k=2 (1 — i@> sin6),,. (5.2.13)
VHS 1+ xys

Expressions (5.2.5) through (5.2.13) show explicitly that the complex wave
number k£ and the magnitude of the propagation and attenuation vectors for the
incident general SI wave are completely determined upon specification of (1) the
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angle of incidence 6,,, for the propagation vector, (2) the degree of inhomogeneity
7y, or the angle of incidence for the attenuation vector 6, — 7, in anelastic media,
(3) the material parameters as specified by p, ks or vy and Q &, and (4) the circular
frequency w.

The expression for the assumed or specified general incident SI wave as given by
(5.2.3) through (5.2.13) is a general formulation needed to consider two-dimensional
wave-propagation problems in layered viscoelastic media. The general formulation as
initially presented (Borcherdt, 1971, 1982) allows the incident SI wave to be chosen
as either a homogeneous or an inhomogeneous wave for problems in which the
incident medium Vis anelastic and as only a homogeneous wave if Vis elastic.

The general formulation is needed in order to consider wave propagation in
anelastic media with more than one boundary. It will be shown in subsequent
sections that plane waves refracted at boundaries between anelastic media with
different amounts of intrinsic absorption are in general inhomogeneous. Hence, in
anelastic media with more than one boundary the refracted wave will encounter
the second layer as an inhomogeneous wave. It is not necessary to consider such
problems for elastic media, because in those situations in which the refracted elastic
wave is inhomogeneous the directions of the propagation and attenuation vectors
are parallel and perpendicular to the boundary, respectively. The problem of an
incident homogeneous wave as considered by Lockett (1962), Cooper and Reiss
(1966), and Cooper (1967) is a special case of the more general formulation
presented here.

5.2.2 Propagation and Attenuation Vectors; Generalized Snell’s Law

Expressions for the solutions describing the reflected and refracted general P and SI
waves as specified by (4.2.1), (4.2.2), (4.2.16), and (4.2.17) are in medium V

¢, = Byexp [i(wt — Ky, f’)] (5.2.14)
and
i = Cexp [i(wt ~K,,- 7)})22, (5.2.15)
and in medium V"’
¢, = By expli(w - K} 7)) (5.2.16)

and

7, = Clyexp [i(a)t -& - r)}fcz, (5.2.17)
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where I_Q)z, I?q,z, K (;)] , IZJ/I and the other parameters of the reflected and transmitted
waves are defined in (4.2.3) through (4.2.44). Parameters of the incident, reflected
and transmitted waves for the problem of an incident general SI wave are illustrated
in Figure (5.2.18).

Transmitted Sl Transmitted P

’. ’ ’ -1 -1
VP’ Vs Ve Qg Qlip

. 1 ~-1
V: P, Vs Vip: QHs Qup

Incident S| y Reflected S Y Reflected P
X3 X3

Figure (5.2.18). Diagram illustrating notation for direction and magnitude of
propagation and attenuation vectors for the reflected and refracted waves due to
a general SI wave incident on a welded boundary between HILV media.

Specification of the complex wave number £ using (5.2.10) in terms of the given
directions of propagation and attenuation (6,1, 6,,, — 7,,,) for the incident SI wave

and the parameters of the media p and kg or vyg and QL implies that

dp = \Jks — K2, dy = \ [k} — K, dy = \/KG — K?,and d, = |/ K}y — k? are deter-

mined. Hence, the magnitude and directions of the propagation and attenuation
vectors for the reflected and refracted general SI and P waves as defined by (4.2.5)
through (4.2.8) and (4.2.20) through (4.2.23) are determined in terms of the given
directions for the incident general SI wave.

Equality of the complex wave number £ assumed without loss of generality in
each of the displacement-potential solutions for the incident, reflected, and refracted
waves as evident in expressions (4.2.34) through (4.2.44) yields a generalized form
of Snell’s Law. Equality of the real part of k& is familiar from optics and elasticity
theory. It implies that

— =, ’

kr = ‘11,,1 sin6,,, = }13,,,2‘ sinf,,, = ]ﬁ¢2‘ sin 6, = ‘szl sin,,,
= |P |sin@ , (5.2.19)

which may be rewritten in terms of the phase speeds of the waves as
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. . . . / . /
kg sin@, sinf,, sinf Sin 0,, _sin 0,

e I e I ¢ g < 3 (5.2.20)
N 7 B 7 B L N A R
Equality of the imaginary part of k£ implies
—k; = ’AV/I ’ sin [QM — ywl} = ‘sz| sin [0,,,2 — ym] = ’A¢2} sin [94)2 — y%}
= |4, | sin[0,, — 7, | =4, |sin |6}, =}, (5.2.21)

Equality of the real part of the complex wave number £ as indicated in (5.2.19)
and (5.2.20) shows that the component of the propagation vector along the boundary
for the reflected and refracted general P and SI waves must be equal to that of the
incident general SI wave. When rewritten as (5.2.20), it shows that the reciprocal of
the apparent phase velocity along the boundary of the general reflected and refracted
waves must equal that of the general incident wave. It also shows that the X
component of the complex wave vector K for each of the reflected and refracted
waves is equal to that of the assumed incident wave.

Equality of the imaginary part of the complex wave number £ as indicated in
(5.2.21) implies that the component of the attenuation vector along the boundary of
the reflected and refracted waves must be equal to that of the incident wave.

The results as stated specifically by (5.2.20) and (5.2.21) may be restated as an
extension or generalization of Snell’s Law as

Theorem (5.2.22). Generalized Snell’s Law — For the problem of a general SI wave
incident on a welded viscoelastic boundary in a plane perpendicular to the boundary,

(1) the reciprocal of the apparent phase velocity along the boundary of the general
reflected and refracted waves is equal to that of the given general incident wave,

and

(2) the apparent attenuation along the boundary of the general reflected and
refracted waves is equal to that of the given general incident wave.

The Generalized Snell’s Law as stated in Theorem (5.2.22) and described expli-
citly by (5.2.19) through (5.2.21) together with the conditions to ensure propagation
in V and V', namely (3.1.20) and (3.1.21), provide the laws of reflection and
refraction for plane waves incident on parallel plane, welded viscoelastic boundaries
in a plane perpendicular to the boundaries. Specifically, they permit the directions of
phase propagation and maximum attenuation for each of the reflected and refracted
waves to be determined in terms of the corresponding given directions for the
incident wave and the given material parameters.

Generalized Snell’s Law has important implications for wave propagation in layered
viscoelastic media. It implies that in order to describe the propagation of waves through
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layered anelastic media two types of rays are needed, rays perpendicular to surfaces of
constant amplitude and rays perpendicular to surfaces of constant phase, where the
angle between the rays at each boundary is determined by the angles of incidence of the
respective rays and the contrast in material properties at the boundary.

Theorem (5.2.22) includes the results for elastic media as a special case. If the media
are elastic and the incident wave is homogeneous, then the component of attenuation for
the incident wave along the boundary vanishes. Hence, the components of attenuation
for the reflected and refracted waves must vanish or be perpendicular to the boundary.
The result of phase propagation parallel to the boundary and attenuation perpendicular
to the boundary for elastic media is of course a classical result known to occur for waves
refracted at angles of incidence beyond a so-called elastic critical angle. A similar result
cannot occur in anelastic media, because inhomogeneous waves for which the degree of
inhomogeneity is 90° cannot propagate in an anelastic viscoelastic medium (Theorem
(3.1.18)). Hence, the problems of reflection and refraction of incident inhomogeneous
waves in viscoelastic media have no counterpart in elastic media.

At first appearance the first part of Generalized Snell’s Law concerning equality
of apparent phase velocity along the boundary is a result similar to the result for
elastic media. However, the result as stated for viscoelastic media is considerably
more general, in that the phase velocities of the incident, reflected, and refracted
waves as indicated in (5.2.20) are those of general waves which may be inhomo-
geneous. As a result the phase velocities, maximum attenuations, and other physical
characteristics of the reflected and refracted waves are dependent on the assumed
degree of inhomogeneity of the incident wave, the angle of incidence, the contrast
in viscoelastic material parameters at the boundary, and frequency. Generalized
Snell’s Law implies the magnitude of the velocity ratios and the refraction indices as
implied by (5.2.20) are not constant as a function of angle of incidence as they are
for elastic media. Instead, for anelastic viscoelastic media, they vary with angle of
incidence as do other physical characteristics of the refracted waves, such as wave
speed and absorption coefficient. Hence, the implications of Generalized Snell’s
Law for characteristics of the wave fields propagated in layered anelastic media
are more profound than they are for elastic media.

5.2.3 Amplitude and Phase

Selection of a single incident SI wave as indicated in (5.2.1) and (5.2.2) reduces the
boundary condition equations (5.1.1) through (5.1.6) to four equations in four
unknowns. The resulting equations to be solved for the complex amplitude of the
reflected and refracted waves in terms of that for the incident SI wave (C,) are

kB, + dg(Cia — Cn) = kBy + dyCy,, (5.2.23)
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—dyBy — k(Cpy + C) = d.B] — kC},, (5.2.24)
M[—zkdaBz + (dg - k2> (Cia + sz)} =M [2kd;B; + (d,;2 - kz) c{z} :
(5.2.25)
M|~ (df = k) B2+ 24 K(Crz = Coo)| = M [ (" — %) B + 24} k.

(5.2.26)
Written in matrix form the equations to be solved are
—k dg k dy B
—d, —k —d! k
2 2 U l U /2 2 sz
“aMkd,  ~M(GG-K)  2mkdy, M(d k) || g
M(d} i) dkdy  —M(df k) 2Mkdy | LCh
d/f
k
2 Mk dy
(5.2.27)

Equation (5.2.27) implies that the amplitude and phase of the displacement
potentials for the reflected and refracted general P and SI waves are determined in
terms of those for the given incident general SI wave and the given wave number k
for the incident wave as specified by (5.2.10). The existence of a solution to (5.2.27)
shows that a solution to the problem can be found if the complex wave number £ is
the same for each of the assumed wave-field solutions. Hence, with k£ given by
(5.2.10) for the incident general SI wave, equality of & for each of the appropriate
assumed solutions as specified by (4.2.34) through (4.2.44) is established. Or
equivalently, Generalized Snell’s Law as stated in Theorem (5.2.22) for the problem
of an incident general SI wave is established. Hence, from a mathematical point of
view the desired solution for the directions and magnitudes of propagation and
attenuation and the amplitude and phase of the reflected and refracted general SI and
P waves in terms of those for the general incident SI wave is established.

5.2.4 Conditions for Homogeneity and Inhomogeneity

Considering first the case of the reflected SI wave, the expressions for the propaga-
tion and attenuation vectors in terms of k and dp, namely (4.2.35) and (4.2.38),
immediately imply that
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|ﬁV/1 = |ﬁu/2

(5.2.28)

and

“Zw} = MV/z

: (5.2.29)

which indicates that the phase velocity and maximum attenuation of the reflected SI
wave equals that of the incident wave. Hence, (5.2.19) and (5.2.21) imply that the
angles of reflection and incidence for the propagation vectors of the reflected and
incident SI waves are equal, that is

0,, = 0,,, (5.2.30)

and that the degrees of inhomogeneity for the reflected and incident SI waves are
equal, that is

Yoy = Yy (5.2.31)

Hence, the angles of reflection and incidence for the attenuation vectors of the
reflected and incident SI waves are equal, that is

0‘/’2 - yl//z - 0‘/’1 - yz//l . (5232)

Conditions of homogeneity and inhomogeneity for the reflected SI wave may be
restated formally from (5.2.31) as

Theorem (5.2.33). For the problem of a general SI wave incident on a welded
viscoelastic boundary, the reflected SI wave is homogeneous if and only if the
incident SI wave is homogeneous.

The contrapositive of Theorem (5.2.33) implies that the reflected SI wave is
inhomogeneous if and only if the incident wave is inhomogeneous.

The conditions for inhomogeneity of the reflected P wave and the transmitted P
and SI waves are described by the following results.

Theorem (5.2.34). For the problem of a general SI wave incident on a welded
viscoelastic boundary, if the incident SI wave is homogeneous (yl/,1 = 0) and not
normally incident (0<9‘,,1 <z/ 2), then

(1) the reflected P wave is homogeneous if and only if

2 2
h MR _VHS

-1 -1 -2
Ous=0np and sin” 0, < = =
' Tk Kr+iMg o vip
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(2) the transmitted SI wave is homogeneous if and only if

72 / 2

07k =0 and sin2 @ <k P Mr vy
Hs = ¥ Hs 2 2 = o
ks pMg v

(3) the transmitted P wave is homogeneous if and only if

k’2 p'M, v2

-1 -1 Kp R HS
= and sin” 6 = .
QHS HP v — kz (K]IQ %M’) V/ZP

A lemma useful in proving Theorem (5.2.34) is

Lemma (5.2.35). k> /k2 is a real number if and only if Q% = Q. in which case
kb /s = My [ (Kg +3 Mg) = vis/Vipp.

The proof of this lemma follows from the following result implied by equations
(3.5.8) and (3.5.9), namely,

kb _ vigs1 =i Qup 1 + V14 Qg

=== == . (5.2.36)

ks vip 1 =i 0us1+/1+ 0.2
To prove the “only if” part of (5.2.34) assume the reflected P wave is homo-
geneous (i.e. 4, = 0), then (5.2.19), (5.2.21), (3.1.13), (3.1.14), and (4.2.9) imply

kK = k% sin® 6, (5.2.37)
and
d? = k3 — k* = k% cos” 0,,. (5.2.38)

These relations, together with (5.2.12), imply k2 / k% is a real number for 6, # 0
and
d? k3,
L =———12>0. 5.2.39
K> kisin’0,, ( )
Hence, Lemma (5.2.40) and (5.2.39) yield the desired conclusion that
k 2 MR . v %—[S
k2 - KR + 3 MR v %-[P .

Ops=0p» and  sin’f, <L (5.2.41)

Conversely, if (5.2.41) is valid, then k? / k2 is a real number from which it follows
that d?2 / k? is a non-negative real number. Therefore, d, /k is a real number, say c,
which implies

dy, = ckg and dy, = ck;. (5.2.42)
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Substitution of (5.2.42) into (4.2.34) and (4.2.37) with j=2 shows that the propagation
and attenuation vectors for the reflected P wave are parallel, which yields the desired
conclusion, namely the reflected P wave is homogeneous. The results for the trans-
mitted SI and P waves in Theorem (5.2.34) may be proved in a similar fashion.

An implication of a part of the contrapositive of Theorem (5.2.34) indicates that
the reflected P and transmitted P and SI waves are in general inhomogeneous as
stated efficiently in the next theorem.

Theorem (5.2.43). For the problem of a general SI wave incident on a welded
viscoelastic boundary, if the incident SI wave is homogeneous (qu = 0) and not
normally incident (0<9w < 7r/2), and

(1) if Qns # Q;ﬁ), then the reflected P wave is inhomogeneous,
(2) if Qns # Oyp, then the transmitted P wave is inhomogeneous,
(3) if Ons # Olys, then the transmitted SI wave is inhomogeneous.

If the incident SI wave is both homogeneous and normally incident, then (5.2.19)
and (5.2.21) of Generalized Snell’s Law imply the following result:

Theorem (5.2.44). For the problem of a general SI wave incident on a welded
viscoelastic boundary, if the incident P wave is homogeneous (y¢1 =0) and
normally incident (9¢1 = 0), then the reflected and refracted SI and P waves are
homogeneous.

If the medla are elastic, then Theorems (5.2.34) and (5.2.44) with QL = O} =

HS = QY HP = 0 yield the well-known conditions for homogeneity and inhomo-
geneity of the reflected and refracted waves.

For realistic anelastic materials the fractional energy loss for homogeneous P
waves is not equal to that of corresponding S waves. In addition, a boundary
between anelastic media implies, in general, that the intrinsic absorption for corre-
sponding wave types on the two sides of the boundary is different. Consequently,
the preceding results establish the important result for anelastic media that with the
exception of normal incidence, the reflected P and transmitted P and SI waves are in
general inhomogeneous even if the incident SI wave is homogeneous. In contrast,
for elastic media the preceding results show that the reflected P wave and trans-
mitted P and SI waves are homogeneous for all angles of incidence less than a
possible critical angle.

As the intrinsic attenuations across anelastic boundaries in the Earth are, in
general, not equal (ie. Qpk # Qpb, Quk # Qlys, Qi # Qyp) the preceding
results establish for the problem under consideration and suggest, in general, the
important result that P and S body waves in a layered anelastic Earth are in general
inhomogeneous for all angles of incidence except normal even if the incident wave
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is homogeneous. This important result implies that the theoretical characteristics of
body waves in a layered anelastic Earth in addition to attenuation are theoretically
distinct from those for homogeneous waves in a layered elastic Earth. Specifically,
the characteristics of inhomogeneous waves as derived in Chapter 3 imply that their
velocity is less, their maximum attenuation is greater, their particle motions are
elliptical, their directions of maximum energy flux are different from that of phase
propagation, their mean kinetic and potential energy densities are not equal, and
their mean rate of energy dissipation is not in the direction of maximum attenuation
in comparison with the corresponding characteristics of homogeneous waves. In
addition, for viscoelastic media two types of inhomogeneous S waves need to be
considered, one with elliptical particle motions and the other with linear particle
motion, each attenuating at a different rate.

An important theoretical implication of Generalized Snell’s Law is that the
distinguishing physical characteristics of inhomogeneous waves vary as the angle
of incidence of the incident wave varies. Consequently, the characteristics of a body
wave propagating through a stack of anelastic layers will depend on its previous
travel path through the stack. For example, if it entered the stack at normal
incidence, it will travel faster and attenuate less in each layer than it will if it entered
the stack at a non-normal angle of incidence. In contrast, for layered elastic models
for waves propagating as body waves at angles less than critical, characteristics of
the waves at any point in the stack are uniquely determined by elastic material
parameters and hence they are not dependent on the previous travel path.

Considering the results derived for the problem of an incident general SI wave, it is
of interest to reconsider the correspondence principle as stated by Bland (1960) and
discussed in Chapter 2. Boundary condition equation (5.2.27) is valid for elastic
media with material parameters (M, M’, ks, kp, ks', kp'") and the wave number & being
areal number. For elastic media the incident SI wave is assumed homogeneous, hence
(5.2.11) implies the wave number for the incident wave in elastic media is given by
k = ks sin 6,,,. However, conversely, if the real material parameters are replaced with
corresponding complex material parameters for the solution to the elastic problem,
then the complex wave number, as given by k = kgsin 6, for the incident wave,
describes only the problem of an incident homogeneous wave in viscoelastic media.
Similarly, if wave numbers used to describe the reflected and refracted waves are
similar to those used to describe body waves in elastic media, except that the material
parameters are replaced with complex numbers, then the expressions for the wave
numbers of the reflected and refracted waves, namely k = kgsin6,,, k = kpsinfy,,
k = k' sin Hv//z’ and k = k', sin 6 (;,2 , are each those of homogeneous waves. Theorems
(5.2.34) and (5.2.43) show that in general the reflected and refracted waves are
inhomogeneous waves, hence the expressions for the wave numbers obtained by
replacement of the real material parameters with complex ones yield expressions for
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the wave numbers of the reflected and refracted waves in viscoelastic media that do
not correspond to those needed to describe an inhomogeneous wave. Expressions
for the complex wave numbers needed to describe reflected and refracted waves are
given by (4.2.46).

The preceding observations indicate that the reflection—refraction problem for
viscoelastic media is not identical in the sense used by Bland (1960) to that for
elastic media with the only exception being that elastic is replaced by viscoelastic.
As additional evidence that the problems are not “identical”, the concept of an
incident inhomogeneous wave in elastic media is not well defined as it is for
anelastic media as shown following Theorem (3.1.19). Hence, one of the criteria
for application of the correspondence principle, as stated by Bland (1960, p. 67), is
not satisfied, indicating that the principle cannot be applied to solve reflection—
refraction problems for viscoelastic media.

The boundary condition equation (5.2.27) derived for viscoelastic media is
similar to that derived for elastic media except that the material parameters are in
general complex numbers and the wave number £ is that corresponding to a general
SI wave with arbitrary, but fixed, angles of inhomogeneity and phase incidence.
Hence, the boundary condition equation for viscoelastic media can be written using
that derived for elastic media; however, its solution requires that the given complex
wave number & be separated into its real and imaginary parts in order to interpret the
physical characteristics of incident inhomogeneous waves for which there are no
corresponding counterparts in elastic media.

5.2.5 Conditions for Critical Angles

Critical angles as predicted by elasticity have been used in a variety of ways in
seismology. They have been used to calculate the travel time for the classic refrac-
tion arrival (Ewing et al., 1957, p. 93). They have been used to facilitate interpreta-
tion of “wide-angle” reflection data. As a consequence, it is of interest to investigate
the concept for layered viscoelastic media.

A critical angle for an elastic reflected wave is generally thought of as the
minimum angle of incidence for which total internal reflection occurs. For a
transmitted wave it is generally regarded as the minimum angle of incidence for
which the corresponding transmitted solution represents a wave with phase propa-
gation parallel to the boundary and maximum attenuation perpendicular to the
boundary. Angles of incidence greater than the critical angle are often termed
super-critical or simply angles of incidence beyond the critical angle. For simplicity
here, all angles of incidence for which the corresponding propagation vector is
parallel to the interface will be referred to as critical angles for the corresponding
wave with the smallest of these referred to as the minimum critical angle.
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The familiar conditions for elastic media that give rise to phase propagation parallel
to the boundary or elastic critical angles for the problem of an incident SI wave follow
1

immediately from Theorem (5.2.34) with Q% = Qb = Qg = QZ,IJ = 0 and the
definitions of d,, dg, d,, and dj given by (4.2.9), (4.2.10), (4.2.24), and (4.2.25).

Theorem (5.2.45). For the problem of a homogeneous SI (SV) wave incident on a
plane boundary between elastic media V and V', conditions for phase propagation
parallel to the boundary or critical angles are as follows:

(1) each angle of incidence satisfying sin 6, > vys/vgp is a critical angle for
the reflected P wave,

(2) if viyp <vus, then no critical angles exist for the transmitted waves,

(3) if viys <vus <Vyp, then the angles of incidence satisfying sin 0, > vys/vyp
are critical angles for the transmitted P wave and no critical angles exist for
the transmitted SI wave,

(4) if vas <vys then the angles of incidence satisfying sin 6, > vys/vyp are
critical angles for the transmitted P wave and the angles of incidence satisfying
sin@,, > vus/ vy are critical angles for the transmitted SI (SV) wave.

These results for elastic media show that critical angles or phase propagation
parallel to the boundary exist whenever the phase speeds of the reflected or
transmitted homogeneous waves exceed those of the incident wave. For such
situations for a particular reflected or transmitted wave all angles of incidence
greater than the minimum critical angle yield phase propagation parallel to the
boundary. The phase speed of these inhomogeneous waves varies as the apparent
phase speed of the incident SI wave varies along the boundary. This example
illustrates that the phase speed of the only type of inhomogeneous wave that can
exist in elastic media (see Theorem (3.1.17)) is not unique for a given degree of
inhomogeneity, namely 90°, as it is for inhomogeneous waves in anelastic media.

If the incident medium Vis elastic and the refraction medium V"’ is anelastic, then
the conditions for critical angles change. The definition of d,, (4.2.9) and Theorems
(5.2.45) and (3.1.18) immediately imply the following result.

Theorem (5.2.46). For the problem of a homogeneous SI wave incident in an elastic
medium Von a plane boundary with anelastic medium V",

(1) each angle of incidence satisfying sin 0, > vys/vgp is a critical angle for
the reflected P wave,

and

(2) no critical angles exist for either transmitted wave.
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This theorem shows that as a result of the finite relaxation times associated with an
anelastic medium phase propagation for the resultant transmitted waves is never
exactly parallel to the boundary, but away from the boundary for all angles of
incidence, in contrast to the situation described in Theorem (5.2.45) for elastic media.

If medium V is anelastic, then the conditions for the existence of critical angles
are specified by the following results.

Theorem (5.2.47). For the problem of a general (homogeneous or inhomogeneous) SI
wave incident on a plane boundary between an anelastic medium Vand a viscoelastic
medium V', if the angle of incidence 0, (0‘/,1 #r/ 2) is a critical angle for

(1) the reflected P wave, then

kppk
tany,, = <5in2 0,, — %)/(sin 0,, cos Gv,l),
R 1

(2) the transmitted SI wave, then

.2 k/SngI :
tany,, = sin" 0y, = (sin 6, cos0,,),
R 1

and

(3) the transmitted P wave , then

tany = (sin’@ —% (sin6,, cosb,,)
Yy = ¥ kSRk51 v vi1):

To prove the first part of the theorem assume 6,, is a critical angle for the
reflected P wave, that is Py, is parallel to the boundary, so (4.2.34) implies
d,r=0 and hence

Im [d‘ﬂ = ZdaRdaI = 2kPRkPI — 2kRk1 =0. (5248)
Equations (5.2.7) and (3.1.14) imply
Im[k*] = -2|P,,||4,,|sin6,, sin [0,,,1 - yw]
sin 6, sin [0,,,1 — qu}

COSY,,

= kg ks, (5.2.49)

Substitution of (5.2.49) into (5.2.48) yields

sin 6, sin [HV,I — yw;} = cosy,, (kpgkp,)/(ksgks,),

which simplifies with trigonometric identities for 6, # 7 /2 to the desired result.
Proofs of parts (2) and (3) of the theorem are similar.
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An immediate corollary of Theorem (5.2.47) is that if medium V' is elastic, then
for a given value of y, there exists at most one angle of incidence, namely
0y, =7,, such that 6, is a critical angle. Theorem (5.2.47) implies that for an
anelastic—viscoelastic boundary, if phase propagation occurs exactly parallel to the
boundary, then it occurs for at most one angle of incidence. Hence, Theorem
(5.2.47) indicates that phase propagation exactly parallel to the boundary rarely
occurs for anelastic boundaries, while Theorem (5.2.45) shows that for elastic
boundaries it occurs for a range in angles of incidence for problems in which the
speeds of the reflected or refracted waves are greater than those of the incident
waves. As a consequence the concept of a critical angle as defined for elastic
boundaries with phase propagation parallel to the boundary is not applicable in
the same way to problems involving anelastic boundaries.

5.3 Incident General P Wave

Derivation of the solution for the problem of a general P wave incident on a welded
viscoelastic boundary is analogous to the preceding derivation for the problem of an
incident SI wave. Key steps of the derivation are briefly provided here. They
illustrate the analogy and yield the desired solution for the problem of an incident
general P wave (Borcherdt, 1971, 1982).

5.3.1 Specification of Incident General P Wave

The wave solutions for the physical problem of a general (homogeneous or inho-
mogeneous) P wave incident on a welded viscoelastic boundary at an arbitrary angle
of'incidence and polarized in a plane perpendicular to the boundary are specified by
solutions (4.2.1), (4.2.2), (4.2.16), and (4.2.17) where the amplitudes of the incident
SI wave in Vand the P and SI waves in V'’ propagating toward the boundary are set
equal to zero, namely

Chi=Cnp=C3=Cy=C,=Cy;3;=B;=0. (5.3.1)

The boundary conditions imply that no SII waves are generated at the boundary,
hence without loss of generality

Coy=Cp=C|, =Cly=0. (5.3.2)

The assumed or specified incident P wave is given by (4.2.1) through (4.2.37)
with j = 1. These expressions for the assumed incident general P wave are:

¢, = B exp [i(m — Ry, r)} (5.3.3)
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where the complex wave vector is
Ky, = Py, —idy,, (5.3.4)
the propagation and attenuation vectors are
Py, = krXi — dyp %3 = | Py, | (sin [0y, | %1 + cos[0y,] %), (5.3.5)
/T(pl = —k;fcl + da,fq = }/1:151 ‘ (sin [9¢1 — y(m}fﬁ —+ cos [9(7)1 — V¢l}f63>,
(5.3.6)
the complex wave number for the assumed general P wave is

k= |P,,|sin0,, — i|d, |sin [em - yd,l] , (5.3.7)

where, to ensure propagation of the incident general P wave in V, the magnitudes
of the propagation and attenuation vectors for the incident wave are specified
from (3.1.20) and (3.1.21) in terms of the given parameters of the material,

kp=w/a= a)/1 /(K—|— %M) /p or vyp and Q5 b, and the given degree of inho-

mogeneity y, by

" 1 @ L
1By, = \/5 (Re[kf)] + \/(Re[k}%])z—i- (Iml[k7])’sec? V¢1> - @\/;;Zi

(5.3.8)

and

| = \/ % (‘Re[k%] 1 (RelkF))* + (1mfk ] sec’ m)

-1+
_ @ Aoy, (5.3.9)
VHP 1+ XHP
where y,, is chosen such that y, = 0 for elastic media and y,, <90° for anelastic
media with yp, = \/1 + Qupsec?yy, and yyp = /1 + O pp. k may be written

explicitly in terms of the given angle of incidence 0, , degree of inhomogeneity y,,

of the incident wave, and material parameters as

I+ 1
k= ([T sin gy, — iy [ sin[0y, 9, ] | (53.10)
VHP 1+ xup 1+ xup
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with the corresponding expression for £ in elastic media being

k=—"sin0,,. (5.3.11)

Vap

Hence, (5.3.5) through (5.3.11) show explicitly that the complex wave number &k and
the propagation and attenuation vectors for the incident general P wave are completely
determined upon specification of the angle of incidence 6, , degree of inhomogeneity
V¢, circular frequency , and material parameters p and kp or vyp and Q .

5.3.2 Propagation and Attenuation Vectors; Generalized Snell’s Law

Expressions for the solutions describing the reflected and refracted general P and SI
waves are specified by (4.2.1), (4.2.2), (4.2.16), and (4.2.17) with other parameters
of the reflected and refracted waves defined in (4.2.3) through (4.2.44). Parameters
for the problem of a general P wave incident on a welded boundary are illustrated in
Figure (5.3.12).

Transmitted P Transmitted S|

. -1 -1
V,- )0’, V|:|S’ V}£|P1 Q|:|S! Q|,-|P
. -1 ~-1 - ‘ e
Vi Vs Vip, Qis Que - A, T4 P
L 5 o
o

Incident P y ReflectedP g Reflected S|
X3 X3

Figure (5.3.12). Diagram illustrating notation for directions and magnitude of
propagation and attenuation vectors for the reflected and refracted waves due to
a general P wave incident on a welded boundary between HILV media.

Specification of the complex wave number £ in terms of the given directions of
propagation and attenuation (6y,, 64, —y,,) for the incident P wave and the
parameters of the media (kg, kp) implies that the magnitude and directions of the
propagation and attenuation vectors for the reflected and refracted general SI and P
waves as defined by (4.2.5) through (4.2.8) and (4.2.20) through (4.2.23) are
determined in terms of the given directions for the incident general P wave. These
expressions and equality of the complex wave number & for each of the solutions
yields the components of Generalized Snell’s Law, namely
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kr= ‘ﬁ¢1|8in9¢l = }ﬁwz‘ sin 6, = ‘ﬁtﬁz‘ sin 0y,

P, |si B |si (5.3.13)
=|P,,|sing), = |F},|sin6,
or
kr sinfg  sinf,, sinfy, siné’l;/2 Sin%z
o il el el T 1 (5.3.14)
and

—k; = ‘Aqﬂ | sin {9% - y¢1} = ’sz‘ sin [vaz - Vu/z} = }A¢2‘ sin [0% - yd)z}
- ‘A ://2‘ sin [Qv//z n yv//z] - ‘A :bz‘ sin [%2 B Vﬁbz}’
(5.3.15)
which in turn may be restated as

Theorem (5.3.16). Generalized Snell’s Law — For the problem of a general P wave
incident on a welded viscoelastic boundary in a plane perpendicular to the boundary,

(1) the reciprocal of the apparent phase velocity along the boundary of the general
reflected and refracted waves is equal to that of the given general incident wave,

and

(2) the apparent attenuation along the boundary of the general reflected and
refracted waves is equal to that of the given general incident wave.

A discussion of the implications of Generalized Snell’s Law is entirely analogous
to that provided for the problem of an incident SI wave. For brevity a similar
discussion is omitted here.

5.3.3 Amplitude and Phase

Specifications (5.3.1) and (5.3.2) imply that the boundary-condition equations
(5.1.1) through (5.1.6) reduce to four equations in four unknowns. The resulting
equations to be solved are

K(Bi + By) — dy Co = k B] +dj C},, (5.3.17)
d,(B, — B) —kCp = d' Bl — kCl,, (5.3.18)

M[2kd, (B = By) + (df — 1) Cos| = M’ [2kd} B + (d? = ) C1 ],
(5.3.19)
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M|~ (4} = k) (Bi + Bs) = 2dsk Co| = M' [~ (d? = 1) B{ + 2}k C1).
(5.3.20)

Written in matrix notation the equations to be solved for the complex amplitude
of the reflected and refracted general P and SI waves in terms of that for the incident
general P wave (B,) are

—k dy k dj 5
d, k d! —k
’ C22
2Mkd,  -M(dF-K)  2Mkd, M (4~ k) B
~M(d3-1)  —2Mkdy  M(df - K —2Mkd; Ciz
k
dy
=B 2Mkd,
M(d} - #2)
(5.3.21)

As for the incident SI problem, the existence of the solution to (5.3.21) confirms
that the complex wave number, k, is the same in each of the solutions for the
incident, reflected, and transmitted waves. Hence, with £ given by (5.3.10),
Generalized Snell’s Law (5.3.16) is established for the problem of a general
(homogeneous or inhomogeneous) P wave incident on a plane boundary between
viscoelastic media. Equation (5.3.21) implies that the amplitude and phase of the
displacement potentials for the reflected and refracted general P and SI waves are
determined in terms of those for the given incident general P wave and the given
wave number £ for the incident wave. Hence, from a mathematical point of view the
desired solution for the directions and magnitudes of propagation and attenuation
and the amplitude and phase of the reflected and refracted general SI and P waves
in terms of those for the general P wave incident on a plane boundary between
specified HILV media is established.

5.3.4 Conditions for Homogeneity and Inhomogeneity

The proofs for conditions for homogeneity and inhomogeneity of the reflected
and refracted waves generated by an incident general P wave are analogous to
those for the incident general SI wave problem. For brevity, only the results are
given here.
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Theorem (5.3.22). For the problem of a general P wave incident on a welded
viscoelastic boundary, the reflected P wave is homogeneous if and only if the
incident P wave is homogeneous.

The conditions for the reflected SI and transmitted P and SI waves are as
follows.

Theorem (5.3.23). For the problem of a general P wave incident on a welded
viscoelastic boundary, if the incident P wave is homogeneous (7d> = 0) and not
normally incident (0<0¢1 <z/ 2), then

(1) the reflected SI wave is homogeneous if and only if Qg = Opb,

(2) the transmitted P wave is homogeneous if and only if

k_?_p/(KR+%MR) _Vhp
ke p(Kp+iMg)  vifp

0h =0} and sin” 0, <
(3) the transmitted SI wave is homogeneous if and only if

k¢ p(Kr+5Mg)  v3
-1 -1 .2 s 3 HP
= and sin“ @y, < —=2-= = )
QHP HS d1 = k%; pMIIQ VIHZS

Theorem (5.3.24). For the problem of a general P wave incident on a welded
viscoelastic boundary, if the incident P wave is homogeneous (y(/,l = 0) and not
normally incident (0<0,, < /2), and

(1) if Qi # Q;,g, then the reflected SI wave is inhomogeneous,
(2) if Qi # Q7. then the transmitted P wave is inhomogeneous,
(3) if Oy # Qlyd, then the transmitted P wave is inhomogeneous.

Theorem (5.3.25). For the problem of a general P wave incident on a welded
viscoelastic boundary, if the incident P wave is homogeneous (y¢1 = 0) and normally
incident (9¢ = 0), then the reflected and refracted P and SI waves are homogeneous.

If the media are eclastic, then Theorems (5.3.23) and (5.3.25) with
Ons = Onp = Qs = Q74 = 0yield the well-known conditions for homogeneity
and inhomogeneity of reflected and refracted elastic waves.

These results are completely analogous to those for the incident SI wave problem.
They imply that for layered anelastic media the reflected SI wave and the trans-
mitted waves will, in general, be inhomogeneous. A detailed discussion of the
implications of this result is provided following Theorem (5.2.44).
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5.3.5 Conditions for Critical Angles

The results for critical angles or angles of incidence for which phase propagation
occurs parallel to the boundary also are analogous to those derived for the incident
general SI wave problem. They are restated here for completeness.

Results for elastic boundaries implied by Theorem (5.3.23) with
07s = Onp = Qs = Q4 = 0 are given by the following theorem.

Theorem (5.3.26). For the problem of a homogeneous P wave incident on a plane
boundary between elastic media Vand V', conditions for phase propagation parallel
to the boundary or critical angles are as follows:

(1) no critical angles exist for either reflected wave,
(2) if vap>Vv'yp, then no critical angles exist for the transmitted waves,

(3) ifv'yg <Vup <V'yp, then the angles of incidence satisfying sin 0y, > vp/v'yp
are critical angles for the transmitted P wave and no critical angles exist for the
transmitted SI wave,

(4) if vap <vyy then the angles of incidence satisfying sin 0y, > vys/vyp are
critical angles for the transmitted P wave and angles of incidence satisfying
sinfy, > vpp/ vy are critical angles for the transmitted SI (SV) wave.

Results for an elastic—anelastic boundary restated for the incident P wave problem
are as follows.

Theorem (5.3.27). For the problem of a homogeneous P wave incident in an elastic
medium Von a plane boundary with anelastic medium V', no critical angles exist for
either reflected or transmitted waves.

Results for an anelastic—viscoelastic boundary are as follows.

Theorem (5.3.28). For the problem of a general (homogeneous or inhomogeneous)
P wave incident on a plane boundary between an anelastic medium V and visco-
elastic medium V', if the angle of incidence 0, (0¢1 # 7r/2) is a critical angle for

(1) the transmitted SI wave, then

k's k'
tany, = (sin2 O, — kiRkj’)/(sin B, cos By, ),
R 1

(2) the transmitted P wave, then

k' k'
tany, = <sin2 O, — kiRk:’>/(sin6¢l cos by, ).
R 1
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As for the incident SI problem, Theorem (5.3.26) for elastic boundaries shows that
critical angles or phase propagation parallel to the boundary exists whenever the wave
speeds of the transmitted waves exceed those of the incident wave. For elastic—
anelastic and anelastic—viscoelastic boundaries Theorems (5.3.27) and (5.3.28) show
phase propagation exactly parallel to the boundary or a critical angle in general does
not occur, but if it does then it occurs for at most one angle of incidence.

5.4 Incident General SII Wave

The problem of a general Type-Il S wave incident on a welded boundary with
particle motion parallel to the boundary and perpendicular to the plane of incidence
is less cumbersome than incident SI and P wave problems, because only general SII
waves are reflected and refracted at the boundary. Results for the problem of an
incident general SII wave problem, as initially derived by Borcherdt (1977), are
briefly stated for completeness as a rigorous basis to establish the nature of energy
flow at a viscoelastic boundary.

5.4.1. Specification of Incident General SII Wave

Solutions for the displacement field to represent incident, reflected, and refracted SII
waves are given by (4.2.26) and (4.2.27). To consider the problem of an incident
general SII wave, the amplitude of the SII wave in V'’ with phase propagation toward
the boundary is set to zero, that is

D; =0. (5.4.1)
The expression for the incident SII problem rewritten here for convenience is
il = Dy exp [i(wz ~ R, f)}fcz, (5.4.2)
where the complex wave vector is
K, =P, —id,, (5.4.3)
the propagation and attenuation vectors are
P, = kgXi — dg, %3 = |P,,|(sin[6,, ] %1 + cos[6,,]%3) (5.4.4)
and
Ay = k%) +dg, 5 = |, (sin [eul - yul}fcl + cos [eul - ym}f@), (5.4.5)
the complex wave number £ for the assumed general SII wave is

k=B, |sing, ~i|4,|sin[6, 3] (5.4.6)
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with the propagation and attenuation vectors specified in terms of the given material
parameters, kg, and the given degree of inhomogeneity, y, , to ensure propagation by

B, | - \/% <Re k2] + /(Re[k2])* + sec?y, (Im[k§])2>

o (+xsy (5.4.7)

_VHS 1+XHS

and

Ay

1

i, - \/% <_Re (k2] +/(Re[k2]) + sec ,, (Im [ké}f)

_ o [Tl s, (5.4.8)

N VHas 1 +XHS ’

where 0, andy,, arearbitrary, but fixed, given parameters of the incident wave satisfying
0<6, <m/2and 0 <y, <m/2. k expressed explicitly in terms of the angle of
incidence, the degree of inhomogeneity of the SII wave, and parameters of the medium
is given by

L4 xsu . 14 s .
L Y /S TR O, — i — s gin [HMI -7, ] , (5.4.9)
VHS 1+ xus 1+ xps !

which simplifies for elastic media to

k=-sing,,. (5.4.10)
VHS

Hence, the complex wave number £ and the magnitudes of the propagation and
attenuation vectors for the incident SII are completely determined by (5.4.4) through
(5.4.10) upon specification of the angle of incidence 6,,, the degree of inhomo-
geneity y,,, the circular frequency o, and the material parameters for Vas specified
by p and ks or vyg and Q.

5.4.2 Propagation and Attenuation Vectors; Generalized Snell’s Law

Expressions for the solutions describing the reflected and refracted general SII waves
are specified by (4.2.26) and (4.2.27) with other parameters of the reflected and
refracted waves defined in (4.2.28) through (4.2.45). Parameters for the problem of a
general SII wave incident on a welded boundary are illustrated in Figure (5.4.11).
Specification of the complex wave number & in terms of the given directions of
propagation and attenuation (6,,, 6,, —y,,) for the incident SII wave and the
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Transmitted S|
> P’
g u
a 7&1 ;
. -1 -1 fu,
VP, Vis Vip: Qs Qe B y
. -1 -1 — T 1
V2 p, Vs Vip: Qs Qup
—
Ay,
Incident S| v Reflected Sli

Figure (5.4.11). Diagram illustrating notation for directions and magnitude of
propagation and attenuation vectors for the reflected and refracted waves due to
a general Type-II S wave incident on a welded boundary between HILV media.

parameters of the media p, ks, or vzzs and Q% implies that the magnitude and directions
of the propagation and attenuation vectors for the reflected and refracted general SII
waves as defined by (4.2.30) through (4.2.33) are determined in terms of the given
directions for the incident general SII wave. These expressions and equality of the
complex wave number k for each of the solutions yields the components of the
Generalized Snell’s Law for the problem of an incident general SII wave, namely

kr =|P,|sin6,, = |P,]|sinf,, = |P, |sin6, (5.4.12)
or
. . : !
Kn_ 500y _ o0ty _ Sni,e“z (5.4.13)
N I S N A
and

—key = | A | sin [0 =3,y | = [dus| sin |00y | = 4, |sin 0], =7, ].

(5.4.14)
which in turn may be restated as

Theorem (5.4.15). Generalized Snell’s Law — For the problem of a general SII wave
incident on a welded viscoelastic boundary in a plane perpendicular to the boundary,

(1) the reciprocal of the apparent phase velocity along the boundary of the
general reflected and refracted waves is equal to that of the given general incident
wave,

and
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(2) the apparent attenuation along the boundary of the general reflected and
refracted waves is equal to that of the given general incident wave.

The discussion of the implications of Generalized Snell’s Law is entirely analo-
gous to that provided for the problem of an incident SI wave. A similar discussion is
omitted here.

5.4.3 Amplitude and Phase

The welded contact between media Vand V' is specified mathematically by requiring
that the displacement and stress are continuous across the boundary. Substitution of
solutions (4.2.26) and (4.2.27) for the displacement fields into the expressions relating
the components of the displacement fields to components of the strain tensor, (2.3.5),
and substituting these in turn into the expression relating stress and strain, (2.3.12),
yields a set of equations for the components of the stress on both sides of the boundary
acting on the plane x3=0. The resulting continuity of displacement and stress
equations for the problem of a Type-II S wave incident on a welded boundary are

D, + D, = D) (5.4.16)
and
Mdy(Dy — D;) = M'd;D). (5.4.17)

These equations readily imply the desired solutions for the complex amplitude of
the reflected and refracted general SII waves in terms of that given for the incident
general SII wave, namely

D, =D, (Md,; — M’d;) / (Mdﬂ n M'd,g) (5.4.18)
D} = Dy (2Mdy) | (Mdy + M'dy ). (5.4.19)

for Mdy # M’ dg. These solutions establish that the boundary conditions for the
specified problem are satisfied with the assumed form of the solutions (4.2.26)
and (4.2.27). Hence, the amplitude and phase of the displacement for the reflected
and refracted general SII waves may be expressed in terms of that for the given
incident general SII wave. The results show that a general Type-II S wave incident on
a plane welded viscoelastic boundary generates only general Type-II S waves.
Solutions (5.4.18) and (5.4.19) confirm that a complex wave number, k, is the
same in each of the solutions for the incident, reflected, and transmitted waves.
Hence, Generalized Snell’s Law (5.4.15) is established for the problem of a
general Type-II S wave incident on a plane boundary between viscoelastic media.
With £ given by (5.4.9) or (5.4.10), expressions (5.4.18) and (5.4.19) yield solutions
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for the amplitude and phase of the reflected and refracted general SII waves in terms
of'those for the incident general SII wave. Hence, from a mathematical point of view
the solution for the problem of a general SII wave incident on a viscoelastic
boundary is established.

5.4.4 Conditions for Homogeneity and Inhomogeneity

The proofs for conditions for homogeneity and inhomogeneity of the reflected and
refracted waves generated by a general Type-1I S wave are entirely analogous to
those for the incident general SI wave problem. For brevity, only the results for the
incident SII problem are given here (see Borcherdt (1977) for details).

Theorem (5.4.20). For the problem of a general SII wave incident on a welded
viscoelastic boundary, the reflected SII wave is homogeneous if and only if the
incident SII wave is homogeneous.

The condition for the transmitted SII wave is as follows.

Theorem (5.4.21). For the problem of a general SII wave incident on a welded viscoe-
lastic boundary, if the incident SII wave is homogeneous (y,, = 0) and not normally
incident (0 <0,, < r/2), then the transmitted SII wave is homogeneous if and only if

12 / 2

Ons = Qs and sin® @ <ﬁ—’0MR—VHS
us = Yus w ST T o T
s PMp  Vgs

Theorem (5.4.22). For the problem of a general SII wave incident on a welded
viscoelastic boundary, if the incident SII wave is homogeneous (y,, = 0) and not
normally incident (0<0,, < /2) and if (Qp # Qys). then the transmitted SII
wave is inhomogeneous.

Theorem (5.4.23). For the problem of a general SII wave incident on a welded
viscoelastic boundary, if the incident SII wave is homogeneous (7’45 = 0) and normally
incident (9¢>1 = O), then the reflected and refracted SII waves are homogeneous.

These results show that SII waves transmitted in a layered anelastic Earth will, in
general, be inhomogeneous with the physical characteristics dependent on the angle
of incidence, because for most anelastic Earth boundaries Q% # O'4.

5.4.5 Conditions for Critical Angles

The results for critical angles or angles of incidence for which phase propagation
occurs parallel to the boundary are analogous to those derived for the incident SI
wave problem. They are stated here for completeness.
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Theorem (5.4.24). For the problem of a homogeneous SII wave incident on a plane
boundary between elastic media Vand V', conditions for phase propagation parallel
to the boundary or critical angles are as follows:

(1) no critical angles exist for the reflected wave,
(2) if vus>V'ys then no critical angles exist for the transmitted waves,

(3) if vus <v'yg then the angles of incidence satisfying sin,, > vys/v'ys are
critical angles for the transmitted SII wave.

Theorem (5.4.25). For the problem of a homogeneous SII wave incident on a plane
boundary between an elastic medium V and an anelastic medium V', no critical
angles exist for either reflected or transmitted waves.

Theorem (5.4.26). For the problem of a general (homogeneous or inhomogeneous)
SII wave incident in an anelastic medium Von a plane boundary with a viscoelastic
medium V', if the angle of incidence 0,, (0141 #+r/ 2) is a critical angle for the
transmitted SII wave, then

) ks ks, .
tany, = (sin® 0, — ok (sinf,, cosb,, ).
R 7

5.4.6 Energy Flux and Energy Flow Due to Wave Field Interactions

The simplicity of the incident general SII problem facilitates a detailed treatment of
the energy flow and energy dissipation associated with the incident, reflected, and
refracted waves at viscoelastic boundaries. A detailed treatment for the incident
general SII wave problem provides a framework from which to consider energy
flow for the more cumbersome incident SI and P wave problems. The development
presented here follows that initially derived by Borcherdt (1977).

A general result which describes the intuitively evident situation for energy flow
across the boundary is

Theorem (5.4.27). For steady-state radiation fields described by (4.2.26) and
(4.2.27), the normal component of mean energy flux at a plane welded boundary
between viscoelastic media is continuous.

This result follows immediately from the fact that for the prescribed radiation
fields the mean energy flux as given by (3.4.17) may be rewritten in terms of the
components of the physical stress tensor from (3.4.20) in medium Vas

(7Y = —((tir pri2)%1 + (itr pr32)%3) (5.4.28)
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and in medium V' as
<},> = _(<L"1/e P/R12>’AC1 + <”1/e P/R32>>AC3)- (5.4.29)

Consequently, continuity of displacement and stress at the boundary together with
the preceding equations implies the desired conclusion, namely,

(F)e iy = (') 13, (5.4.30)
which is the desired result that the normal component of mean energy flux across the

boundary is continuous.

Theorem (5.4.31). For the problem of a SII wave incident on a welded viscoelastic
boundary, the total mean (time averaged) energy flux is given by

(F) ={(F1) +(F2) + (T12) + (Ta1), (5.4.32)
where

(1) <:7 ,-> is the mean energy flux associated with the propagation of the incident
(7= 1) and the reflected (j=2) SIl waves as specified by

(3) = i (pr) 50+ (pan) £5))) forj=12,  (5433)

and

(2) <3 ,]> is the mean energy flux due to the velocity field of the incident, (j=1)
wave interacting with the stress field of the reflected (j=2) wave and vice
versa, as specified by

—

(F) = —(<aR,.((pR12)j X+ (p,m)j %3))) forij=1,2andi#j. (5.4.34)

This result follows immediately from the fact that the total displacement field and
the total stress field in medium V are the sums of those associated with the incident
and reflected waves, that is,

URXy = Ug, X2 + Ug, X2 (5.4.35)
and

(Pr2) = (Pr2) +(Pr2),  fori=1,3, (5.4.36)
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where (pri2) ; denotes the real component of the stress acting on the 7 plane in the Xy
direction with j=1 for the incident wave and j=2 for the reflected wave. Hence,
substitution of (5.4.35) and (5.4.36) into (5.4.28) yields

<j> == (<5‘R1 (@R12)1 X1+ (pmz)l )23)> + <aR2(<pR12)2 X1+ (PR32)2)AC3)>)
- (<5‘R1 (PRlz)z X+ (PR32)25€3> + <uR2(PR12)1 X1+ (PR32)1 )E3>),
(54.37)

which establishes desired results (5.4.32) through (5.4.34).

Theorem (5.4.31) shows that in general the total mean energy flux associated
with the superimposed incident and reflected waves is the sum of the mean
energy fluxes associated with the propagation of the two individual wave fields
plus the mean energy flux due to the stress field of the incident wave interacting
with the velocity field of the reflected wave plus the mean energy flux due to
the stress field of the reflected wave interacting with the velocity field of the
incident wave.

The mean energy flux associated with the propagation of the individual incident
and reflected SII waves is given in terms of the wave parameters from (3.4.6) by

(7)) = IDfexp[ 24,7 |5 (Me P, + My, ) (5.4.38)

forj=1, 2.

Substitution of the physical displacement field as specified by (3.3.38) and the
expressions for the components of the physical stress tensor as given by (3.4.21)
and (3.4.22) into (5.4.37) shows that the mean energy flux for the individual
waves in medium V' is given by (5.4.38) and the wave—field interaction terms are
given by

(32 = (P (i + )] 1)

L ' o (5.4.39)
(cos[Q+(—l)fé]Puj—i-(—1)-’sin[Q+(—1)15] u/)
for i, j=1, 2 and i#j, where
o= (ﬁul - 13u2> .7+ arg[Dy/ D] (5.4.40)

and

6 = tan”'[M;/ Mg] = tan™ ' [Q};5]. (5.4.41)
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Hence, the normal component of the mean energy flux due to the interaction of the
incident and reflected SII waves is, from (5.4.39), given by

Fye (F1) + (Fu)) =(IDi]1Da exp |~ (A, + 4o, ) - wsin @)

(MP, — M Ay )+ 5. (5.4.42)

This expression immediately implies the familiar result that if medium V is
elastic, in which case M;=0 and /TMI = 0, then the normal component of energy
flux due to interaction of the waves is zero. However, if medium V is anelastic,
then (5.4.42) shows that there is a net flow of energy normal to the boundary
due to the interaction of the velocity and stress fields of the incident wave with
those of the reflected wave. This expression also shows that this normal compo-
nent of energy flow varies sinusoidally with distance from the boundary. It shows
that at some distances there is a mean flow of energy toward the boundary and at
other distances the mean flow of energy due to interaction is away from the
boundary.

The condition of continuity of the normal component of mean energy flux across
the boundary as stated in Theorem (5.4.27) may be rewritten using (5.4.32) as

((F1) + (To) + (Fi2) + (Fa1)) + &5 = (F}) 1. (5.4.43)

Upon defining energy reflection (R) and transmission (7") coefficients as the normal
component of mean energy flux normalized by that carried by the incident wave as

R=—((F2)+%)/({(71)+ %) (5.4.44)

and

T= (I 33)/((F))* %) (5.4.45)

and interaction coefficients (/C;) as the normal component of the energy flow due to
interaction normalized by that carried by the incident wave as

ICy=—((Ty)e%3)/((F1) e %3)  foriyj=1,2andi#j,  (5.4.46)
the condition of conservation of energy at the boundary may be written as

R+THIC,H+ 1Cy = 1. (5.4.47)

Substitution of (5.4.38) and (5.4.39) into the expressions for reflection, transmis-
sion, and interaction coefficients allows them to be written in terms of the para-
meters of the waves as
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R =|Dy/Di[’, (5.4.48)
2
T =|D}/Di[*(Re[M'dj] [Re[Mdy]), (5.4.49)

ICyj = (~1)’ Re[Dy/D1] — (Im[Dy/D|Im[M dy] /Re[M dp])
fori,j=1,2and i # . (5.4.50)

Simplification of these expressions with D,/D; and D|/D; as given by the
boundary condition equations (5.4.18) and (5.4.19) confirms equation (5.4.47) for
conservation of energy at the boundary. For elastic media, Im[Mdj] =0, hence the
interaction coefficients are equal and opposite in sign so that /C;, +/C,; =0 and the
familiar result for elastic media follows, namely R+ T7T=1.

Energy partition curves showing the relative amounts of energy reflected and
transmitted as various wave types as computed for elastic media (Ewing, Jardetsky,
and Press, 1957, pp. 88-89) have been used frequently in seismology to interpret
various phases. Equation (5.4.47) shows that such curves for anelastic media must
account for the energy flow across the boundary due to interaction of the various waves.

For anelastic viscoelastic media the preceding results show that energy flows as a
result of interaction of superimposed wave fields. Consequently, for such media, it is
reasonable to expect that energy also would be dissipated due to interaction of
superimposed wave fields. The mean rate of energy dissipation per unit volume for a
steady-state radiation field is given from (3.4.53) by

(D) = V. (F). (5.4.51)

Equation (5.4.32) shows that in medium V] the total mean rate of energy dissipa-
tion per unit volume is given by

Ve (F) =Ve(T)) + Ve (T2) + Ve (T12) + Ve (Tn). (5.4.52)

Hence the total mean rate of energy dissipation partitions into that associated with
the incident wave ((9) = V.« (1)), the reflected wave ((9,) = V+ (F,)), and that
associated with their interaction, ((D15) = Ve« (F15)) and ((D2,) = V+ (F51)), that is

(D) = (D1) +(D2) + (D12) + (D). (5.4.53)

The mean rate of energy dissipation for the incident and reflected waves is given in
terms of the wave parameters from (3.4.52) by
— 2
@)~ 2L o[ 2, 7 o(po?Bye Ay + 20y x A,P)  forj—1,2
i) = s exp| =24y T || pw” Py« Ay 1| Py, u orj=1,2.
(5.4.54)
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The vector identity (11.2.9), rewritten here for a general vector solution of the form
(3.1.12) as

V.G = —i(ﬁ— i/i’) .G (5.4.55)
and applied to (5.4.39), yields expressions for the mean rates of energy dissipation
due to interaction of the incident and reflected waves,

(Dy) =|D1[| Dy exp[— <z‘TuI +1‘Tu2) . 7} ]M|w<cos[9+ (—1)76] <ﬁu1 . Zm)

. . - 2 . 2
+(=1)7sin[Q + (—1)¢] ((Aul . fcl) - (Pul . fC3) >> (5.4.56)
fori, j=1, 2 and i #/, with the sum of the interaction coefficients given by

(D12) + (Do) :u)l\|132|exp[—(/1,,1 +Zu2) . f}zwcos[g]
= = = 2 5 2
(MRPul-Aul +M]<(Aul-fc1) (P 1) )) (5.4.57)

Equation (5.4.57) shows the expected result that if medium ¥ is anelastic, then the
mean rate of energy dissipation per unit volume due to interaction of the incident
and reflected waves is not zero. Hence, a finite amount of energy is dissipated due to
the interaction of the two superimposed wave fields, a phenomena not encountered
when considering elastic reflection—refraction problems.

The preceding results derived to account for the energy flow and dissipation at a
viscoelastic boundary are extendable in a straightforward way to problems of incident
P and SI waves. Proofs for the problems of incident P and SI waves are similar to those
presented here. However, they are more cumbersome, because the number of inter-
action coefficients increases to six in medium Vand two in medium V.

For later reference, notation used for the incident SII problem is extended here for
the problems of incident P or SI waves. The notation is extended as follows: (1)
reflection and transmission coefficients for P and SI waves are distinguished by
addition of subscripts corresponding to wave type, (2) interaction coefficients
corresponding to interaction of the velocity and stress fields of the incident wave
with those of the reflected P and SI waves are distinguished by addition of subscripts
corresponding to wave type, (3) interaction coefficients corresponding to interaction
of the velocity and stress fields of the reflected P and SI waves or the transmitted P
and SI waves are distinguished by addition of an ordered pair of subscripts corre-
sponding to wave type. Using these notational extensions for the problems of either
an incident P or an incident SI wave, the condition for conservation of energy at the
boundary (5.4.47) can be written as
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Rp+ Rsi+ Tp+ Ts;+ ICr2, + 1Cy1, + ICay,
+ICo1, + ICsp + ICps; + ICqyp + ICpg, = 1. (5.4.58)

Similarly, the condition of energy dissipation in the incident medium V' (5.4.53) may
be written as

(P)=(21) + <'@2P> + <'®251> + <$12P> + <'@21P>
+(Dig) + (Darg) + (Dsip) + (Dpsi). (5.4.59)

As an additional simplification for later reference corresponding interaction coeffi-
cients may be combined by defining interaction coefficients for

interaction of reflected P and SI waves with incident wave,
ICp = ICyy, + 1Csy,, ICs; = ICa, + 1Cyy,, (5.4.60)
interaction of reflected P and SI,
IC, = ICgip + ICpgy, (5.4.61)
interaction of transmitted P and SI,
IC, = ICgp + IChy,, (5.4.62)
and total normalized mean energy flux due to interaction,
1C 1 =I1Cp + ICs; + IC, + IC,, (5.4.63)

where the wave-type subscript is understood to indicate interaction with the incident
wave and the subscripts “r”” and “¢” are introduced to designate the total interaction
between the two reflected waves and between the two transmitted waves, respectively.
Proofs of these expressions for the problems of incident P and SI problems are similar

to those for the incident SII problem. For brevity, they are left to the reader.

5.5 Problems

(1) Describe why it is necessary to consider the problem of incident inhomogeneous
waves in order to consider wave propagation in layered linear anelastic media.

(2) Describe how Snell’s Law for a plane wave incident on a plane elastic boundary
differs from the Generalized Snell’s Law for a plane wave incident on a plane
viscoelastic boundary.

(3) Use Generalized Snell’s Law for an incident homogeneous SI wave to show that
the wave speed and reciprocal quality factor for the transmitted SI wave vary
with angle of incidence, unless there is no contrast in intrinsic absorption for
homogeneous S waves across the boundary.
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(4) Prove that for the problem of a general P wave incident on a welded viscoelastic
boundary, if the incident P wave is homogeneous then
(a) the reflected SI wave is homogeneous if and only if Q7% = Oxb,
(b) the transmitted P wave is homogeneous if and only if

k’z pl(KR'Fi‘MR) V2
-1 -1 ) 3
QHP = /I‘IP and sin 0¢1 S k_g = K/ ;M/ = fIZP ?
B p(Kp+iMy) Vi
(c) the transmitted SI wave is homogeneous if and only if

. k'?  p(Ke+3Mg) v}
Oph =04 and  sin?@y <-S5 ="~ 3 T/ _ HP
HP HS 1 k[Z) pM}lz vﬁs

(5) For the problem of a general (homogeneous or inhomogeneous) SII wave
incident on a welded viscoelastic boundary, prove
(a) if'the incident medium is elastic and the transmitted medium is anelastic,
then no critical angles exist for either the reflected or transmitted waves,
(b) ifboth media are anelastic and the angle of incidence 6, (91,1 #r/ 2) isa
critical angle for the transmitted SII wave, then

kRSN
tany, = (sin®6, — o ke (sinf,, cosb,,).
R 1

(6) Describe why there can be a net flow of energy due to interaction of super-
imposed waves in anelastic media but not in elastic media.

(7) For the problem of a general (homogeneous or inhomogeneous) SII wave
incident on a welded viscoelastic boundary, show that interaction of the incident
and reflected SII waves results in

(a) net flow of energy normal to the boundary given by

Be () + (7)) =
|D1||D,| exp [— (/TL,I + Zuz> . f’]wsinQ(Mﬁul — MRZMI) . X3,

and
(b) a mean rate of energy dissipation given by

(D12) + (D21} =ID1[|Da] exp |~ (A, + Aoy )+ 7 | 20 c05]@)

N o N 2 5 2
(st 2 (1)~ (o))

in terms of the amplitudes and propagation and attenuation vectors for the waves.
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Numerical Models for General Waves Reflected
and Refracted at Viscoelastic Boundaries

Theoretical results in the previous chapter predict that plane harmonic waves
reflected and refracted at plane anelastic boundaries are in general inhomogeneous
with the degree of inhomogeneity dependent on the angle of incidence, the degree of
inhomogeneity of the incident wave, and properties of the viscoelastic media. As a
result physical characteristics of the waves such as phase velocity, energy velocity,
phase shifts, attenuation, particle motion, fractional energy loss, direction and
amplitude of maximum energy flow, and energy flow due to wave interaction
vary with angle of incidence. Consequently, these physical characteristics of inho-
mogeneous waves propagating in a stack of anelastic layers will not be unique at
each point in the stack as they are for homogeneous waves propagating in elastic
media. Instead these physical characteristics of the waves will depend on the angle
at which the wave entered the stack and hence the travel path of the wave through
previous layers. Towards understanding the significance of these dependences of
the physical characteristics on angle of incidence and inhomogeneity of the incident
wave, numerical models for general SII and P waves incident on single viscoelastic
boundaries are presented in this chapter. Study of this chapter, especially the first
three sections, provides additional insight into the effects of a viscoelastic boundary
on resultant reflected and refracted waves.

A computer code (WAVES) is used to calculate reflection—refraction coefficients
and the physical characteristics of reflected and refracted general waves for the
problems of general (homogeneous or inhomogeneous) plane P, SI, and SII waves
incident on a plane boundary between viscoelastic media (Borcherdt et al., 1986). The
code utilizes general solutions in media V" and V' as specified by (4.2.1) through
(4.2.45), Generalized Snell’s Law as specified by (5.2.22), (5.3.16), and (5.4.15), and
solutions to the boundary condition equations (5.2.27), (5.3.21), or (5.4.18) and (5.4.19)
depending on the type of incident wave being considered. Physical characteristics of
the reflected and refracted waves are specified in terms of the given parameters of the
incident wave and the parameters of the media using equations (3.6.1) through (3.6.83).

143
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Viscoelasticity of each medium is characterized by material density p, wave
speeds Vs, vip, and reciprocal quality factors O, Q7,5 for homogeneous S and
P waves as discussed following (3.5.7). This characterization permits interpretation
of results in terms of any chosen linear viscoelastic model such as those specified in
Table (1.3.30), those derivable from an infinite combination of springs and dashpots
(Bland, 1960), or those proposed by other investigators, for example Minster and
Anderson (1981) or Futterman (1962). It permits straightforward incorporation of
any chosen frequency-dependent behavior corresponding to a particular viscoelastic
model by specification of wave speeds and reciprocal quality factors from corre-
sponding dispersion and absorption curves for homogeneous waves. Normalization
of certain wave parameters by the appropriate power of angular frequency allows
the calculations to be applicable to any viscoelastic model and frequency to which
the chosen material parameters are appropriate.

Results predicted numerically by the exact theoretical model are compared with
those predicted by incorrectly assuming that anelastic waves reflected and refracted
at angles less than an “elastic critical angle” are homogeneous. This comparison
helps quantify the errors associated with estimates of the physical characteristics of
the waves based on low-loss models which do not account correctly for inhomo-
geneity of anelastic waves. This part of the computer code assumes the physical
characteristics of the resultant homogeneous waves are described by low-loss
expressions (3.7.2) through (3.7.43). This assumption, referred to here as the
homogeneous low-loss, “hll”, assumption, incorrectly assumes that conditions of
homogeneity and inhomogeneity of the reflected and refracted waves in anelastic
media are the same as those for elastic media. It assumes the wave speeds that
characterize the material are those derived from the parameters specified for the
material using the low-loss expressions for homogeneous waves, namely (3.7.2)
and (3.7.3). The values for O ' used to characterize the material are assumed for the
“hll” model to be those specified without adjustment for low-loss materials.

6.1 General SII Wave Incident on a Moderate-Loss
Viscoelastic Boundary (Sediments)

The theoretical solution for the problem of a general (homogeneous or inhomoge-
neous) Type-II S wave incident on an arbitrary plane welded viscoelastic boundary
is provided by (5.4.2) through (5.4.19). Media parameters chosen for a correspond-
ing initial numerical model describe either water-saturated sediments (Hamilton
et al., 1970) or fractured near-surface materials (Newman and Worthington, 1982).
The parameters for the media are given in Table (6.1.1). These parameters char-
acterize media with a moderate amount of intrinsic absorption for which the
low-loss assumption is not valid. Choice of this model serves to illustrate several
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Table (6.1.1). Material parameters for the problems of incident
TBype-11 S waves as illustrated in Figures (6.1.2) and (6.1.7).

Medium p (g/em?) Vizs (km/s) o
V. Sediment 1 1.5 0.2 0.5
V'. Sediment 2 2 0.4 0.33

physical characteristics of the reflected and refracted waves that are not readily
apparent for low-loss media.

6.1.1 Incident Homogeneous SII Wave

To simplify initial considerations, the incident Type-II S wave is assumed to be
homogeneous. Notation for the problem of a homogeneous Type-II S wave incident
on a plane boundary between viscoelastic media is shown in Figure (6.1.2).
Numerical estimates for the physical characteristics of the waves reflected and
transmitted at the specified anelastic boundary computed as a function of angle of
incidence are shown in Figures (6.1.3) through (6.1.5).

X3
Incident SII A Reflected SII
(Homogeneous)
N
IR
Aul Puz
1 =4 eul 9u2 Ku
Vi, Vus Qus Pu, N 2
. =, =, = X1
V' 0/, Viss Qgsl /9,\\ Al .
h (1
4)/
Pul
Transmitted Sl|

Figure (6.1.2). Notation for the problem of a homogeneous Type-II S wave
incident on a plane viscoelastic interface across which the material velocity and
intrinsic absorption increase and decrease, respectively. Directions illustrated
for phase propagation P, maximum attenuation 4, and maximum mean energy
flux are consistent with numerical results (see text and Figure (6.1.3)).

Figure (6.1.3)a shows that the degree of inhomogeneity of the transmitted wave,
Y%,» continuously increases with angle of incidence from that of the incident
homogeneous wave (y;l = 0) to an asymptotic value near a physical limit of
yLl = —x/2. Figure (6.1.3)c shows that the direction of phase propagation of the
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transmitted wave asymptotically approaches a value of 78°. It shows that phase
propagation is not parallel to the boundary for any angle of incidence, which is
consistent with results concerning critical angles as stated in Theorem (5.4.26). In
contrast, an elastic model for the boundary or the incorrect “hll” model implies that
the degree of inhomogeneity of the transmitted wave is either zero or 90° depending
on whether the angle of incidence is less than or greater than the minimum elastic
critical angle. For angles of incidence greater than the minimum elastic critical
angle, the “hll” model incorrectly assumes that the direction of phase propagation is
parallel to the boundary (thin-dashed curves, Figures (6.1.3)a and ¢). Implications of
the incorrect “hll” assumption are apparent upon comparison of the results indicated
by the thin-dashed curves with those predicted on the basis of the exact theory as
indicated by the bold curves.
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Figure (6.1.3). Inhomogeneity (a), x’, (b), emergence angles for phase
propagation and maximum energy flux (c&, and phase and energy speeds (d) for
Type-II S waves transmitted (t) and reflected (r) at a sediment—sediment interface
(Table (6.1.1)) by an incident homogeneous Type-II S wave.

The exact anelastic model predicts that the direction of maximum mean energy
flux for the transmitted wave increases with respect to that of phase propagation as
the angle of incidence increases (Figure (6.1.3)c). The direction of maximum energy
flux increasingly deviates to a fixed value of 16° from that of phase propagation. For
angles of incidence less than about 40° the direction of maximum energy flux is
away from the boundary into the transmission medium. For angles of incidence
greater than about 40° the direction of the maximum energy flux for the transmitted
wave varies from being parallel to the boundary to about 4° toward the boundary
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Figure (6.1.4). Emergence angle (a), magnitude for attenuation in direction of
propagation (b), maximum attenuation (c), and Q’%;' for the Type-II S wave
transmitted at a sediment—sediment interface (see Table (6.1.1)) by an incident
homogeneous Type-II S wave.

into the incidence medium (see the bold dashed curve in Figure (6.1.3)c). This
negative normal component of energy flux for the transmitted wave is required to
maintain continuity of the normal component of energy flow across the boundary as
established by Theorem (5.4.27). In contrast, an elastic model and the “hll”” assump-
tion predict that the direction of maximum energy flux for the transmitted wave
coincides with the direction of phase propagation.

The parameter Xsu = /1 + Q ;2 sec? Vi and the physical characteristics of the

transmitted wave undergo rapid transitions for angles of incidence in a range
containing the minimum elastic critical angle (see Figures (6.1.3) through (6.1.5)).
For convenience, this range in angles of incidence shall be referred to as the
“SII' Transition Window”. (The concept of this window is introduced to indicate
qualitatively a range in angles of incidence over which the rapid transitions occur.
A more precise definition could be given in terms of a set of angles of incidence for
which ){’Sul differs from unity by a selected amount, but such a precise definition is
not needed here for general identification purposes.)

The magnitudes of the phase and energy velocities of the transmitted wave
decrease slightly for angles of incidence less than those in the SII' transition
window. They undergo a rapid decrease toward non-zero values near 50 percent
of that for a corresponding homogeneous wave (Figure (6.1.3)d) as the angle of
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and transmission t coefficients for the Type-II S waves transmitted and reflected at
a sediment-sediment interface (Table (6.1.1)) due to an incident homogeneous
Type-II S wave.
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incidence increases through the SII' transition window toward grazing incidence.
The phase speed of the reflected wave is constant and equal to that of the incident
wave for each angle of incidence. The “hll” model incorrectly assumes that the
phase speed of the transmitted wave is constant for angles of incidence less than the
minimum elastic critical angle (~29°) and equal to the apparent phase speed along
the interface of the incident wave for larger angles of incidence.

The exact anelastic model shows that the attenuation vector for the transmitted wave
is directed into the transmission medium for angles of incidence less than about 25°
and away for larger angles of incidence (see Figure (6.1.4)a). The exact model indicates
that amplitudes of the transmitted wave decrease with increasing vertical distance from
the boundary for angles of incidence less than about 25°. For larger angles of incidence
it shows the amplitudes of the transmitted wave increase with vertical distance from
the boundary. The fact that Viq does not exceed its physical limit implies the trans-
mitted wave attenuates in the direction of phase propagation so no physical principles
are violated. The “hll” model incorrectly assumes the direction of attenuation for
the transmitted wave is the same as the direction of phase propagation for angles of
incidence less than the elastic critical angle and perpendicular to the boundary directed
into the transmission medium for larger angles of incidence (Figure (6.1.4)a).

The phenomenon that amplitudes may increase with increasing vertical distance
from a HILV boundary for the harmonic plane-wave problem being considered
is implied rigorously by the specification of the problem and the boundary condi-
tions. For the specific problem under consideration, this phenomenon follows
from Generalized Snell’s Law for anelastic media (Theorem (5.4.15)) for bound-
aries with contrasts in material properties similar to those chosen here, namely
an increase in material velocity and a decrease in the amount of material absorption
at the boundary. This situation is typical of that encountered by a seismic wave
propagating downward in a layered anelastic model of the Earth.

The maximum attenuation in the direction of phase propagation of the transmitted
wave asymptotically decreases to a non-zero value that is about 48 percent of its
initial value for a homogeneous wave (Figure (6.1.4)b). The magnitude of the
maximum attenuation of the transmitted wave increases asymptotically to a value
that is about 11 times larger than its initial value for a homogeneous wave (Figure
(6.1.4)c). The “hll” model incorrectly assumes the maximum attenuation in the
direction of phase propagation is constant for angles less than the minimum elastic
critical angle and zero for larger angles (Figures (6.1.4)b).

‘st for the transmitted wave shows only a slight increase for angles of
incidence less than the minimum elastic critical angle, but then increases rapidly
from its value for a homogeneous wave of Q4 = 0.33 toward an asymptotic
value that is about 176 percent larger near grazing incidence (Figure (6.1.4)d).
The “hll” model assumes that Q';;} for the transmitted wave does not vary for
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angles of incidence less than the minimum elastic critical angle and that beyond
this angle it vanishes.

Energy, amplitude, and phase reflection and transmission coefficients, as specified
for the problem of an incident SII wave by (5.4.18), (5.4.19), (5.4.49), (5.4.50), and
(5.4.51), are shown in Figure (6.1.5). The energy coefficients, calculated using the
exact anelastic formulation, provide considerable insight into the nature of energy
flow across the boundary. The sum of the energy reflection (R), transmission (7), and
interaction (/C) coefficients as shown in Figure (6.1.5)a for each angle of incidence is
unity as implied by (5.4.48) to insure conservation of energy at the boundary.

The energy coefficients (Figure (6.1.5)a) show that the net normalized vertical
energy flux due to interaction of the velocity and stress fields of the incident and
reflected waves (/C) becomes a significant portion of the energy budget at the boundary
for angles of incidence within the S7I" transition window. The normalized energy flow
due to interaction is a few percent and directed into the transmission medium for
angles of incidence near normal. For an angle of incidence near 20°, the net vertical
energy flow at the boundary due to interaction reverses direction into the incidence
medium. It increases to a maximum of 28 percent of that for the incident wave then
asymptotically decreases to zero as grazing incidence is approached. At an angle of
incidence near 33° the normal component of energy carried away from the boundary
by the transmitted wave equals that flowing away from the transmission medium due
to interaction. For angles of incidence greater than about 40° the normal component of
the mean energy flux associated with the transmitted wave reverses direction into the
incidence medium (Figure (6.1.5)a). The “hll” model incorrectly assumes that the net
energy flow due to interaction of the incident and reflected waves is zero across the
boundary. It assumes that no energy is transmitted across the boundary for angles of
incidence greater than the minimum elastic critical angle (=29°).

The amplitude reflection and transmission coefficients are shown in Figure (6.1.5)b.
The coefficients for the exact anelastic model show gradual transitions for angles
of incidence in and beyond the SII' transition window. The normalized displacement
amplitude of the transmitted wave increases to a value near that of the incident wave for
an angle of incidence within the window, then gradually decreases to zero for grazing
incidence (Figure (6.1.5)b). The normalized displacement amplitude of the reflected
wave decreases to about 20 percent of that of the incident wave then asymptotically
approaches unity near grazing incidence. The “hll” model predicts abrupt changes in
the amplitude reflection and transmission coefficients near the elastic critical angle.

Phase shifts for the reflected and transmitted waves with respect to that for the
incident wave are specified by (5.4.18) and (5.4.19). They are shown for the anelastic
model under consideration in Figure (6.1.5)c. They show that the transmitted and
reflected waves are out of phase with the incident wave by amounts of about 4° and
180°, respectively, for angles of incidence less than those in the SII’ transition window.
For larger angles of incidence the phase shift for the transmitted wave rapidly tends
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toward —80° and that for the reflected wave abruptly changes to —180° then
increases to about —90° before decreasing to about —180° near grazing incidence.
Determination of the correct values for the phase shifts requires inference of the
correct values for dg and d’ﬁ as discussed for the inference of the correct direction
for the attenuation vector for the transmitted wave. The “hll” model predicts phase
shifts consistent with its assumed direction for the attenuation vector that differ
significantly from those for the exact anelastic model for angles of incidence
greater than the elastic critical angle.

6.1.2 Incident Inhomogeneous SI1I Wave

Theorem (5.4.21) establishes that a homogeneous SII wave transmitted across a
boundary between anelastic media with different amounts of intrinsic absorption
will, in general, be inhomogeneous for all angles of incidence except normal.
Consequently, to consider wave propagation in layered media, the inhomogeneity
of the transmitted wave must be taken into account in order to consider its propaga-
tion through a stack of anelastic layers. Notation for the problem of an incident
inhomogeneous SII wave is shown in Figure (6.1.7). Corresponding numerical
estimates for the physical characteristics of the reflected and refracted waves are
shown in Figures (6.1.8) through (6.1.10).

To ensure that the incident inhomogeneous wave will carry energy toward the
boundary, the direction of energy flux for the incident wave is constrained to be
toward the boundary. Considering that the direction of energy flux for an inhomo-
geneous wave in anelastic media is at an intermediate angle between that of phase
propagation and that of maximum attenuation, this constraint can be imposed by
considering only angles of phase incidence for which corresponding angles of
energy flux are toward the boundary. The angle between the direction of phase
propagation and that of energy flux for the incident SII wave, as implied by (3.4.6),
(3.6.17), (3.6.18), and (3.6.19), is given by

/(P, . (6.1.6)

1

. v 23
Ju,)) = arccos s TX s
XHS(l +XSu])

Inhomogeneity of the incident wave is chosen to be —60°. This degree of
inhomogeneity corresponds to that of the SII wave transmitted at an angle of
incidence of 29° for the problem of an incident homogeneous wave considered in
the previous section. For this degree of inhomogeneity of the incident wave the
mean energy flux for the incident wave is directed at an angle of about —9° with
respect to the direction of phase propagation as implied by (6.1.6). Material
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Figure (6.1.8). Inhomogeneity (a), emergence angles for phase propagation and
maximum energy flux (b), phase and energy speeds (c), and 1/Q for reflected and
refracted Type-II S waves at a sediment-sediment interface (Table (6.1.1))
generated by an incident inhomogeneous (y,, = — 60°) Type-1I S wave.
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Figure (6.1.9). Emergence angle (a) and magnitude for attenuation in direction of
propagation (b), maximum attenuation (c), and 1/Q for reflected and refracted
Type-1I S waves at a sediment-sediment interface (Table (6.1.1)) generated by an
incident inhomogeneous (y, = —60°) Type-II S wave.

parameters were chosen to be the same as those for the problem in the preceding
section (Table (6.1.1)) in order to facilitate comparison of results for an incident
homogeneous wave with those for an incident inhomogeneous wave.

Quantitative characteristics of the reflected and refracted inhomogeneous waves
are shown in Figures (6.1.8) through (6.1.10). Calculations for the “hll” model assume
the incident SII wave is homogeneous. The direction of the mean energy flux for the
incident inhomogeneous SII wave with y, = —60° is parallel to the boundary for an
angle of phase incidence 0, = 81° as indicated in Figure (6.1.8)c. Negative compo-
nents of vertical energy flux for the incident wave for larger angles of phase incidence
are not of physical interest. Hence, calculations based on the exact anelastic model are
shown only for angles of phase incidence satisfying 0 < 0,, < 81°.

The physical characteristics of the transmitted SII wave generated by an incident
inhomogeneous SII wave differ significantly from those generated by an incident
homogeneous SII wave (compare Figures (6.1.8) through (6.1.10) with Figures
(6.1.3) through (6.1.5)). Inhomogeneity of the transmitted wave increases from
near —80° towards its physical limit of —90° as the angle of phase incidence
increases (Figure (6.1.8)a). The angle between the directions of phase propagation
and maximum energy flux for the transmitted wave varies from near —11° to
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inhomogeneous Type-II S wave with y, =—60°.
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about —16° (Figure (6.1.8)c). The energy speed for the wave transmitted by an
incident inhomogeneous SII wave exceeds the phase speed and both speeds are less
than those of a corresponding homogeneous wave by amounts up to 20 and 30
percent (Figure (6.1.8)d). The energy speed is less than the phase speed for the
corresponding incident and reflected waves.

The direction and magnitude of the maximum attenuation for the transmitted
wave show significant variations with increasing angle of incidence (Figures (6.1.9)
a, b, c). 0" for the transmitted wave (Figure (6.1.9)d) increases gradually from a
value that exceeds that of a homogeneous wave by 36 percent for angles of
incidence near normal to 79 percent for angles of incidence near grazing.

The energy reflection, transmission, and interaction coefficients for the assumed
incident inhomogeneous SII wave (Figure (6.1.10)a) differ significantly in amplitude
from those for an incident homogeneous SII wave (Figure (6.1.5)a). The normal
component of energy flux due to interaction of the velocity and stress fields of the
incident and reflected inhomogeneous SII waves varies gradually from less than 1
percent at normal incidence to 25 percent of the total incident energy for angles of
incidence near 76°, then undergoes a rapid increase towards 100 percent for angles of
incidence between 76° and 81°. The rapid increase in the interaction coefficient at these
angles of incidence corresponds to those angles for which the direction of mean energy
flux for the transmitted wave is reversed and into the incidence medium (Figure (6.1.8)
¢). Amplitude and phase reflection and refraction coefficients also show gradual
variations with angle of incidence that differ significantly from those for the correspond-
ing problem of an incident homogeneous wave (Figures (6.1.10)b and (6.1.10)c).

The quantitative results as reviewed for the example of an incident inhomogeneous
wave (Figures (6.1.8) through (6.1.10)) illustrate several physical phenomena for the
reflection—transmission problem not encountered for problems concerned only with
incident homogeneous waves (Figures (6.1.3) through (6.1.5)). The results differ
significantly from those predicted by the “hll” model (thin-dashed curves in Figures
(6.1.8) through (6.1.10)). The results indicate that inhomogeneity of the incident
wave plays a significant role in determining the physical characteristics of the
transmitted and reflected waves at an anelastic boundary. They imply that the physical
characteristics of a wave in a stack of anelastic layers will depend on the angle of
incidence and inhomogeneity of the initial wave and in turn its previous travel path.

6.2 P Wave Incident on a Low-Loss Viscoelastic Boundary
(Water, Stainless-Steel)

Quantitative results for the problem of a homogeneous P wave incident on a water,
viscoelastic-solid boundary will provide insight into the anelastic characteristics
of reflected P and SI waves. They will provide results for comparison with
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experimental measurements as evidence in confirmation of the theory for viscoe-
lastic wave propagation. The model also will provide quantitative estimates of
reflection coefficients for ocean, solid-Earth interfaces of interest in seismology.

6.2.1 Reflected and Refracted Waves

The numerical model considered here assumes a plane ultrasonic wave in water
incident on an immersed plane stainless-steel interface of type 304. Notation for the
problem is illustrated in Figure (6.2.1).

Material parameters for the water and stainless steel modeled as viscoelastic
media are specified in Table (6.2.2). Physical characteristics of the reflected and
transmitted waves as computed using the computer code WAVES based on these
equations are shown in Figures (6.2.3) through (6.2.5). Examination of these
characteristics provides insight into the nature of the incident P wave problem.

The assumption of homogeneity for the incident P wave implies that the reflected
P wave in water is homogeneous for all angles of incidence (Theorem (5.3.22)).
Generalized Snell’s Law (Theorem (5.3.16)) implies that the angle of reflection
equals the angle of incidence for both the directions of phase propagation and
maximum attenuation.

The contrast in anelastic properties at the interface implies that both the P wave
and the Type-I S wave transmitted into the stainless steel are inhomogeneous for all
angles of incidence except normal (Theorem (5.3.24); Figure (6.2.3)a). The degree of
inhomogeneity of the transmitted P and SI waves increases to a value near 90° for
angles of incidence within the P’ and SI' transition windows. A rapid change in .

X3
Incident P Reflected P
(Homogeneous) (Homogeneous)

Transmitted Sl and P
(Inhomogeneous)

Figure (6.2.1). Notation for a homogeneous P wave incident in water on a plane,
anelastic stainless-steel interface with material parameters as indicated in Table (6.2.2).
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Table (6.2.2). Material parameters for a water—stainless-steel boundary for the
problem of an incident P wave illustrated in Figure (6.2.1).

Medium p(glem®)  vyg (km/s) Ous vip (km/s) Ob
V- Water 1 . 1.49 0.00013*
V' Stainless steel 7.932 3.142 0.0127 5.74 0.0073

*As measured at 10 MHz by Becker and Richardson (1969, 1970).
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Figure (6.2.3). Inhomogeneity (a), y (b), emergence angles for phase propagation
and maximum energy flux (c), and phase and energy speeds (d) for inhomogeneous
transmitted P and Type-I S waves generated by a plane acoustic P wave in water
incident on an anelastic plane stainless-steel boundary.

and X/Suq for angles of incidence in these windows suggests a similar rapid change in
the physical characteristics of the transmitted waves (Figure (6.2.3)b).

The directions of phase and energy propagation for the transmitted P and SI
waves are predicted for all angles of incidence to be at some non-zero angle into the
stainless steel (Figure (6.2.3)c). In the case of the P wave, energy is carried closer to
the boundary than for the S wave; however, neither wave carries energy back into
the incident medium as occurred in previous examples (compare Figures (6.1.3)c
and (6.2.3)c). It is interesting to note that the P wave carries energy closer to the
boundary for angles of incidence within the P’ transition window than it does for
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Figure (6.2.4). Emergence angle for direction of maximum attenuation (a),
attenuation in direction of propagation (b), maximum attenuation (c), and Q"'
for the inhomogeneous transmitted P and Type-1 S waves generated by a plane
acoustic P wave in water incident on a plane anelastic stainless-steel boundary.

grazing incidence. The mean energy flux for each of the transmitted waves is
inclined at a small but finite angle greater than 0.6° away from the boundary for
all angles of incidence. The “hll” model incorrectly assumes that phase propagation
for each transmitted wave becomes exactly parallel to the boundary for angles
greater than the respective minimum elastic critical angles.

The small amount of attenuation specified for the incident P wave in water results in
a small component of apparent attenuation along the interface. As a consequence,
Generalized Snell’s Law (5.3.16) implies that the maximum attenuation vectors for the
transmitted waves are directed nearly vertically into the stainless steel (Figure (6.2.4)
a). As a result, the amplitudes of each wave decrease away from the boundary for all
angles of incidence and the degree of inhomogeneity y for each transmitted wave
increases as the corresponding emergence angle increases (Figures (6.2.4)a and (6.2.3)
a)). The component of attenuation in the direction of phase propagation (Figure (6.2.4)
b) and the magnitude of the maximum attenuation (Figure (6.2.4)c) of each wave
abruptly decrease and increase, respectively, for angles of incidence in the correspon-
ding transition windows for each wave. Q' for each transmitted wave (Figure (6.2.4)
d) abruptly increases in its respective transition widow and asymptotically approaches
a value equal to twice that of a corresponding homogeneous SI wave, which is
consistent with results in Theorem (3.6.92) and inequalities (3.6.89). The Q"' values



6.2 Low-loss viscoelastic boundary 159

for the inhomogeneous transmitted P and SI waves increase by 400 and 200 percent,
respectively to the value of 20 ,’,_Sl = 0.0254. The “hlI” model incorrectly assumes the
direction of maximum attenuation for each wave type is parallel to that of phase
propagation for angles of incidence less than corresponding elastic critical angles and
normal to the boundary for angles beyond critical (Figures (6.2.4)a and (6.2.4)b).
Energy reflection, transmission, and interaction coefficients are shown in Figure
(6.2.5). They indicate important characteristics of the reflected and refracted waves that
are not predicted by elastic models. Inspection of the normalized mean energy flux
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Figure (6.2.5). Energy reflection (a), transmission (b), and interaction (b)
coefficients for a plane acoustic P wave incident on a plane water-stainless steel
interface. The coefficients show the existence of an SI' transition window in which
the reflected and transmitted energy flow differ significantly from corresponding
predictions of an elastic model or the “hll” assumption (thin-dashed curves).
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normal to the boundary as carried by the reflected acoustic wave (Figure (6.2.5)a)
shows a significant reduction in amplitude for a range of angles of incidence near the
minimum elastic critical angle for the transmitted SI wave. For this range in angles of
incidence the “hll” model assumes total reflection of the incident energy.

Examination of the normalized mean energy flux coefficients shows that in the ST’
transition window the normal component of energy flux associated with the reflected
P wave decreases substantially and that associated with that the of P and SI waves
transmitted into the stainless steel shows a significant increase (see Figures (6.2.5)a
and (6.2.5)b). In the SI' transition window the normal component of energy flow due
to interaction of the transmitted P and SI waves in the stainless steel increases to an
amount larger than that carried by either the transmitted SI or P wave. This normal
component of the energy flow due to interaction is opposite to that associated with the
transmitted waves and is directed into the water. The normal component of energy
flow due to interaction of the incident and reflected waves is also directed into the
water for angles of incidence in the SI' transition window. It increases to a maximum
of about 10 percent of that due to interaction of the transmitted waves in the transition
window. The normal component of energy flow associated with the transmitted wave
increases significantly for a range of larger angles of incidence near grazing. This
increase is offset by a corresponding increase in the energy flow due to interaction of
the incident and reflected waves giving rise to a mean energy flow at the boundary in
the opposite direction into the water.

The SI’ transition window has also been referred to as the Rayleigh window because
the apparent phase velocity for the incident P wave in this window is near that of a
Rayleigh wave on stainless steel if modeled as an elastic half space (see Figure (6.2.3)d).
Considering that an elastic model of the water, stainless-steel boundary does not
predict the significant differences in reflected amplitude for angles of incidence in
this window, reference to the window as an SI' transition window seems preferable.

The amplitude of the reflected acoustic wave (Figure (6.2.6)a) and the amplitudes
of the transmitted P and SI waves (Figure (6.2.6)b) show significant reductions and
increases, respectively, in the SI' transition window. The amplitude of the reflected
wave reaches a minimum value that is about 30 percent of that of the incident wave.
The transmitted P and SI waves reach maxima that are 2.3 and 2.8 times, respec-
tively, as large as those of the incident wave.

Some characteristics of the transmitted P wave in the SI’ transition window
that provide additional insight are (1) its degree of inhomogeneity is near its
upper limit, calculated to be 89.91° for the chosen material parameters (Figure
(6.2.3)a); (2) its phase and energy velocities decrease to nearly equal values at an
angle of incidence corresponding to an apparent phase speed near that of a Rayleigh-
Type surface wave (see Chapter 8) on a half space of anelastic stainless steel
(Figure (6.2.3)c); (3) its directions of phase and energy propagation are near their
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Figure (6.2.7). Eccentricity for the elliptical particle motion of the transmitted
P and SI waves (a) and phase shifts for the reflected and transmitted waves (b) for
a plane acoustic P wave incident on a plane water, stainless-steel interface.

asymptotic values, which are near but away from the boundary (Figure (6.2.3)b);
(4) its Q> ! rapidly approaches its limiting value which is within a few percent of
205" (Figure(6.2.4)d); and (5) its eccentricity reaches a value near 0.4, indicating
the particle motion deviates significantly from linearity (Figure (6.2.7)a).
Characteristics of the transmitted SI wave in the SI' transition window include
(1) its directions of phase and maximum energy flux (Figure (6.2.3)c) rapidly approach
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a value near but away from the boundary; (2) its phase speed decreases with that of the
P wave to values less than that of a Rayleigh-Type surface wave (Figure (6.2.3)d); (3)
its Q4; ! increases to within about 75 percent of its limiting value near 2Q;;¢' (Figure
(6.2.4)d); (4) its attenuation in the direction of phase propagation decreases (Figure
(6.2.4)b) while its maximum attenuation increases (Figure (6.2.4)c); and (5) its particle
motion becomes elliptical (Figure (6.2.7)a) with the eccentricity changing from a value
near unity to a value near 0.7. Rapid shifts in phase are apparent in the SI' transition

window for each of the reflected and refracted waves (Figure (6.2.7)b).

6.2.2 Experimental Evidence in Confirmation of Theory for
Viscoelastic Waves

Experimental evidence observed in the laboratory in the 1960s was not consistent
with predictions of elastic reflection—refraction theory. Measurements of acoustic
amplitudes reflected from water—aluminum interfaces in the laboratory were
found to be significantly less than elastic-model predictions for a range of angles
of incidence greater than the minimum elastic critical angle for the transmitted
S wave. This lack of agreement (e.g. see Brekhovskikh, 1960, p. 34) raised issues
regarding the adequacy of plane-wave theory as then only developed for elastic
media. Subsequently, considerable experimental evidence concerning the nature
of the reflection and refraction of low-loss anelastic waves at water—metal
boundaries has been acquired for purposes of discovering material imperfections.
These data, some of which have been collected under carefully controlled
laboratory conditions provide an established experimental data set for compar-
ison with results predicted on the basis of the theory presented herein.

Experiments to determine the reflective characteristics of a liquid—metal interface
provide measurements of the amplitude and phase shift of the reflected acoustic
wave generated by a P wave incident on the metal at a known angle of incidence
(Becker and Richardson, 1969). Amplitude measurements at 10 MHz and phase
measurements at 5 MHz (solid squares) and 16 MHz (open squares) (Becker and
Richardson, 1970, pp. 116, 119) for a range of angles of incidence spanning the SI’
transition window are shown in Figure (6.2.8). To approximate plane-wave condi-
tions, transducers 2.54 cm in diameter were used with corrections for diffraction
effects and lateral beam displacement. (An account of these effects and correspond-
ing references are available in Borcherdt er al. (1986). Theoretical predictions for
amplitude and phase reflection coefficients corresponding to the measured values
(Table (6.2.2)) and to other indicated values of Q% are shown in Figure (6.2.8). The
reflection coefficients calculated for various values of Qpk correspond approxi-
mately to frequencies of 1, 10, 15, 35, and 70 MHz.

The measured amplitude and phase coefficients for the reflected acoustic wave
are in excellent agreement with those predicted theoretically as shown in Figures
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Figure (6.2.8). Amplitude reflection coefficients (a) and phase shifts (b) measured
in the laboratory by Becker (1971) and Becker and Richardson (1969, 1970)
and predicted theoretically for five water, stainless-steel interfaces with material
parameters as indicated. The excellent agreement between measured and
theoretically predicted results provides evidence in confirmation of the theory
and the empirical measurements.
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(6.2.8)a and (6.2.8)b. The measured and calculated amplitude reflection coefficients
show a significant dependence on the amount of intrinsic absorption in the stainless
steel (Figures (6.2.8)a and (6.2.8)b). The theoretical curves indicate the minimum in
the amplitude reflection coefficient decreases to zero then increases as the amount of
intrinsic absorption is increased. The theoretical curves predict that a reversal in the
phase shift occurs for an amount of intrinsic absorption in the solid that corresponds
to the amplitude of the reflected P wave being zero (Q% = 43; f= 15MHz). The
empirical measurements of phase shifts at 10 and 16 MHz confirm this prediction
(see Figures (6.2.8)a and (6.2.8)b).

The excellent agreement between theoretical and laboratory results provides
empirical evidence in confirmation of the theory of viscoelastic wave propagation
presented herein. It illustrates the significant effect of intrinsic material absorption
on the physical characteristics of body waves in layered low-loss anelastic media for
certain ranges in angles of incidence. It explains the amplitude reflection observa-
tions reported by Brekhovskikh (1960) and the lack of agreement he found with
results predicted by an elastic model. It provides evidence for the validity of the
physical characteristics of the reflected and refracted waves in low-loss anelastic
media as predicted from theoretical considerations for this problem in Figures
(6.2.3) through (6.2.8).

6.2.3 Viscoelastic Reflection Coefficients for Ocean, Solid-Earth Boundary

A problem analogous to the water, stainless-steel problem is the problem of reflec-
tion of acoustic energy at the ocean floor. This problem is of interest in underwater
acoustics and geophysics.

Amplitude and phase reflection coefficients for the P wave generated by a
homogeneous P wave incident on various water, solid-Earth interfaces are shown
for a range of viscoelastic models in Figures (6.2.10) and (6.2.11). Three distinct
material shear-wave speeds as indicated by Ewing and Houtz (1979) and a range in
intrinsic absorption values in shear were chosen for the calculations (see Table
(6.2.9) and Figures (6.2.10) and (6.2.11)). Intrinsic absorption in bulk for the solid

Table (6.2.9). Material parameters for a water—solid interface with parameters
corresponding to those of ocean, solid-Earth interfaces.

Medium p (g/cm?) vis (km/s) vip (km/s)
V: Ocean 1.03 1.5
V' Sedimentary crust 2.75 2 3.46
V': Basaltic crust 2.85 2.8 4.85
V': Gabbro transition 2.85 3.7 6.41

From Ewing and Houtz (1979).
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Figure (6.2.10). Amplitude (a) and phase (b) reflection coefficients for water—
solid interfaces with shear and P wave speeds corresponding to ocean—basaltic
crust (b), and indicated amounts of intrinsic absorption in shear (see Table (6.2.9)).

Earth is assumed negligible with the reciprocal quality factor for a homogeneous P
wave given by Qb = 3 Ok

The calculated reflection coefficients (Figures (6.2.10) and (6.2.11)) show a
significant dependence on the amount of intrinsic absorption in the solid similar
to that observed for the water, stainless-steel boundary. They indicate that the
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Figure (6.2.11). Amplitude (a) and phase (b) reflection coefficients for water—
solid interfaces with shear and P wave speeds corresponding to an ocean—gabbro
transition crust computed for indicated amounts of intrinsic absorption in shear
(see Table (6.2.9)).

amplitude of the reflected P wave vanishes and a phase-shift reversal occurs for
a specific amount of intrinsic absorption at a particular angle of incidence
for each model. Calculations show that the local minimum in the amplitude
reflection coefficient for each contrast in wave speed decreases to zero then
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Figure (6.2.12). Amplitude of local minimum in reflected P wave amplitude in the
SI' transition window as a function of intrinsic absorption in shear for three ocean—
solid-Earth interface models as characterized by indicated shear wave speeds
(Table (6.2.9)).

increases as the amount of intrinsic absorption increases (Figures (6.2.10)a,
(6.2.11)a, and (6.2.12)).

The amplitude reflection coefficient varies with material shear-wave speed of the
solid (compare Figures (6.2.10)a and (6.2.11)a). As the shear velocity of the solid
approaches the P velocity of the water, the angle of incidence corresponding to the
local minimum in the reflected P wave amplitude increases and the amplitude of the
local minimum in the reflection coefficient decreases.

The distinguishing characteristics of the amplitude and phase reflection coefti-
cients for the ocean, solid-Earth boundary suggest that their measurement could be
useful for inferring the intrinsic absorption characteristics of various crustal materi-
als. The local minima in amplitude reflection data and phase shifts as inferred from
wide-angle geophysical reflection data could be useful in developing Q% profiles
perpendicular to ocean ridges using techniques such as those described by Stoffa
and Buhl (1979). Such profiles if definitive could be useful for inferring geologic
age and tectonic spreading rates. The dependence of the reflection coefficients on
intrinsic absorption of the ocean bottom suggests that acoustic transmissions of
various frequencies, depths, and distances might be expected to propagate more
efficiently than others.
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6.3 Problems

(1) For the problem of a homogeneous Type-Il S wave incident on a plane
viscoelastic sediment boundary with parameters of the material specified in
Table (6.1.1), sketch graphs showing the dependence on angle of incidence for

(a) atransmitted SII wave of

(1) the degree of inhomogeneity from a value of zero to one near its
physical limit of /2,
(il) emergence angles for phase propagation, direction of maximum
attenuation, and energy flux,
(iii) phase and energy speed,
(iv) reciprocal quality factor,
(b) normalized energy flux perpendicular to the boundary associated with
(1) incident SII wave,
(i1) reflected SII wave,
(iii) transmitted SII wave, and
(iv) interaction of incident and reflected SII waves.

(2) Compare the sketches in Problem 1 with corresponding sketches assuming the
media are elastic.

(3) Describe how the graphs in Problem 1 change if the incident wave is inhomo-
geneous with a fixed degree of inhomogeneity of —60°

(4) For the problem of a homogeneous P wave incident in water on a viscoelastic
stainless-steel boundary,

(a) sketch graphs of the amplitude reflection coefficient as a function of
angle of incidence for various amounts of intrinsic absorption in the
stainless steel,

(b) describe how the reflection coefficient for an elastic model of the stainless
steel differs from that for a linear anelastic model with 0" =~ 1/80, and

(c) describe why the dependence of the reflection coefficient in the SI’
transition window on the amount of intrinsic absorption in shear has
been useful for nondestructive testing of materials.
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General SI, P, and SII Waves Incident
on a Viscoelastic Free Surface

Solutions for problems involving wave propagation in a semi-infinite half space are
of interest for interpreting measurements of radiation fields at locations near or on
the free surface. Solutions to these problems as derived for elastic media have
formed the basis for the initial interpretation of seismograms and resultant infer-
ences concerning the internal structure of the Earth.

Analytic solutions and corresponding numerical examples for problems invol-
ving general SI, P, and SII waves incident on the free surface of a viscoelastic half
space are presented in this chapter (Borcherdt, 1971, 1988; Borcherdt and
Glassmoyer, 1989; Borcherdt et al., 1989). Closed-form expressions for displace-
ment and volumetric strain are included to facilitate understanding and interpreta-
tion of measurements as might be detected on seismometers and volumetric strain
meters at or near the free surface of a viscoelastic half space.

The procedures to solve the reflection—refraction problems for a general SI, P, or
SII wave incident on a free surface are analogous to those for the corresponding
problems for a welded boundary. For brevity, many of the expressions and results in
medium ¥ for a welded boundary applicable to the free-surface problems will be
referred to here, but not rewritten.

7.1 Boundary-Condition Equations

Solutions of the equations of motion for problems of general P, SI, and SII waves
incident and reflected from the surface of a viscoelastic half space are specified by
(4.2.1) through (4.2.45) with respect to the coordinate system illustrated in Figure
(4.1.3), where medium V' is assumed to be a vacuum. The plane boundary of
medium V for a half space is assumed to be stress free.

Steady-state propagation in the +x; direction of the x;x;3 plane implies the
components of the stress tensor may be expressed in terms of the displacement

170
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potentials, using equations (3.1.1), (2.3.5), and (2.3.12). The resulting equations
expressing the stresses acting on planes parallel to the free surface are

P31 = M(2¢,13 /A W,33)7 (7.1.1)
P32 = Mus 3, (7.1.2)

and

P33 = <K+ §M> (4),11 + ‘15,33) + 2M(‘//,13 - ¢,11)v (7.1.3)
where the notation ¢ ; denotes the partial derivative of ¢ = ¢; + ¢, with respect to
the i” and j” component, respectively and y denotes the %, component of
Y=y, +

The boundary conditions for an infinite half space are that the stresses on the free
surface vanish, that is

py=0 forj=1,2,3 (7.1.4)

Substitution of the solutions (4.2.1), (4.2.2), and (4.2.26) into (7.1.1) through
(7.1.3) restricted by (7.1.4) implies that the complex spatially independent ampli-
tudes of the solutions must satisfy

for p3; =0,

M[2d, k(Bi — By) + (df* — K*)(Cia + C2)] =0, (7.1.5)
for p3,=0,
D, = D, (7.1.6)
and for p33=0,
M[—(ds* — K*)(Bi + B>) + 2ds k(C12 — Cx)] = 0. (7.1.7)

Solution of these three equations involving six complex amplitudes and the
complex wave number £ can be achieved upon consideration of a particular
problem, such as an incident P, SI, or SII wave on the free surface or consideration
of disturbances confined primarily to the free surface.

To consider a specific reflection problem, a single incident wave is assumed. This
assumption is equivalent to specifying the complex wave number & and the require-
ment that the complex amplitudes for the other two incident waves are zero. Hence,
the resulting three equations in four unknowns can be solved by expressing the
complex amplitudes of the reflected waves in terms of the complex amplitude and
complex wave number of the incident wave.
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To consider a surface-wave problem the steady-state disturbance is assumed
to be concentrated near the surface. This assumption is satisfied by setting
B, = C; = D; =0in (7.1.5) through (7.1.7). With these complex amplitudes set
to zero, the three equations in four unknowns can be solved for the complex wave
number k and one of the complex amplitudes in terms of the other.

7.2 Incident General SI Wave

The problem of a general Type-I S wave incident on the free surface is specified by
assuming the parameters of the incident Type-I S wave are given and that the
amplitudes of the solutions for the other incident waves as specified in (4.2.1) and
(4.2.26) vanish, namely B; = D; = 0. The incident general Type-I S wave as
specified by (4.2.2) is given in medium ¥ by equations (5.2.3) through (5.2.11).
For brevity, these equations are not rewritten here. Solutions for the reflected P and
SI waves in medium V as specified by equations (4.2.1) and (4.2.2) are given by
equations (5.2.14) and (5.2.15). Parameters for the incident and reflected waves are
illustrated in Figure (7.2.1).

. — -X;
- -
0o, \ 7%, P,
- 2
Aoz Reflected P
N
Pl,e“,vz
Incident Sl Y Reflected SI  y
X3 X3

Figure (7.2.1). Diagram illustrating notation for directions and magnitude of
propagation and attenuation vectors for the problem of a general SI wave
incident on the free surface of a HILV half space.

7.2.1 Reflected General P and SI Waves

For the problem of a general Type-1 S wave incident on a free surface, the boundary
conditions (7.1.5) through (7.1.7) readily admit solutions for the complex ampli-
tudes of the reflected waves in terms of the complex amplitude and complex wave
number for the incident wave, namely

By/Cry = 4dyk(dj — k) /g(k), (7.2.2)
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Dy =Dy =0, (7.2.3)
and
Cyn/Cir = (4 dydyk® — (d} — k2)2> / (k) (7.2.4)
where
g(k) = 4d, dyh® + (df — k2)’ (7.2.5)
for
g(k) # 0. (7.2.6)

The complex wave number & for the incident general SI wave is given by

I+ i+
k=~ ing,, — i — " sinfe,, —y, ), (727
VHS 1+ xus 1+ xus !

which simplifies for an elastic half space to

k=-"sino,,, (7.2.8)
VHS

where yg, = \/ 1 + Q3% sec? Yy, and yys=4/1+ Q7% The propagation and
attenuation vectors as specified by (5.2.5) and (5.2.6) for the incident and reflected
waves are completely determined upon specification of the angle of incidence 6,,,,
the degree of inhomogeneity y, , and the circular frequency « for the incident
general SI wave together with the material parameters for Vas specified by p, ks or
vus and QL. Hence, the propagation and attenuation vectors for the reflected
general P and SI waves are determined in terms of those for the incident general
SI wave, from which it follows that (7.2.2) and (7.2.4) provide the desired solution
for the complex amplitude of the reflected general P and SI waves in terms of that
given for the incident general SI wave.

For a non-trivial incident wave C;, # 0, so equations (7.1.5) and (7.1.7) imply
2(k)#0. Roots of equation (7.2.5) will be shown to specify k for a Rayleigh-Type
surface wave. Hence, this result shows that a general Type-I S wave incident in a
plane perpendicular to the free surface does not generate a Rayleigh-Type surface
wave. Also, boundary-condition equation (7.2.3) shows that no Type-Il S waves
are generated by a Type-I S wave incident in a plane perpendicular to the interface.

The existence of solutions (7.2.2) and (7.2.4) confirms equality of the complex
wave number k in the assumed solutions for the incident and reflected waves as
specified by (4.2.1) and (4.2.2). Hence, the components of phase propagation and
maximum attenuation parallel to the boundary for the incident and reflected waves
are equal, that is,
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kr = Re[K, ] = |P,,|sin6, = |P,,|sin6,, = |P,,|sin6,, (7.2.9)

and

k= —Im (K] = Al sinlfy, =) = s lsinlby, =2,] 0o
= |4y, |sin[0y, — V¢z]7

establishing Generalized Snell’s Law for the problem of a general Type-1 S wave
incident on the free surface of a viscoelastic half space, as stated for medium V' by
Theorem (5.2.22).

It follows, as for the corresponding welded-boundary problem, that
0,, = 0,,and Yoy = Yy Hence, for the incident and reflected SI waves, the reflec-
tion angle equals the angle of incidence and their degrees of inhomogeneity
are equal.

The conditions of homogeneity and inhomogeneity for the waves reflected
from the free surface for an incident general SI wave are as stated for the reflected
waves in medium ¥ by (5.2.28) through (5.2.43). In brief, the reflected SI wave is
homogeneous if and only if the incident SI wave is homogeneous. Theorem (5.2.34)
indicates that the P wave reflected from the free surface of a HILV half space is
homogeneous if and only if Q;% = Q55 andsin®0,, < v%,¢/v%,. These results
indicate that for elastic media the reflected P wave will be homogeneous for angles
of incidence less than some elastic critical angle, but for anelastic Earth-type media
where Q% # Oph, the reflected P wave, in general, will be inhomogeneous for all
angles of incidence.

The degree of inhomogeneity of the reflected P wave in anelastic media will be
shown to increase with angle of incidence and hence the phase velocity of the
reflected P wave will decrease, the maximum attenuation will increase, and frac-
tional energy loss and other characteristics will be shown to vary with angle of
incidence. As Q% # Qpb in an anelastic Earth the preceding results show that P
waves generated by a SI body wave incident on the free surface, in general, are
inhomogeneous with the degree of inhomogeneity and the physical characteristics
of the wave dependent on the angle of incidence and the degree of inhomogeneity of
the incident wave.

The conditions for propagation of the reflected P wave parallel to the free surface
are similar to those for the reflected P wave generated by an SI wave incident on a
welded boundary (see the section of Theorem (5.2.45)). The results as stated in
Theorems (5.2.45) through (5.2.47) for the P wave reflected in medium ¥ are the
same with similar proofs. Hence, for brevity they are not restated in this section. In
brief, the results show that for elastic media a critical angle or phase propagation
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parallel to the boundary exists whenever the apparent phase velocity along the inter-
face of the incident SI wave is less than or equal to that of a homogeneous P wave. In
contrast, for anelastic Earth materials, the results indicate that phase propagation for
the reflected P wave is away from the boundary for all angles of incidence.

In the case of an elastic medium, a normally incident SV (SI) wave does not
generate a dilatational disturbance upon interacting with the free surface. However,
in the case of a vertically incident inhomogeneous SI wave in anelastic media,
a dilatational disturbance is reflected from the free surface. To show this result,
suppose no dilatational disturbance is generated, that is B, =0, then equation (7.2.2)
implies k =0, dy =0, or dj —k*> = 0. The first alternative is not possible,
because if the incident wave is vertically incident then k = i]/IV,I | sin Yy, 70 in
order for the wave to propagate. The two other alternatives are not possible because
the medium is anelastic. Hence, the amplitude of the reflected P wave is not zero and
a dilatational disturbance is reflected from the free surface. If the normally incident
SI wave is homogeneous, then k = kgsin 6, = 0 and equation (7.2.2) shows the
amplitude of the reflected P wave vanishes.

For an elastic half space, angles of incidence exist such that the incident SV (SI) wave
is entirely reflected as a dilatational disturbance. For anelastic media it will be evident
that such angles in general do not exist. The following theorem indicates that such angles
exist for only a restricted class of viscoelastic solids of which elastic is a special case.

Theorem (7.2.11). If the incident SI wave is homogeneous and a non-zero angle of
incidence exists for which the amplitude of the reflected SI wave is zero, then the
solid is such that Q% = QL.

The contrapositive of this theorem shows that because Q% # Q) for anelastic
Earth materials, the amplitude of the reflected SI wave is non-zero for every non-
vertical angle of incidence for an incident homogeneous SI wave.

To prove the theorem suppose the angle of incidence 6, # 0 and the amplitude
of the reflected SI wave C,, =0 from which (7.2.4) implies

d2di  (dj N\
167575 = (ﬁ_ 1). (7.2.12)

By assumption the incident SI wave is homogeneous, hence k = kgsin,, and
(4.2.10) implies

d2
%’ —tan20

- - (7.2.13)

The preceding two equations imply that d /% /k* and d 2 /k? are real numbers.
Definition (4.2.9) of d,, implies
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2
Im[d;‘] :%I [kp] =0, (7.2.14)
k sin” 6,,, ks

from which it follows that k% /k% is a real number. Hence, Lemma (5.2.35) implies
the desired result namely, Q% = Qb

7.2.2 Displacement and Volumetric Strain

Consideration of the effects of the free surface on the displacement fields and
volumetric strain associated with an incident general SI wave at or near the free
surface is of special interest for interpreting recordings of signals from three-
component seismometers and volumetric strain transducers (Borcherdt et al.,
1989). Comparison of simultaneous displacement fields and corresponding volu-
metric strain is of interest, because, theoretically, volumetric strain is associated only
with the P wave reflected from the free surface, but not with either the incident or the
reflected SI waves. Consequently, simultaneous measurements from corresponding
sensors suggest that characteristics of the wave fields might be inferred that cannot
be inferred from either measurement alone.

To further investigate the effect of the free surface on the general reflected P wave,
equations (7.2.9) and (7.2.10) allow the reflection angle for the P wave to be expressed
in terms of the given incidence angle for the incident SI wave, using identities (3.6.21) as

(7.2.15)

and the angle that the attenuation vector for the reflected P wave makes with respect
to the vertical (3.6.23) in terms of that for the incident SI wave by

I/TI

sm[@ — 7,

1 1+
_ Yup 1 X S sinlo,, —y, ). (7.2.16)
vas \| 1+ xus\| —1 +xp,, !

Substitution of these expressions into the definitions (3.10.12) and (3.10.13) reveals
two identities relating parameters of the reflected P wave to those of the incident

sin[fy, — Vd)z] =

SI wave, namely

|| vip |1+ Xup Xus -
Fp(f)2 [sm (9¢2] r |F5u/| [sm ‘91//1] = @ T){HS)EFSW' [sm ‘91//1] (7.2.17)
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and
Qp, [sinby,] = Qs,, [sin0,,]. (7.2.18)

These identities when substituted into the expression for the radial or X; (x)
component of displacement for the reflected P wave as described by (3.10.10)
yield the following expression for the radial component of displacement associated
with the general reflected P wave, namely,

[fes|

er) Fs,,[sin8,,]cos[Cpy, (1) +yp — Qs [sin 6, ]],

URpyx = |Bakp|exp [_I‘Tdu'?}
(7.2.19)

where the amplitude | B | and the phase term {p, (1) = ! — Py, 7 + arg[Baokp] —
7/2 from (3.10.2) are given in terms of parameters of the incident wave by (7.2.2).
Expression (7.2.19) provides a complete specification of the radial component of
displacement for the reflected P wave in terms of the given parameters of the
incident general SI wave. It provides an explicit description of the reflected P
wave contribution to the radial component of displacement in terms of the given
parameters of a general incident SI wave as might be measured on a radial
seismometer.

If the incident SI wave is homogeneous, then (3.10.22) and (3.10.23) imply
Fs, [sin@,, ] =sin@, and Qs [sinb,, | = tan™"' [Q55/(1 + xus)] = v, so the
expression (7.2.19) for the radial component of displacement simplifies to

gy = | Bokepl exp| A, | % $in 6, 0s[Cpg, (1) + yp — ws].  (7.2.20)

If the amount of intrinsic absorption in the medium is assumed to be small,
then yp¢ ~ xpyp ~ 1, so (7.2.17) implies the amplitude-modulation factor for the
reflected general P wave is approximately that of the incident general SI wave scaled
by the ratio of the wave speed of a homogeneous P wave to that of a homogeneous
S wave, that is

Fp, [sin0,,] ~ %FSW [sin 6], (7.2.21)

and the phase term y, — g is approximately given by

Our  Qu:

Wp— Wy R HP _ ZHS (7.2.22)
2 2

This expression shows that the radial component of displacement for the reflected

P wave in a low-loss half space is shifted in phase due to the difference in anelastic

response of the medium to homogeneous P and S waves. It shows that the radial
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component of displacement for the reflected P wave varies sinusoidally with the
given incidence angle of the incident SI wave. It provides an explicit description of
the reflected P wave contribution to the radial component of displacement as might
be measured on a radial seismometer due to a homogeneous SI wave incident on the
free surface of a low-loss anelastic half space.

The volumetric strain generated by a general SI wave incident on the free surface
results from the generation of the reflected P wave. Equation (3.10.29) implies the
volumetric strain as initially derived by Borcherdt (1988) is given by

Ar() = [Bskplexp| A7 | lepl cos[Ep (1) = yp—2/2], (7.223)

where the amplitude and phase terms are given in terms of those for the incident SI
wave by (7.2.2). For media with small amounts of absorption, identities (3.6.16) and
(3.10.3) imply

|kp| = @/vup (7.2.24)

and

wp = Qpp/2, (7.2.25)

which in turn imply that the expression (7.2.23) for the volumetric strain of the P
wave reflected from the free surface of a low-loss half space may be simplified
further.

The times #; and ¢, at which the volumetric strain (7.2.23) assumes its zero and
maximum values are given by (p, (1) =wp+7 and CP(M(Z]) =yp+m/2,
respectively. Substitution of these times into the expression for the radial component
of displacement (7.2.20) for the P wave reflected from the free surface for an
incident homogeneous SI wave yields

”R¢2X([2)

=tan[2y, — wql, 7.2.26
uRd>2x(Zl> [ Vp WS] ( )

suggesting that if times #; and #, can be determined from a volumetric-strain
recording and the radial component of displacement is discernible for the reflected
P wave then the anelastic characteristics of the material might be inferred. For
example, for materials with small amounts of absorption, (7.2.26) implies

!
07h — 071 /2 ~ tan™! [“R‘bz—(z)} . (7.2.27)
UR¢, (t 1 )
Hence, if an independent estimate of the specific absorption of either P or S can be
made then the other can be inferred or if the amount of absorption in P is much less
than that in S then (7.2.27) might be used to infer the specific absorption in S.
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Similar inferences regarding intrinsic absorption might be made by inferring phase
differences between collocated measurements of inferred displacement and volu-
metric strain using expressions (7.2.19) and (7.2.23).

To consider free-surface amplitude and phase reflection coefficients for a general
viscoelastic half space it is useful to extend the definition of free-surface reflection
coefficients given for homogeneous waves in elastic media to more general cases that
include both homogeneous and inhomogeneous waves. One convention that can be
adopted to accommodate both homogeneous and inhomogeneous waves is to define
reflection coefficients by considering ratios of the various components of motion and
volumetric strain to that of the maximum particle motion displacement amplitude. The
maximum displacement amplitude for each general wave is the amplitude of the wave
multiplied by the length of the major axis of the particle motion ellipse |§’1 | as given by
(3.2.12) and (3.3.24) for P and SI waves. This convention includes as a special case
the definition given for homogeneous waves in elastic media, because for homoge-
neous waves the elliptical particle motion degenerates to linear particle motion either
parallel or perpendicular to the direction of phase propagation.

In terms of the notation introduced here the amplitude reflection coefficient for
the reflected P wave is defined as the ratio of its maximum particle displacement to
that of the incident SI wave, namely

1By kp| 115, [ (~ - ﬂ
rp = S exp|—(Ag, —A,, e F|. 7.2.28
P ‘Clsz’ |€1 | p (25 V/l) ( )
N7

The phase coefficient for the maximum particle displacement of the reflected P
wave is defined as the phase difference between that of the reflected P wave and the
incident SI wave at the time of the maximum particle displacement for the incident
SI wave. This phase shift, advanced by 180° for convenience, is given from (3.2.11)
and (3.3.23), by

B, kp =

¢p+ 7 =arg |:C—12 kJ - <P¢2 - P,,,1>o 7 (7.2.29)

Free-surface reflection coefficients for the radial and vertical components of
displacement for the reflected P wave with respect to the maximum particle dis-
placement for the incident SI wave can be defined respectively as

tpx = 1pFpy [Sin 94)2] (7.2.30)
and

rp. = VPFP(/)E[COS 9¢2], (7231)
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which can be rewritten in terms of the modulation factors for the given incident SI
wave from (7.2.17) as

k )
Ipy = VP%FSWI [sin6,, | (7.2.32)
and
X 2 1 2
e = rpy [ e AL (e [sing, ] ) (7.2.33)
Xup  Vis D+ XusXup

Corresponding expressions for the reflected SI wave may be defined and derived in
a similar fashion.

Phase coefficients for the horizontal and vertical components of particle motion
for the reflected P wave are specified as the phase difference between that of the
corresponding component of motion for the reflected P wave and the incident SI
wave at the time of the maximum particle motion for the incident SI wave. These
phase coefficients, advanced by 180° for convenience, may be defined in terms of
the phase difference for the maximum particle motion, namely ¢p, and simplified
with (7.2.18) for the radial component of motion to yield

bpy + 7 = Pp+yp — Qp, [5in0y,] = p +yp — Qs [sin6,,] (7.2.34)
and for the vertical component of motion by
bp. + 7 = dp+ yp — Qp, [c0804,] = dp+yp — s, [c0s b, ] (7.2.35)

If the incident SI wave is homogenecous then the difference between the
phase coefficients for the radial and maximum motions, advanced by 180°, is
given by

by — bp+ T =yp — ys. (7.2.36)

For low-loss media it simplifies to

by — bp+ 1~ (Qpp — Qs )/2- (7.2.37)

These equations show that the difference of the phase coefficients for the radial and
maximum particle motions is dependent on the difference in intrinsic material
absorption for homogeneous P and S waves.

Following the convention of normalizing by the maximum displacement ampli-
tude the amplitude reflection coefficient for volumetric strain normalized by ®w may
be defined by
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Bkl 1 ksl LN,
’C12k5| ’51 ‘ W exp[ (A¢2 Aw)"]- (7.2.38)

The corresponding phase coefficient for volumetric strain can be defined as the
phase of the volumetric strain at the time of the maximum displacement amplitude
of the incident wave, advanced by 180° . The resulting phase shift is defined by

k " S T

P+ 7 =arg|— s ke — (Py, — Py, )i — (l//P + —). (7.2.39)
Co ks 2

The difference between the phase coefficient for the volumetric strain and that for

the radial component of particle motion is

/4
Pa—bpe=—2ptyst5. (7.2.40)

The corresponding difference for the vertical component of particle motion is

b= Pp-=2yp+ Qp, (COS HP¢2) +7/2. (7.2.41)

These relations show that volumetric strain is shifted in phase with respect to the
radial component of displacement by a fixed amount dependent on the intrinsic
absorption characteristics of the medium. The vertical component shows a phase
shift with respect to volumetric strain that also is dependent on the inhomogeneity of
the reflected wave field.

For elastic media wp=ws=0, hence for angles of incidence less than critical

b= bp, = b= dp. =3, (7.242)

so for elastic media the volumetric strain for the reflected P wave is advanced with
respect to that of the particle motion components by 90°.

7.2.3 Numerical Model for Low-Loss Media (Weathered Granite)

Quantitative results for the problem of an SI wave incident on the free surface
of an anelastic half space are useful in understanding the effect of anelasticity on
free-surface reflections. They will provide insight regarding the interpretation of
collocated inferences of displacement and volumetric strain as might be detected
simultaneously with separate sensors (Borcherdt and Glassmoyer, 1989).

The simplest problem to consider is that in which the incident SI wave is
homogeneous. This assumption implies that the reflected SI wave is homogeneous
with characteristics of phase and energy speed equal to those of the incident wave.
It implies that for media with Q% # Q) the reflected P wave is inhomogeneous
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Table (7.2.43). Material parameters for the problem of a Type-1 S wave incident on
the free surface of a low-loss anelastic half space.

Medium pglem?)  vys(km/s)  Qpk vup (kmis) Qpk

Pierre Shale or weathered granite 2.5 0.802 0.1 2.16 0.03

From McDonal ef al. (1958) and Fumal (1978).

for all angles of incidence except normal with phase and energy speeds and other
physical characteristics that depend on angle of incidence (Theorem (5.2.34)).

Material parameters chosen to represent the viscoelastic half space (Table
(7.2.43)) correspond to those measured for Pierre Shale (McDonal et al., 1958)
and weathered granite (Fumal, 1978). Physical characteristics of the reflected P
wave calculated on the basis of (7.2.2) through (7.2.42) are shown in Figures
(7.2.45) through (7.2.52).

The degree of inhomogeneity of the reflected P wave (Figure (7.2.45)a) rapidly
increases from zero to a value near its physical limit (90°) for angles of incidence
near and beyond an angle near 22°. This inhomogeneity of the reflected P waves
gives rise to a number of wave—field characteristics not predicted by conventional
elasticity treatments of the free-surface reflection problem.

The direction of phase propagation for the reflected P wave is at some finite angle
>3.1° away from the free surface for all angles of incidence (Figure (7.2.45)b). The
direction of maximum energy flux is closer to the interface than phase propagation
Figure (7.2.45)b. It increases with angle of incidence to a value greater than 90°. For
these angles of incidence the normal component of energy flow associated with the
reflected P wave is toward the free surface. For the low-loss anelastic half space
under consideration, the phase and energy speeds associated with the reflected P
wave are approximately equal. Abrupt changes in the speeds are apparent only for
angles of incidence in the P transition window which includes angles near and
greater than 22° (Figure (7.2.45)c).

The direction of maximum attenuation for the reflected P wave shows a depen-
dence on angle of incidence that is significantly different from that of the “hll”
assumption, which assumes the direction is parallel to phase propagation for angles
of incidence less than critical and directed into the medium perpendicular to the
interface for larger angles of incidence. Figure (7.2.46)a shows that the direction of
maximum attenuation for the reflected P wave is parallel to that of phase propagation
only for normal incidence. As the angle of incidence increases, its deviation from
phase propagation increases. At one angle of incidence of about one-half the elastic
critical angle (~ —12°), it is parallel to the free surface. For larger angles of incidence,
the direction of maximum attenuation increases to a value of 176° which is near
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Figure (7.2.45). Inhomogeneity y,4 and ype, (a), emergence angle for phase
propagation and maximum energy flux (b), and phase and energy speeds (c) for
the P wave generated by a homogeneous SI wave incident on the free surface of an
anelastic half space with parameters corresponding to Pierre Shale (Table (7.2.43)).
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Figure (7.2.46). Emergence angle for direction of maximum attenuation (a),
attenuation in direction of propagation (b) and Q5" (c) for the P wave generated
by a homogeneous SI wave incident on the free surface of an anelastic half space
with parameters corresponding to Pierre Shale (Table (7.2.43)).
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vertical. For all angles of incidence greater than ~ —12° the direction of maximum
attenuation indicates that amplitudes of the reflected P wave actually increase with
depth (Figure (7.2.46)) as measured perpendicular to the free surface. No physical
principles are violated. This characteristic of the reflected P wave is required in order
that the solutions satisfy the boundary conditions. This result is similar to a previous
result encountered for an SII wave transmitted at an anelastic boundary for which the
intrinsic material absorption of the transmission medium for the corresponding wave
type is greater than that of the incident medium (see Figure (6.1.3)c).

Rapid changes in several of the physical characteristics of the reflected P wave
are apparent for angles of incidence in the reflected P transition window. For angles
of incidence larger than about 22°, the direction of phase propagation decreases
more rapidly (Figure (7.2.46)b), Qp'increases from its initial value of 1/30 to its
limiting value of 2Q% = 0.2 as implied by Theorem (3.6.92) (Figure (7.2.46)c),
the particle motion ellipse increases in tilt with respect to the direction of phase
propagation by about a degree at grazing incidence (Figure (7.2.47)a), and the
ellipticity of the particle motion tends toward circularity as indicated by the ratio
of the minor to major axis which approaches a value near unity (0.929; Figure
(7.2.47)b). These physical characteristics of the reflected wave field are in contrast
to the familiar characteristics that would be anticipated on the basis of an elastic
model.

Consideration of the energy reflection and interaction coefficients provides
additional insight into the free-surface reflection problem for a viscoelastic half
space. For normal incidence, the energy reflection and interaction coefficients
(Figure (7.2.48); see (5.4.59) through (5.4.65) for definitions of the coefficients)
indicate that all of the incident SI energy is reflected as SI energy. However, with
increasing angles of incidence, the reflection coefficients (Figure (7.2.48)a) indicate
that the proportion of energy converted from incident SI energy to reflected dilata-
tional energy increases and reaches a maximum (40 percent for this model) at an
angle (~18°) just prior to 22°. For larger and an intermediate range of angles of
incidence (~40° to about 47° for this model), energy converted to dilatational
energy is approximately zero, then for larger angles of incidence the dilatational
energy carried by the reflected P wave reverses direction and flows toward the free
surface. The proportion of dilatational energy carried by the reflected P wave toward
the free surface increases to a maximum of about 28 percent for larger angles of
incidence (~78°) then vanishes at grazing incidence. The fact that the reflection
coefficient for the P wave reverses sign, indicating that the reflected P wave actually
carries energy toward the free surface, is consistent with the earlier observation that
the direction of mean energy flux for the reflected P wave is out of the media away
from the free surface (Figure (7.2.45)b).

Inspection of the various interaction coefficients (Figure (7.2.48)) shows that
for angles of incidence up to about 19°, the amount of energy flow as a result of
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Figure (7.2.47). Tilt (a) and ratio of minor to major axis (b) of the particle motion
ellipse for the P wave generated by a homogeneous SI wave incident on the free

surface of an anelastic half space with parameters corresponding to Pierre Shale
(Table (7.2.43)).

wave—field interaction represents a small proportion of the incident energy. For
larger angles of incidence, the coefficient for the total energy flow due to wave—field
interaction (/C;,,,; Figure (7.2.48)b) shows that the energy flow due to interaction
becomes a significant part of the energy budget at the interface. For the range of
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Figure (7.2.48). Energy reflection and total interaction coefficient (a) and
individual interaction coefficients for incident and reflected waves (b) generated

by a homogeneous SI wave incident on the free surface of an anelastic half space
with parameters corresponding to Pierre Shale (Table (7.2.43)).

angles for which the reflected P wave carries energy toward the boundary, the total
or net energy flow due to the various wave—field interactions is in the opposite
direction into the medium. As a consequence for these larger angles of incidence,
the energy flow normal to the boundary due to wave—field interactions counteracts
that carried toward the boundary by the reflected P wave. For these larger angles of
incidence, most (>99 percent), but not all, of the incident energy that is carried away
from the boundary is carried by the reflected SI wave (Rg;; Figure (7.2.48)a).
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Figure (7.2.49). Reflection coefficients for maximum displacement (a) and
volumetric strain (b), for the P and SI waves generated by a homogeneous SI
wave incident on the free surface of an anelastic half space with parameters
corresponding to Pierre Shale (Table (7.2.43)).

The interactions of the reflected P wave with the incident SI wave (/Cp) and the
reflected SI wave (ICpgy) result in a normal component of energy flow at the
boundary into the medium (Figure (7.2.48)b). This normal component of energy
flow is partially counteracted by the normal component carried by the reflected P
wave Rp and that due to interaction of the incident and reflected SI waves (/Cs;). The
angles of incidence for which the interaction energy coefficients achieve their
largest values correspond to a slight decrease (<1 percent for this model) in the
energy reflection coefficient for the reflected SI wave.

Amplitude reflection coefficients and phase shifts for the maximum displacement
and volumetric strain as defined by (7.2.28), (7.2.29), (7.2.38), and (7.2.39) are shown
in Figures (7.2.49) and (7.2.50). They indicate that the maximum amplitude of the
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Figure (7.2.50). Phase shifts for maximum displacement (a) and volumetric strain
(b) for the P and SI waves generated by a homogeneous SI wave incident on the

free surface of an anelastic half space with parameters corresponding to Pierre
Shale (Table (7.2.43)).

reflected SI wave decreases to about 80 percent of that of the incident SI wave at an
angle of incidence of about 19°, then increases toward the amplitude of the incident
wave as grazing incidence is approached (Figure (7.2.49)a). They indicate that the
maximum amplitude of the reflected P wave shows maxima at about (29°, 70°) and
minima at (0°, 45°, 90°). Corresponding maxima and minima for volumetric strain
occur at (28°, 68°) and (0°, 45°, 90°). With the exception of maxima at 68° and 70°,
the local maxima and minima in the reflected amplitudes occur at angles of incidence
for which the total energy flow due to interaction is near zero. Phase-shift variations
occur with increasing angle of incidence for the reflected SI and P waves at about 22°,
which correspond to angles for which energy flow due to interaction is apparent.
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Figure (7.2.51). Reflection coefficients for the radial and vertical components of
displacement for the reflected P wave (a) and the reflected SI wave (b) generated by

a plane SI wave incident on the free surface of an anelastic half space with
parameters corresponding to Pierre Shale (Table (7.2.43)).

The maxima, which occur in the maximum displacement amplitude and volu-
metric strain for the reflected P wave, occur at angles of incidence for which the
degree of inhomogeneity of the reflected P wave is large (>89.5°). As a result the
physical characteristics of the reflected P wave differ significantly from those for
a corresponding homogeneous P wave. More specifically, at angles of incidence for
which the particle displacement and volumetric strain for the reflected inhomoge-
neous P wave reach local maxima,
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Figure (7.2.52). Phase shifts for the radial and vertical components of
displacement for the reflected P wave generated by a plane SI wave incident on
the free surface of an anelastic half space with parameters corresponding to Pierre
Shale (Table (7.2.43)).

(1) the phase and energy velocities are about 22 and 61 percent less than those for a
homogeneous P wave,

(2) Q' is about 233 and 568 percent greater than that for a homogeneous P wave,
(3) the elliptical particle motion of the reflected P wave approaches circularity as
indicated by the ratio of minor to major axis with values near 0.6 and 0.9,

(4) the normal component of energy flow carried by the reflected P wave at the first
and second local maxima will represent about 11 and 21 percent of the total

incident energy, and
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(5) the amplitude of the P wave reflected at ~28° increases with depth to a value at a
depth of one wavelength that is about 6 percent larger than its amplitude at the

free surface (exp[0.5854 + 0.997|A4p|z] for z = A).

Amplitude reflection coefficients for the horizontal and vertical components of
displacement as implied by (7.2.32) and (7.2.33) are shown in Figure (7.2.51). These
coefficients for the reflected P wave (Figure (7.2.51)a) show that the vertical ampli-
tude becomes comparable to the radial amplitude and the ellipticity tends toward
circularity as the angle of incidence increases (see Figure (7.2.47)b). The local
minimum in the vertical component for the reflected P wave near 22° corresponds
to changes in several physical characteristics and a local maximum in the vertical
phase shift (see Figures (7.2.51)a and (7.2.52)a). It also corresponds to a local
minimum near 19° in the horizontal reflection coefficient for the reflected SI wave.

The amounts that the phase shifts for the horizontal and vertical displacements
differ from that for the maximum displacement and volumetric strain as implied by
(7.2.36) and (7.2.40) are shown in Figure (7.2.52). For low-loss media correspond-
ing to Pierre Shale, these expressions imply from (7.2.37) that these differences are
approximately 2.0° and 90°+1.1°, respectively. The differences are small and
barely discernible at the plotting scales shown in Figure (7.2.52).

The dependence of the vertical phase coefficient on angle of incidence and in
turn inhomogeneity of the reflected P wave is evident from Figure (7.2.52)b, where
the quantity yp — Qp, [/104,]] = wp — Qs,,[/16,,]] is plotted. The rapid change
from 0 to 90°, which takes place in this quantity near 22° with f [Gwl} = cos b,
(Figure (7.2.52)), manifests itself as a local maximum in the vertical phase
coefficient (Figure (7.2.52)a). This local maximum predicted for the reflected
inhomogeneous wave field would not be anticipated on the basis of the “hll” model.

7.3 Incident General P Wave

The solution to the problem of a general P wave incident on the free surface of a
viscoelastic half space may be derived in a manner analogous to that for a general P
wave incident on a welded boundary.

7.3.1 Reflected General P and SI Waves

The problem of a general P wave incident on the free surface of a HILV half space is
specified by assuming the parameters of the incident P wave are given and that the
amplitudes of the solutions for the incident SI and SII waves vanish, that is

61 = C11x1 + Cipxa + Ci3x3 = 0. (731)
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Figure (7.3.2). Diagram illustrating notation for directions and magnitude of
propagation and attenuation vectors for the problem of a general P wave incident
on the free surface of a HILV half space.

The boundary conditions imply that no SII waves are generated at the boundary,
hence without loss of generality C;; = C,3 = 0. The incident P wave as specified
by (4.2.2) is given in medium V by equations (5.3.3) through (5.3.11). The expres-
sions provide a complete specification of the given general P wave in terms of a
given angle of incidence, 6, , a given angle between its attenuation and propagation
vectors, 7, (0 < [y, | < 7/2), and a given complex amplitude B;.

The assumed incident general P wave is either an inhomogeneous wave with
elliptical particle motion in the x;x; plane or a homogeneous wave with linear
particle motion in the direction of propagation, depending on the degree of inho-
mogeneity, 7, , chosen for the incident wave. Solutions for the reflected P and SI
waves in medium V as specified by equations (4.2.1) and (4.2.2) are given by
equations (5.2.14) and (5.2.15). Notation for the problem of a general P wave
incident on the free surface of a HILV half space is illustrated in Figure (7.3.2).

For the problem of a general P wave incident on a free surface the boundary
conditions (7.1.5) through (7.1.7) permit the complex amplitudes of the displace-
ment potentials for the reflected waves to be solved in terms of the complex
amplitude and complex wave number of the incident general P wave, namely

By/By = [4dydo i — (df — 1) | fe(h), (7.3.3)

D, =D, =0, (7.3.4)
and

Cn/Bi = 4kd,(dj — k%) /g(k), (7.3.5)
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where
g(k) = 4d,dph® + (df — K2 (7.3.6)

for
g(k) # 0. (7.3.7)

With the complex wave number £ for the incident general P wave given by

1 +x —1+y
SN (Y [ TSRS SRS TN P | REPPS
ViPp 1+ xup 1+ xup l

which for an elastic half space reduces to

k=-""sino,, (7.3.9)
VHP

where yp, = \/ 1+ Qppsec?y, and yyp=/1+ Qpp, the propagation and
attenuation vectors as specified by (5.2.5) and (5.2.6) for the incident and reflected
waves are completely determined upon specification of the angle of incidence 0, , the
degree of inhomogeneity y,, , and the circular frequency w for the incident general P
wave together with the material parameters for Vas specified by kp or vy» and Qph.
Hence, the propagation and attenuation vectors for the reflected general P and SI waves
are determined in terms of those for the incident general P wave, from which it follows
that (7.3.3) and (7.3.5) provide the desired solution for the complex amplitude of the
reflected general P and SI waves in terms of that given for the incident general P wave.

The existence of solutions (7.3.3) and (7.3.5) confirms equality of the complex
wave number £ in the assumed solutions for the incident and reflected waves as
specified by (4.2.1) and (4.2.2). Hence, the components of phase propagation and
maximum attenuation parallel to the boundary for the incident and reflected waves
are equal, that is,

kr = Re[Ky,x] = |Py,|sinby, = |P,,|sinb,, = |Py,|sinbs,  (7.3.10)
and

—ky = —Im[Ky,] = |4y, |sin[0g, —yy,] = |4,,]sin(0,, = 7,,] (7.3.11)
= ’2452’ Sin[9¢2 - V¢,2]7

establishing Generalized Snell’s Law for the problem of a general P wave
incident on the free surface of a viscoelastic half space, as stated for medium V' by
Theorem (5.2.22).

For a non-trivial incident wave B;#0, so equations (7.1.5) and (7.1.7) imply
2(k)#0. As for the problem of an incident SI wave, roots of equation (7.3.6) will be
shown to specify k for a Rayleigh-Type surface wave. Hence, this result shows that
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a general P wave incident in a plane perpendicular to the free surface does not
generate a Rayleigh-Type surface wave. Also, boundary-condition equation (7.2.3)
shows that no Type-Il S waves are generated by a P wave incident in a plane
perpendicular to the interface.

It follows, as for the corresponding welded-boundary problem, that 6, = 0y,
and y;, =7,,. Hence, for the incident and reflected P waves, the reflection angle
equals the angle of incidence and their degrees of inhomogeneity are equal.

The conditions of homogeneity and inhomogeneity for the waves reflected
from the free surface for an incident general P wave are the same and the proofs
are similar for the reflected waves in medium V by Theorems (5.3.22) through
(5.3.25). In brief, the reflected P wave is homogeneous if and only if the incident P
wave is homogeneous. Theorem (5.3.24) indicates that the SI wave reflected from the
free surface of a HILV half space is homogeneous if and only if Q5% = Q). These
results indicate that for elastic media the reflected SI wave will be homogeneous for
all angles of incidence, but for anelastic Earth-type media where Q% # Oy} the
reflected SI wave, in general, will be inhomogeneous for all angles of incidence.

The degree of inhomogeneity of the reflected SI wave in anelastic media will be shown
to increase with angle of incidence and hence the phase velocity of the reflected SI wave
will decrease, the maximum attenuation will increase, and fractional energy loss and
other characteristics will be shown to vary with angle of incidence. As Q% # Q) inan
anelastic Earth the preceding results show that SI waves generated by a P body wave
incident on the free surface, in general, are inhomogeneous. As a result the degree of
inhomogeneity and physical characteristics of the reflected SI wave are dependent on the
angle of incidence and the degree of inhomogeneity of the incident P wave.

In the case of an elastic medium, a normally incident P wave does not generate an
S wave upon interacting with the free surface. However, in the case of a vertically
incident inhomogeneous P wave in anelastic media, a shear wave is reflected from
the free surface. The proof of this result is similar to that for the problem of a
vertically incident inhomogeneous SI wave.

A volumetric strain sensor near the surface will detect the incident P wave and the
corresponding P wave reflected from the free surface. The fact that 65, = 64, and
V¢, = Vo, for the incident and reflected P waves implies that the total radial and vertical
components of displacement and the total volumetric strain due to the incident and
reflected P waves may be written using equations (3.10.10), (3.10.11), and (3.10.29) as

URg,x T URy,x
AvVa® + b?
URy,z T URy,:

AVE D

= Fp, [sin 6y, ] cos[¢(1) + yp — Qpy[sin 0] + 0],  (7.3.12)

= Fp, [cos 0y, ] cos[s(1) + yp — Qpg [c0s Oy ] + @], (7.3.13)
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and
M: |kp|cos[s(t) —wp — /2 + @], (7.3.14)
AV @ + b
where
A = |Bykp| exp[—Ay,- 7], (7.3.15)
(1) =wt — Py, x —1m/2, (7.3.16)
¢ =tan"'[b/al, (7.3.17)
a =cos dy + Rcos d>, (7.3.18)
b =sin d| + Rsin dy, (7.3.19)
R= % exp[—(dg, — Ag, )+ 7], (7.3.20)
dy = —Py,- + arg[B kp|, (7.3.21)
dr = —Py,. + arg[Br kp|. (7.3.22)

These expressions show that the total of the components of displacement for the
reflected and incident P wave differs from that for the volumetric strain only in an
amplitude modulation factor and a phase shift that depend on degree of inhomo-
geneity and the angle of incidence of the incident P wave. Hence, depending on
characteristics of interest simultaneous inferences of displacement (7.3.12),
(7.3.13), and volumetric strain (7.3.14) can permit deduction of additional charac-
teristics of the wave fields and local material properties.

7.3.2 Numerical Model for Low-Loss Media (Pierre Shale)

Quantitative results for the problem of a P wave incident on the free surface of an
anelastic half space provide insight for interpretation of displacements and volu-
metric strains as might be inferred from sensors at or near the surface.

The theoretical problem of a general P wave incident on the free surface of an
arbitrary viscoelastic half space is illustrated in Figure (7.3.2). Physical characteristics
of the P and SI waves reflected from the free surface can be specified by (7.3.3) and
(7.3.5) in terms of the given parameters of the incident wave. Reflection coefficients
for the problem of an incident P wave can be defined in a similar way to those for the
problem of an incident SI wave. For brevity, the definitions are not repeated.

To easily compare numerical results with those previously computed for an
incident SI wave, the incident P wave is assumed here to be homogeneous and the
material parameters chosen for the half space are those for a low-loss material
corresponding to Pierre Shale or weathered granite (see Table (7.2.43)).
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Figure (7.3.23). Emergence angles for phase propagation for reflectied P and SI
waves (a), inhomogeneity and parameter ys for the reflected SI wave (b) due to a
homogeneous P wave incident on the free surface of a low-loss anelastic half space
corresponding to Pierre Shale.

The assumption of homogeneity for the incident P wave implies that the reflected
P wave is homogeneous. As a result angles of emergence for phase and energy flux
are equal to the angle of incidence for the reflected P wave (Figure (7.3.23)a). In
addition, phase and energy velocities are equal to that of the incident homogeneous
wave and constant as a function of angle of incidence.

The different amounts of intrinsic material absorption for P and S waves in Pierre
Shale imply the reflected SI wave is inhomogeneous for all non-normal angles
of incidence. The degree of inhomogeneity, the y parameter, and the angle of
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Figure (7.3.24). Energy reflection and total interaction coefficient (a) and
individual interaction coefficients (b) for the reflected P and SI waves due to an
incident homogeneous P wave on the free-surface of a low-loss anelastic half space
with parameters corresponding to Pierre Shale.

emergence for phase and energy, as calculated using the computer code WAVES, are
shown for the reflected SI wave in Figure (7.3.23). The degree of inhomogeneity of
the reflected SI wave increases asymptotically toward a maximum value less than
16° (Figure (7.3.23)b) and the parameter y,,, does not differ significantly from unity
as the angle of incidence approaches grazing incidence (Figure (7.3.23)b).
Consequently, for the problem under consideration the physical characteristics of
the reflected waves can be described using the low-loss expressions for homoge-
neous waves as specified by (3.7.6) through (3.7.43).
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Figure (7.3.25). Reflection coefficients for maximum displacement (a) and
volumetric strain (b) for the P and SI waves generated by a homogeneous P
wave incident on the free surface of an anelastic half space with parameters
corresponding to Pierre Shale (Table (7.2.43)) .

Energy reflection and interaction coefficients are shown in Figure (7.3.24). The
coefficients indicate that the largest conversion of incident P to SI energy at the
boundary occurs for an angle of incidence of about 60° with no conversion of energy
atnormal and grazing incidence (see Ry, Figure (7.3.24)a). The coefficients indicate
that the energy flow normal to the boundary due to the interaction of the incident
P wave with the reflected P and SI waves (/Cp, ICs;) and the interaction of the
reflected waves (/Cpg;) is small (<0.2%; Figure (7.3.24)b). Hence, the coefficients
indicate that for this problem the majority of the incident energy for each angle of
incidence is transported away from the boundary by the reflected P and SI waves.

Amplitude and phase reflection coefficients for the maximum displacement and
volumetric strain, defined with respect to the maximum particle motion of the incident
wave as they were for the incident SI wave problem, are shown in Figures (7.3.25) and
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Figure (7.3.26). Phase shifts for maximum displacement (a) and volumetric strain
(b) for the P and SI waves generated by a homogeneous P wave incident on the free
surface of an anelastic half space with parameters corresponding to Pierre Shale
(Table (7.2.43)).

(7.3.26). The reflection coefficients for maximum particle motion (Figure (7.3.25)a)
imply that the reflected SI wave vanishes for normal and grazing incidence. The
amplitudes of the reflected P and SI waves at an intermediate angle (~50°) are nearly
equal and are about 80 percent of those of the incident P wave. The phase shifts for
the maximum displacement for the reflected P and SI waves change by less than 2° as
the angle of incidence varies from normal to grazing incidence (Figure (7.3.26)a).
The volumetric strain associated with the reflected P wave as normalized by the
maximum displacement amplitude of the incident P wave varies by less than 20
percent with angle of incidence (Figure (7.3.25)b). The dependence of the volu-
metric strain amplitudes on angle of incidence is similar to that of the maximum
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Figure (7.3.27). Reflection coefficients for the radial and vertical components of
displacement for the reflected P wave (a) and the reflected SI wave (b) generated by
a homogeneous P wave incident on the free surface of an anelastic half space with
parameters corresponding to Pierre Shale (Table (7.2.43)).

displacement of the reflected P wave (compare Figures (7.3.25)a and b). This result
might be expected because the amount of energy flow due to interaction is small.
The phase shift for volumetric strain of the reflected P wave (Figure (7.3.26)b)
varies by less than 2° as a function of angle of incidence from the 180° phase shift
introduced by reflection from the free surface.

Amplitude and phase reflection coefficients for the horizontal (radial) and vertical
components of motion for the reflected P and SI waves are shown in Figure (7.3.27).
They indicate the relative contributions of the displacement components of the
reflected waves to the total horizontal and vertical components as might be inferred
from measurements on radial and vertical seismometers. The coefficients indicate
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displacement for the reflected SI wave generated by a homogeneous P wave

incident on the free surface of an anelastic half space with parameters
corresponding to Pierre Shale (Table (7.2.43)).

that the horizontal component of motion for the reflected SI wave exceeds the
horizontal component for the reflected P wave for angles of incidence less than
about 60° (Figures (7.3.27)a and b). Consequently, for such angles of incidence the
reflected energy as detected by a horizontal radial seismometer could be expected to
be comprised of motion due to both the reflected SI and P waves with the reflected
SI being somewhat larger. In contrast, a vertical seismometer would be expected to
respond primarily to the reflected P wave with the vertical component of motion for
reflected P only approaching the size of that for reflected SI as grazing incidence is
approached, where the reflected vertical amplitudes become vanishingly small. As a
result of the reflected P wave being homogeneous the horizontal and vertical
reflection coefficients for the reflected P wave are simply the maximum reflection
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coefficient modulated by the sine and cosine functions, respectively. Variations in
phase shifts for the horizontal and vertical components of the displacement for the
reflected SI wave are less than 2° for the reflected SI wave as a function of angle of
incidence (Figure (7.3.28)).

7.4 Incident General SII Wave

The simple problem of a general Type-II S wave incident on the free surface with
particle motion parallel to the boundary and perpendicular to the plane of incidence
may be readily solved in a manner analogous to that for an SII wave incident on a
welded boundary. Solutions for the displacement field of the assumed incident and
reflected general SII waves are given by (4.2.26), where the amplitudes of the incident
SI and P waves are set to zero. The general incident SII wave is completely specified
by (5.4.2) through (5.4.8) for a given angle of incidence, 6,,,, a given angle between its
attenuation and propagation vectors, y,, (0 < ‘yu | ‘ <m/2), a given complex amplitude
D, and circular frequency w. The assumed incident general Type-1I S wave is either an
inhomogeneous wave or a homogeneous wave depending on the degree of inhomo-
geneity, 7, , chosen for the wave. In both cases the particle motion of the incident wave
is linear parallel to the interface and perpendicular to the direction of propagation. The
solution for the reflected Type-II S wave in medium V'is given by (4.2.26).
Parameters for the incident and reflected SII waves are illustrated in Figure (7.4.1).
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Figure (7.4.1). Diagram illustrating notation for directions and magnitude of
propagation and attenuation vectors for the problem of a general Type-II S wave
incident on the free surface of a HILV half space.

The boundary condition of vanishing stress at the free surface immediately
implies from (7.1.6) that the complex amplitude of the reflected general SII wave
equals that of the incident general SII wave, that is,
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Dy = D,. (7.4.2)

Hence, the boundary conditions are satisfied with the assumed solutions for the
incident and reflected general SII waves showing that no P or Type-1 S waves are
generated by the incident SII wave. This solution establishes equality of the com-
plex wave number k in the assumed solutions. Hence, with & given by (5.4.9) and
(5.4.10) the propagation and attenuation vectors for the reflected general SII wave
are completely determined upon specification of the angle of incidence 6,,, the
degree of inhomogeneity y,, , and the circular frequency w for the incident general SI
wave together with the material parameters for V as specified by kg or vyg and
Q7% These expressions and equality of the complex wave number k for each of the
solutions yields the components of Generalized Snell’s Law, namely,

kr = |P,|sin6,, = |P,|sin6, (7.4.3)
or
kp _siny, _ sinbu, (7.4.4)
o |||
and
—ky = | A, | sin[0, —7,,] = |4y sinf0, —7,.], (7.4.5)

which indicate that the apparent phase velocity and apparent attenuation along the
boundary of the general reflected SII wave equal those of the general incident SII
wave. It follows that 6,, = 6,, and Yuy = Yuy> hence the reflected SII wave is
homogeneous if and only if the incident SII wave is homogeneous.

Results concerning energy flow derived for the problem of an SII wave on a
welded boundary ((5.4.27) through (5.4.58)) are valid for the problem of an SII
wave incident on a free surface with the understanding that the normal component of
energy flux across a free surface is zero. For brevity, the results are not restated here.

7.5 Problems

(1) For the problem of a homogeneous SI wave incident on the free surface of a
viscoelastic half space,
(a) show that the reflected P wave is homogeneous if and only if the amount
of intrinsic absorption for a homogeneous shear wave equals that for a
homogeneous P wave (i.e. Ok = Opyb) and the angle of incidence
satisfies sin® 0, < vie/Vips
(b) describe Generalized Snell’s Law for the reflected SI and P waves.
(2) For the problem of a homogeneous SI wave incident on the free surface
of a viscoelastic half space with parameters corresponding to Pierre Shale
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(Table (7.2.43), sketch graphs showing the dependence on angle of incidence
for the reflected P wave of the

(a) degree of inhomogeneity,

(b) emergence angles for directions of phase propagation, maximum
attenuation, and energy flux,

(c) reciprocal quality factor,

(d) tilt of the particle motion ellipse,

(e) ratio of minor to major axis of the particle motion ellipse,

(f) normalized vertical energy flux associated with reflected SI, reflected P,
and interaction of each of the incident and reflected waves,

(g) normalized maximum displacement amplitude, and

(h) normalized volumetric strain.

(3) For the preceding problem,

(a) find the angles of incidence for which the amplitudes of horizontal and
vertical displacement and volumetric strain are the largest,

(b) determine the magnitude of Q5!, the ratio of minor to major axis for
particle motion ellipse, and normal components of energy flow at the
boundary at angles of incidence determined in part (a), and

(c) compare the values determined in part (b) for the reflected inhomoge-
neous P wave with corresponding quantities for a homogeneous P wave
in the same material.
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Rayleigh-Type Surface Wave on a
Viscoelastic Half Space

The problem of a surface wave on a half space is solved by determining if steady-state
solutions describing wave fields concentrated near the surface can be chosen such that
the boundary conditions are satisfied. This problem was first solved for an elastic half
space by Rayleigh (1885). The solution and corresponding numerical results pre-
sented here are for a viscoelastic half space (Borcherdt, 1971, 1973b, 1988).

8.1 Analytic Solution

The postulated surface wave on a viscoelastic half space is specified by considering
solutions for superimposed inhomogeneous P and SI solutions as specified in
(4.2.1) and (4.2.2) with propagation in the +X; direction, with attenuation away
from the free surface in the +X3 direction, and with the same complex wave number
k assumed for each solution. Selection of solutions to represent these assumptions is
most easily accomplished by setting

Bl =Cp=Cy=Cy=0 8.1.1)

in (4.2.1) and (4.2.2) then by defining
b, =\/k> —k} = id, (8.1.2)
and

by = \/ K> — k§ = idp, (8.1.3)

where “v/ is understood to represent the principal value of the square root, which
ensures that the real part of the corresponding complex number is not negative. With
these conventions the solutions for the P and SI components of the postulated
surface wave are

206
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¢ = by = Brexp [i(wz . 12¢2.7)] (8.1.4)
and
7 = iy = Coy exp [i(a)t - 12,,2.7)})22, (8.1.5)
where
Ky, = Py, —idy, = kX —ib,%s (8.1.6)
K,, =P, —id,, =k —ibys, (8.1.7)

and the corresponding propagation and attenuation vectors are given by

Py, = kg1 + by, %3, (8.1.8)

P,, = kg% + by, %3, (8.1.9)
and

Ay, = —k%) + oy, (8.1.10)

Ay, = —ki %1 + by, 5. (8.1.11)

Choice of the principal value for the square root in the definitions of b, and bg
implies b,, > 0 and bg, > 0. This choice ensures that the direction of attenuation
for the chosen solutions is in the 4+X3 direction and hence, the chosen solutions
represent a wave concentrated near the surface.

Solutions (8.1.4) and (8.1.5) for viscoelastic media differ from those chosen by
Rayleigh for elastic media. The directions of the propagation and attenuation
vectors for each of the postulated component solutions for viscoelastic media are
not necessarily confined to be parallel and perpendicular respectively to the free
surface as they are for elastic media. The directions and magnitude of these vectors
for each of the component solutions will be implied by the condition of vanishing
stress at the free surface. It will be shown that for anelastic media these vectors are,
in general, not parallel and perpendicular to the boundary.

For the postulated surface wave disturbance, the boundary condition of vanishing
stress at the free surface may be expressed in terms of the assumed displacement
potential solutions with propagation in the +x; direction as

Py =M2¢ 5+, —ys) =0 (8.1.12)

and
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4
P33 = <K+§M> (P11 +d33) +2M (w33 — dyy) =0. (8.1.13)

Substitution of (8.1.4) and (8.1.5) into these expressions implies the parameters of
the assumed solutions must satisfy

2ibyk By = (2k* — k) Cx (8.1.14)
and
(2% — k3) By = —2ibg kCs). (8.1.15)

These two equations involve three complex unknowns, &, B,, and C,,, and hence
provide a unique solution for two of the parameters in terms of a third. Assuming
Cy, # 0 and solving the second equation for B,/C,, implies

By —2ibgk

_ — . 8.1.16
Cyn 2k —k; ( )

Substitution of this result into the first equation yields
by k> = (2K> — K2). (8.1.17)

Solution of (8.1.17) for k& will establish that a solution for the postulated surface wave

exists. Substitution of the solution for & into (8.1.16) will provide the solution for the

amplitude of the P component of the solution in terms of that for the SI component and

hence the solution for the physical characteristics of the postulated surface wave. For

convenience, the solution for the quantity & for a viscoelastic half space is termed the

solution for the complex apparent wave number for a Rayleigh-Type surface wave.
For k& # 0 roots of (8.1.17) are the same as roots of the rationalized equation

k2 k2 k2N
4\/1_k_§\/1_k_§:( _k_g) (8.1.18)

Squaring each side of the equation introduces extraneous roots, but permits the
equation to be written as a cubic polynomial, namely

K2\ k2 k2\ (k2 k2
(k—§> —8<k—§> + <24— 16k—;2’><k—§> — 16(1 —k—§> =0. (8.1.19)

This equation may be written in terms of complex velocities by defining ¢ = w/k and
using definitions (3.1.5) and (3.1.6) as

3 2 2 ’
(Ao )) 0 )-e oo
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This equation for viscoelastic media termed here the complex Rayleigh equation
differs from the equation for elastic media derived by Rayleigh (1885, p. 7) in that
the velocities are complex. Hence, the equation is a cubic polynomial with complex
coefficients. The set of roots of this equation includes those for which the coeffi-
cients are real as a special case. It will be shown that complex roots of the equation
corresponding to anelastic media imply significantly different physical character-
istics for the corresponding surface wave than those for a Rayleigh wave on an
elastic half space with roots that are real numbers.

The Fundamental Theorem of Algebra implies the cubic polynomial (8.1.20) has
three roots in the complex field, not all of which are necessarily unique. The solution
of the equation is provided in Appendix 4. Roots of this cubic polynomial with
coefficients in the complex field are given by

(GG

. (8.1.21)
_ 2 Vv 13 G L 8
_p(=q_ /(1 p ~(-1 4 ° P
3(72 <2> +<3) w4y forj=123
where
8 2
ng— 16[3—, (8.1.22)
a
272 8087
=— — —— 1.2
4=55 - 33 (8.123)
and
u = exp[2zi/3]. (8.1.24)

The roots specified by (8.1.21), which in turn satisfy the original equation (8.1.18)
together with the solutions (8.1.4) and (8.1.5), provide the analytic solution for the
postulated surface wave on a HILV half space. Roots that satisfy (8.1.19), but do not
satisfy (8.1.18), are extraneous. The wave represented by the analytic solution is
referred to as a Rayleigh-Type surface wave on a HILV half space to distinguish it
and its distinctly different physical characteristics from that derived by Rayleigh for
an elastic half space. Results for an elastic half space will follow as a special case.

A lemma useful in determining which root specified by (8.1.21) is the appropriate
root of (8.1.18) for a Rayleigh-Type surface wave is

Lemma (8.1.25). If y; = c2/p? for j=1,2,3 as given by (8.1.21) is a root of
(8.1.20) and |y_,~| <1, then y; = cz/ﬁ2 is a root of complex Rayleigh equation
(8.1.18) and in turn a solution for a Rayleigh-Type surface wave on a HILV half space.
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The proof of this lemma is provided in Appendix 5.
A result which shows that the roots of (8.1.20) as derived by Rayleigh are a
special case of a larger class of viscoelastic solids, namely those for which

Qs = Qup» is
Theorem (8.1.26). If Qx = Qb then the root c2/p? of the Rayleigh-Type surface
wave equation (8.1.18) is a real number that satisfies inequalities 0 < c¢*/ B2 < 1.

To prove this result, assume Q% = Q5. then (3.5.8) and (3.5.9) imply /*/o
may be written as

-2 e
ﬁj_(@)”\/HQHsl—lQH}o_@ (8.1.27)
o L1+ 03 1 105 Vi

which shows that 2 /a? is a real number and hence the coefficients of equation
(8.1.20) are real. If f1 ((12 /B 2) is used to represent the left-hand side of (8.1.20), it
follows that (0) < 0 and f(1) > 0, hence equation (8.1.20) has a real root ¢2 />
satisfying 0 < ¢2/f* < 1. Hence, Lemma (8.1.25) implies the desired conclusion
that ¢2 /47 is a root of equation (8.1.18).

2
Vip

8.2 Physical Characteristics

Physical characteristics of a Rayleigh-Type surface wave on a viscoelastic half
space are derived in this section for comparison with those inferred as a special
case for an elastic half space.

8.2.1 Velocity and Absorption Coefficient

The magnitude of the velocity (wave speed) and the absorption coefficient for a
Rayleigh-Type surface wave along the surface are given by

vp = w/kg (8.2.1)
and
ap = —k1. (822)

The wave speed and absorption coefficient may be written in terms of the appro-
priate root ¢/f for a Rayleigh-Type surface wave as

—1
_ B Xns — 1 B
VB = Vus <R€ |:;:| + \/ﬁlm |:E:| ) (823)
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and

7 p Xns — 1 p
ag = ‘AHS‘ <Re [E} — \/ﬁ Im [E} ), (8.2.4)

where x5 = 1/1+ Q% and vys, aps = ’EHS

(3.5.5), absorption coefficient (3.6.6), and reciprocal quality factor for a homoge-
neous S wave (3.5.2). Expressions (8.2.3) and (8.2.4) follow immediately from the
relation for any two complex numbers z and z; that

2R _ CH _ ﬁImH (8.2.5)

Z1 Z1g Z1

Ksp _ s =1 (8.2.6)
kSR Xus +1

8.2.2 Propagation and Attenuation Vectors for Component Solutions

, and Q represent the speed

and the identity

The solutions (8.1.4) and (8.1.5) suggest that the propagation and attenuation
vectors for the component solutions for a Rayleigh-Type surface wave on an
anelastic half space form acute angles e and e, with respect to the free surface
(see Figure (8.2.11)) given by

VB
taney = —by, [k, = —b,”;

(8.2.7)
and
VB
tane, = _bﬁl/kR = _b/}lg' (8.2.8)

Similarly, the attenuation vectors for the component solutions form acute angles
dy and d,, with respect to the normal to the surface as given by

—kl ap
tandy = =—, (8.2.9)
bag  bay
—k; ag
tand, = — = -—. 8.2.10
' bﬂR bﬂR ( )

For an elastic half space b,, = bg, = k; = 0, hence the propagation vectors (8.1.8)
and (8.1.9) are parallel and perpendicular, respectively, to the undisturbed free
surface. For an anelastic half space, the propagation and attenuation vectors for
the component solutions cannot be perpendicular, because such a wave cannot
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Figure (8.2.11). Notation and relative orientations for the P and SI solutions
comprising a Rayleigh-Type surface wave on a viscoelastic half space.
Inclinations of the propagation and attenuation vectors with respect to the
horizontal and vertical, respectively, result in volumetric strain and displacement
components showing an exponentially damped sinusoidal dependence on depth
which does not exist for elastic media.

propagate in an anelastic medium as stated in Theorem (3.1.18). In addition, it is
possible to show that, for an anelastic medium, both of the propagation vectors cannot
be parallel to the free surface. A proof of this result is provided by Borcherdt (1973b).

The directions of the propagation and attenuation vectors as indicated by (8.2.7)
through (8.2.10) are indicative of significant distinctions in the displacement field
for a surface disturbance on an anelastic half space as opposed to that derived by
Rayleigh (1885) for an elastic half space (Borcherdt, 1973b). Inclinations of the
various vectors as given by (8.2.7) through (8.2.10) for anelastic media will be
shown to imply variations in amplitude with depth, tilt of the particle motion ellipse,
and other displacement field characteristics not predicted by elastic models.

8.2.3 Displacement and Particle Motion

The physical displacement field is given from (3.1.1) in terms of the displacement-
potential solutions by

iix = Re[Ve +V x 7. (8.2.12)

Substitution of solutions (8.1.4) and (8.1.5) into (8.2.12) together with identities in
Appendix 2 allow the components of the physical displacement field for a Rayleigh-
Type surface wave to be written as
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URx, = ‘B2k| exp[kal]

eXP[—bo,X3] sin [t — kx| — by,x3 + arg[kBy]]
ey , (8.2.13)
I
exp[—bpraxs) sin [wt — kgxy — bg,x3 + arg[(k2 + bﬁ)/kﬂ + arg[ng]}
and
URxy = |sz| exp[k;xl]
- f exp|—b,x3] sin {a}t — kgrx1 — by,x3 + arg[b,Bs] + %}
(kz + bj’ (8.2.14)

+ eXp[fbﬁR.X:;} ’

2|byk|

sin {wt — krxy — bg,x3 + arg {(k2 + b/%) /bﬂ] + arg[B,] + %]
where £ is given by (8.1.17). These equations simplify to

ury, = D explkyxi] (Fsinfo? + f; 4+ gj] + Gysinfor + f;+ g3])  (8.2.15)

for j = 1,3 upon introducing notation

D= ’sz‘,
bl _|bal
= — = = F
Fl exp[ baRx3]7 3 |k| [ b(le3] |k| Iy
|2 + bj| _ |+ 83 k]
_ B ™ TRl
=——7" —b G —b =——Gy,
1 2‘k2| exp[ ﬂRx3]7 3= 2‘kb ‘ exp[ ,HR'X3] ‘bﬂ‘ 1
) .o
fi = —kpxi +argkBa],  fi=fi+3, (8.2.16)
b,
g1 = —by;x3, g13 = —by,x3 + arg [?}
k* + by k* + by
831 = —bp,x3 +arg 2 , 833 = —bp,x3 +arg by .
Equation (8.2.15) may be further simplified to
Uy, = D explkpxi](Hysin ot + f; + ) forj=1,3 (8.2.17)

with the additional notation defined as follows



214 Rayleigh-Type surface wave

Hy = \[F? + G? +2F,Gycos[gy; — g3 (8.2.18)
and

Fysin[gy;] + G;sin[gy]
Fjcos|gi;] + Gjcos|[g)]

G = tan”!

] for j=1,3. (8.2.19)

The form of equation (8.2.17) shows that the normalized component amplitude
distributions at a fixed time “#”” when the corresponding amplitude at the surface is a
maximum are given by

H;(x3)
H;(0)

cos [g;(x3) — (0)] for j=1,3. (8.2.20)

For an elastic solid this equation reduces to

Pgl{fg))cos[Gf(xg)—@(O)]:% forj=1,3. (8221

Equation (8.2.20) shows that, in general, for anelastic solids the normalized amplitude
distributions show a superimposed sinusoidal dependence on depth. Equation (8.2.21)
shows that for elastic solids the amplitudes do not show this sinusoidal dependence.
The maximum amplitudes during a cycle of oscillation normalized by the corre-
sponding maximum during a cycle of oscillation at the surface are given by

H;(x3)

for j=1,3. (8.2.22)
H;(0)

For elastic solids, this expression is the same as the amplitude distribution for a fixed
time 7 (8.2.21).

The components of the physical displacement field, (8.2.17), may be written as a
pair of simple parametric equations in terms of the absorption coefficient for a
Rayleigh-Type surface wave as given by (8.2.2) as

Ury, = D exp[—apxi|H;(x3)sin¥p(1) (8.2.23)
and
Ure, = D exp[—apxi|H3(x3) cos[0p(1) + S(x3)] (8.2.24)
upon introducing additional definitions

193([) = wt —|—f1(X1) =+ ¢ (X3) and S(X3) = §3(X3> — §1(X3>. (8225)
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These parametric equations describe the motion of a particle in space with respect to the
chosen coordinate system as a function of time during the passage of a Rayleigh-Type
surface wave. They indicate that the particle motion for a Rayleigh-Type surface wave
traces an ellipse with time whose properties are stated explicitly in the following theorem.

Theorem (8.2.26). The motion of a particle as a function of time as described by
parametric equations (8.2.23) and (8.2.24) for a Rayleigh-Type surface wave on a
HILV half space describes an ellipse with characteristics that,

(1) the direction in which the particle describes the ellipse with time is

(a) retrograde (counter clockwise) if cos[S(x3)] >0,
(b) prograde (clockwise) if cos[S(x3)] < 0, and
(c) linear if cos[S(x3)] =0,
(2) the tilt ng of the major axis of the ellipse with respect to the vertical axis (x3)
is given by

. Hy H, ,
2sin S A S fH +H
tan[2n,] = o (x3)/ (Hl H3> L Hy # Hy , (8.2.27)

71,'/4 1fH1:H3

(3) the ellipticity of the ellipse defined as the ratio of the lengths of the principal
axis is given by

VAT, (8.2.28)

where
A" = Acos’ ng+ Bsinngcosny + Csin’ 15, (8.2.29)
C' = Asin’ 5y — Bsinyzcosny + Ccos’ 1, (8.2.30)
and
1
A= - (8.2.31)
(D exp|—agx|H;(x3) cos[S(x3)])
2 in[S
B= . sinfS(xa)l (8.2.32)
(D exp[—apx1])”Hi(x3)H3(x3) (cos[S(x3)])
1
C= (8.2.33)

(D exp[—agx|Hs(x3) cos[S(x3)])*

The characteristics of the particle motion described by Theorem (8.2.26) are derived
in Appendix 6.
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An additional parameter useful for describing characteristics of the particle motion
for a Rayleigh-Type surface wave as a function of depth is a parameter termed here
Axis Ratio. 1t is defined here for later reference as the reciprocal of the ellipticity with
the algebraic sign of cos[S(x3)] superimposed, specifically the Axis Ratio is defined by

/

T sign
Theorem (8.2.26) indicates that if the Axis Ratio is positive, negative or zero, then
the corresponding particle motion orbit is retrograde, prograde, or linear. Parameters
describing the particle motion ellipse as given by (8.2.18), (8.2.27), and (8.2.28) are
illustrated in Figure (8.2.35).

Axis Ratio = [cos[S(x3)]]- (8.2.34)

—~
Hs

Figure (8.2.35). Diagram illustrating parameters of particle motion ellipse for a
Rayleigh-Type surface wave (see text).

The definitions of the parameters in the parametric equations indicate that para-
meters H, = H(x3), H3 = H3(x3),and S = S(x3) are dependent on depth (x3).
This depth dependence together with (8.2.27) shows that for general viscoelastic
media the tilt of the particle motion ellipse varies with depth.

For an elastic half space,

0 for F; + G;>0
gi=0, ¢=

T for F} + Gj <0
S=g—g, np =0, A=A, and C' = C.

fori=1,3and j=1,3,
(8.2.36)

Hence, an immediate corollary of Theorem (8.2.26) for elastic media is
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Corollary (8.2.37). The motion of a particle as a function of time as described by
parametric equations (8.2.23) and (8.2.24) for a Rayleigh surface wave on an
elastic half space is an ellipse with characteristics that

(1) the direction in which the particle describes the ellipse with time is retro-
grade (counter clockwise) at the surface to a depth at which F\ + G; =0
and prograde for all depths below this depth,

(2) the tilt ng of the major axis of the ellipse with respect to the vertical axis is
zero for all depths, and

(3) the ellipticity of the ellipse defined as the ratio of the lengths of the principal
axis is given by

H;/H, = |(F; + G3)/(F1 + G})|. (8.2.38)

An important distinction in the characteristics of the particle motions for a Rayleigh-
Type surface wave on an anelastic half space as compared to a Rayleigh wave on an
elastic half space is that for anelastic media the particle motion ellipse shows tilt with
respect to the vertical that varies with depth. For anelastic media tilt of the particle
motion ellipse can also be shown to vanish, but only at the free surface for the special
case of viscoelastic solids in which the amount of absorption for homogeneous P
waves equals that for homogeneous S waves, which is of course a class of viscoelastic
solids that includes elastic solids as a special case. Establishment of this result follows
from the following result.

Theorem (8.2.39). If Q7% = Qb for a HILV half space, then the tilt of the particle
motion ellipse of a Rayleigh-Type surface wave is zero at the free surface i.e. ny = 0
at the free surface.

To prove this result assume Qpk = Qpb, then Theorem (8.1.26) implies
gi=0 and F,+G;>0 fori=1,3 and j=1,3. (8.2.40)

Hence, definitions (8.2.17) and (8.2.25) imply the desired result that the tilt vanishes
at the free surface, that is 7, = 0 at the free surface.

8.2.4 Volumetric Strain

The volumetric strain associated with the passage of a Rayleigh-Type surface wave
must be due to that associated with the P component of the solution, because the
requirement that V.« i = 0 (3.1.2) immediately implies that the contribution due to
the SI component of the solution vanishes. Hence, the expression for the volumetric
strain of a Rayleigh-Type surface wave is given by (3.10.29), where £ is interpreted
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as the root of equation (8.1.17). The desired expression for the volumetric strain
written in the form of (8.2.23) as initially derived by Borcherdt (1988) is

AR(Z) = |D‘ exp[—anI]HA()Q) Sil’l[’ﬂA(l‘)] (8241)
where
Ha(xs) = 'f ‘/—3’\/@\ eXp|[—bay 3] (8.2.42)
3 ﬁ p R )
Ua(1) = ot + fi(x1) + alx3), (8.2.43)
sa(x3) = wg — 2pp + arg [%] — boyx3 — /2, (8.2.44)
D = |kB,|, fi = —kgrx| + arglkBs], (8.2.45)

and ¢/p is the appropriate root of (8.1.18) for a Rayleigh-Type surface
wave.

Equation (8.2.41) shows that the volumetric strain for a Rayleigh-Type surface
wave on a viscoelastic half space is attenuated along the surface with absorption
coefficient az and confined to the surface by H,. Comparison of (8.2.41) with
(8.2.23) shows that the volumetric strain may be represented as the radial compo-
nent of displacement with a depth-dependent scale factor H, (x3)/Ha(x3) and phase
shift ¥5(t) — J4(). Similarly, a depth-dependent scale factor and phase shift are
apparent for the vertical component of displacement. Equations (8.2.41) and
(8.2.23) provide a complete description of the volumetric strain and displacement
components for a Rayleigh-Type surface wave on a HILV half space as might be
inferred from corresponding collocated sensors.

The volumetric strain at depth, normalized by the maximum at the surface at time
tm, 1s given from (8.2.41) by

AR([m)

— exp|—b, by x3), 8.2.46
Arg (i) eXp[—boyx3] €OS [ by, X3] ( )

showing that the normalized volumetric strain has an exponentially damped sinu-
soidal dependence on depth for anelastic media. This sinusoidal dependence for
anelastic media is associated with the inclination of the propagation and attenuation
vectors for the component P solution as can be easily seen by rewriting (8.2.46)
using definitions (8.2.7) and (8.2.9); that is,

Ar(ty)

(6]
= exp|—apx3/tandy| cos| —— (tan ey )x3|. 8.2.47
Ay (1) pl—agx3/ ] [ VB( s) 3] ( )
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For elastic media b,, = 0, so (8.2.46) shows that the volumetric strain has no
superimposed sinusoidal dependence on depth. In addition for elastic media,
(8.2.25) and (8.2.43) show that

Ia(t) = 0p(t) — /2 (8.2.48)
and

_ [0 ifF+G>0 -
S(x3)—{7[ ifFj+Gj<o} for j=1,3, (8.2.49)

so the phase of the volumetric strain lags the phase of the radial component of
displacement by 7/2 down to a depth at which F; + G; = 0. The phase of the
volumetric strain lags the phase of the vertical component of displacement by =
down to a depth at which F; + G3 = 0.

8.2.5 Media with Equal Complex Lamé Parameters (1= M)

The assumption of equal complex Lamé parameters provides considerable simpli-
fication in some of the formulae describing a Rayleigh-Type surface wave. The
simplification provides additional insight into characteristics of the surface wave on
anelastic media versus those of the wave on elastic media.

The assumption of equal complex Lamé parameters implies a number of identities
between the various material parameters and the parameters for P and S waves as
stated in (3.8.1) through (3.8.14). The identity > /a®> = 1/3, (3.8.5), when substituted
into (8.1.20) shows that coefficients of the equation for a Rayleigh-Type surface wave
are real. In fact, the resulting equation is the same as that for elastic media with
Ag = M. Hence the roots of the equation are the same. Substitution of > /a*> = 1/3
into the general expressions for the roots of (8.1.21) in the complex field shows that
the roots are given by

4 forj=1
yi=412+2/V/3 forj=2 ;. (8.2.50)
2-2/v/3 forj=3

These roots are the same as those derived for elastic media with equal real Lamé
parameters (see for example Bullen, 1965, p. 90). Substitution of each value of y; into
(8.1.17) or application of Lemma (8.1.25) shows that y3 = 2 — 2/1/3 = 0.845299 is
the desired root of the equation for a Rayleigh-Type surface wave. Substitution of this
root into (8.1.17) also shows that for solids with equal Lamé parameters

2 —1
k* = (2 —7§> kg =1.1830k,. (8.2.51)
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Hence, the magnitudes of the velocity and absorption coefficient for a Rayleigh-
Type surface wave are given in terms of those for corresponding homogeneous S
and P waves to four significant decimals by

vp = kﬂ =0.9194 vgs = 0.5308 vgp (8.2.52)
R
and
ap = —k; =1.0877 apys = 1.8839 ayp, (8.2.53)

where ayg = |/_f us| and agp = |/_f up|- These expressions show that the speed and
attenuation of a Rayleigh-Type surface wave along the surface of the given half space
are less and greater, respectively, than those for corresponding homogeneous S and P
waves.

Recalling Vis interpreted herein to indicate the principal value of the square root
(8.2.51) implies

b, =0.9218 kg (8.2.54)
and
by =0.4278 k. (8.2.55)

Hence, the expressions for the propagation and attenuation vectors for the compo-
nent P and SI solutions of a Rayleigh-Type surface wave may be expressed in terms
of those for a corresponding homogeneous S wave to four significant decimals as

Py, = 1.0877 kg %1 + 0.9218 ks, %3, (8.2.56)
P,, = 1.0877 kg, %1 + 0.4278 kg, %3 (8.2.57)
and
Ay, = —1.0877 ks, %1 + 0.9218 ks, %3, (8.2.58)
A, = —1.0877 ks, %) + 0.4278 ks, %3, (8.2.59)

where kg, < 0 and kg, > 0 implies the propagation vectors are inclined toward the
surface and the attenuation vectors are inclined into the solid as intended.

The acute angles that the propagation and attenuation vectors for the component
solutions make with respect to the free surface and the vertical, respectively are
given from (8.2.7) through (8.2.10) by

tan ey = —by, [k, = —0.8475 ks, /ks,, (8.2.60)
tan ey = _b/}l/kR = —0.3933 kS]/kSRa (8261)
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tandy = —k;/bg, = —1.1800 kg, /ks,, (8.2.62)
and
tand, = —k;/bg, = —2.5425 ks, /ks,,. (8.2.63)

These relations show that the angles the propagation and attenuation vectors for the
component P and SI solutions of a Rayleigh-Type surface wave make with respect to
the surface and the vertical, respectively, are related by

taney, = 2.1547tane, = 0.7182tand, = 0.3333tand, = —0.8475kg, /ks,.
(8.2.64)

Identities (3.6.13), (3.6.14), (3.6.22), and (3.6.25) imply

—k aysv
S _ AHSVHS _ |

kSR w B

(8.2.65)
Hence, for anelastic media with kg, # 0 the acute angles specified in (8.2.64) must
satisfy

0<e, <2147, 0<e, <e,<40.28°, (8.2.66)
and

0 <dy <49.72°, 0<dy <d,<68.53°. (8.2.67)
For elastic media kg, = 0, hence the acute angles are given by

e, =ep=dy=d,=0. (8.2.68)

With the angles between the corresponding propagation and attenuation vectors for
each of the component solutions given in terms of the acute angles by

Vo = /2 —dy + ey (8.2.69)
and
Yy =m/2—d, +e,, (8.2.70)

the inequalities (8.2.66) and (8.2.67) for the acute angles immediately imply for
anelastic media

Y <7V <7/2, (8.2.71)
40.28° <y, < 90°, (8.2.72)
21.47° <y, < 90°, (8.2.73)
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and for elastic media

These results for anelastic media with equal Lamé parameters establish the relative
orientations of the propagation and attenuation vectors for the component solutions
of a Rayleigh-Type surface wave as illustrated in Figure (8.2.11). For anelastic
media they reconfirm that the propagation and attenuation vectors for the compo-
nent P and SI solutions cannot be parallel and perpendicular to the free surface as for
elastic media. They show that the angles the propagation vectors make with respect
to the free surface for the component P and SI solutions can be no larger than 40.28°
and 21.47°, respectively, for any anelastic solid with equal Lamé parameters. They
show the angles the attenuation vectors are inclined with respect to the vertical can
be no more than 68.53° and 49.72°, respectively. They show that for such solids the
degree of inhomogeneity y, of the component P solution exceeds the degree of
inhomogeneity y,, of the component SI solution. For anelastic media the degree of
inhomogeneity for the component P solution can be no smaller than 40.48° and that
for the component SI solution no smaller than 21.47°.

The complex amplitudes of the component P and SI solutions for a Rayleigh-
Type surface wave on a HILV half space are related upon substitution of (8.2.51),
(8.2.54), and (8.2.55) into (8.1.14) or (8.1.15) by

B, = —i0.6812 Ca. (8.2.75)

Explicit expressions for the particle displacements and volumetric strain for
a Rayleigh-Type surface wave on a HILV half space with equal Lamé parameters
may be expressed in terms of those for a homogeneous S or a homogeneous P wave.
Substituting (8.2.51) into (8.2.13) and (8.2.14) then simplification with (3.6.13),
(3.6.16), and (3.6.22) yields the following expressions for components of the
particle motion in terms of those for a homogeneous S wave:

2
sy = 1.0877 |Bo| = # exp [ — 1.0877 aysxi]
HS HS

exp {—0.9218 ViHSx{|

sin [a)l — 1.0877 Vix1 +0.9218 aysxs — wg + arg[Bz]} (8.2.76)
HS

—0.5773 exp [—0.4278 i}g}
VHS

sin [a)l — 1.0877 Vﬁxl +0.4278 agsxs — ws + arg[Bz]}
HS
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2
gy, = 1.0877 |B2|v%s # exp[—1.0877 aysx1]
HS

—0.8475 exp [0.921814
VHS

sin [a)l - 1.08771}1)61 +0.9218 agysxs — wg + arg[B,] + g}
HS

+1.4679 exp [—0.4278234
VHS

sin [a)t - 1.0877ix1 +0.4278 aysxs — yg + arg[B,] + q

VHS 2
(8.2.77)
1
where aps = —ks, = vil—Qi——;S
HS HS

Similarly, the expression for volumetric strain (8.2.41) of a Rayleigh-Type
surface wave on a half space with equal Lamé parameters may be written explicitly
in terms of the material parameters for a corresponding homogeneous shear
wave as

2 2
A1) =0.3333|By| oS exp|—1.0877 apsx; exp—0.9218—x;
vizs 1+ xus VHS

sin [wt — 1.0877vix1 +0.9218 agsxs — 2y g + arg[B,] — 7r/2} .
HS

(8.2.78)
At the free surface the expressions for the components of the particle motions and

the volumetric strain simplify to

2
gy, =0.4597 | By| v% # exp[—1.0877 azsxi]
H HS

(8.2.79)
sin [a)t - 1.0877ix1 —ys+ arg[Bz]}
VHS
2
gy, =0.6748 | By| — Hﬂ exp[—1.0877 azsxi]
VHS X1s (8.2.80)

sin [a)t —1.0877-2 %) — g + arg[Bs] + E],
VHS 2
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and

20° XHS
AR(Z) = 03333’BQ|TT exp[—l.O877aHSx1]
Viis 1T Xus (8.2.81)
sin |t — 1.0877ix1 — 2y + arg[B,]| — /2.
VHS

These expressions immediately imply that at the surface of a HILV half space
with equal Lamé parameters passage of a Rayleigh-Type surface wave implies

(1) particles at the free surface describe a retrograde elliptical orbit with time,

(2) the ratio of the major to minor axis of the ellipse is 1.4679,

(3) the vertical axis of the particle motion ellipse is perpendicular to the undisturbed
free surface, that is, there is no tilt of the particle motion ellipse at the free surface,
and

(4) the amplitude and phase of the volumetric strain are readily related to those of
the radial and vertical components of displacement as indicated.

The preceding results are valid for both elastic and anelastic solids with equal
Lamé parameters. For low-loss anelastic solids ypyg~ 1, wg=~ Q,‘,ls /2, and
ags ~ wQ;,g /(2vys). Substitution of these expressions into (8.2.76) through
(8.2.81) allows the expressions for the amplitude and phase of the particle motion
components and the volumetric strain to be simplified further.

For elastic media agg = Qzlg = 0, so the components of the particle motion and
the volumetric strain simplify to

gy, = |Ba|1.0877 (exp [—0.921814 —0.5773 exp [—0.42781x3D
VHS VHS VHS

sin [a)t — 1.0877ix1 + arg[Bz]] ,
VHS

(8.2.82)

U, = |Ba|1.0877— (—0.8475 exp [0.921814 + 1.4679 exp [—0.42781x3D
- VHS VHS VHS

sin [wt - 1.0877ix1 + arg[B,] + n]

VHS 5 ’
(8.2.83)
and
6()2 w . w
Ag(t) = 0.3333|By| —— exp [0.92183@] s1n[a)t — 1.0877 — x| + arg[B,] — n/Z}.
Vis VHS VHS
(8.2.84)

The expressions for the particle motion for elastic media agree with those presented
by Ewing, Jardetsky, and Press (1957, p. 33).
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8.3 Numerical Characteristics of Rayleigh-Type Surface Waves

Quantitative descriptions of the physical characteristics of a Rayleigh-Type surface
wave are readily deduced from the analytic expressions derived in the previous
section as a function of the appropriate root of the complex Rayleigh equation
(8.1.20) and the material parameters of the corresponding HILV half space. The
appropriate root of (8.1.20) is the one of the three roots described by (8.1.21) which
Lemma (8.1.25) implies must satisfy 0 < |¢*/f*| < L.

In choosing parameters to characterize the response of the material it is desirable to
choose general parameters so that the results are applicable to any viscoelastic model
once the particular frequency dependence of their moduli is specified. Towards this
end consideration of (8.1.20) shows that the material response is characterized in the
equation by / @, which may be written from (3.5.8) through (3.5.11) as

-2 Cn

,3_2:<V121S>1+\/1+QH51—ZQH}D 8.3.1)
. 71 . .

a? 1+ 1+021— Qs

Hence, the material response could be characterized in terms of v7g/vip,

Qb and QL. Alternatively, defining a parameter corresponding to Poisson’s
ratio for elastic media, namely,

2
Vip

3Kr — 2Mp
2(3Kg + Mg)

and loss in shear and bulk as Q% = M;/ Mg and Qg' = K;/ Kz allows /)’2/oc2 to be
written as

(8.3.2)

o

,8_2: 1+i05%
a2 2(14+0 NS
(1_20>(1+1QK)+

This equation suggests computation of the roots and hence the physical char-
acteristics of a Rayleigh-Type surface wave as a function of the material parameters
o, Ons, and Og'. An additional useful relation involving the elastic Poisson’s
ratio in terms of the elastic P and S velocities as specified by (3.5.6) and (3.5.7) is

o= ((V,L,PE/VH&)2 _ 2)/(2(VHPE/VHSQ)2—1). (8.3.4)

The Q! in bulk is related to that for homogeneous S and P waves in terms of ¢ by

1 - 1-2
Ox' =11 (3Q;,L —2<f;) Q;S). (8.3.5)

(8.3.3)

3

. |
Y1+ iom)
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For purposes of theoretical considerations there is no a priori reason to assume
behavior in bulk is related to behavior in shear. With parameters Kg, Kj,
Mp, and M; defined on the interval [0, c0), the elastic Poisson’s ratio is defined
on the interval [—1,0.5). Negative values of Poisson’s ratio are not excluded by
material-stability considerations as pointed out by Love (1944, p. 104), however,
Poisson’s ratio for most materials is non-negative.

Characteristics of the displacement field, particle motion, and volumetric strain
associated with a Rayleigh-Type surface wave as described by (8.2.13) through
(8.2.49) can be computed efficiently in terms of fractions of a wavelength along the
free surface defined by

=—. (8.3.6.)

To derive these expressions a basic term needed for computation of the quan-
tities defined in (8.2.16) is k/kg. This term is specified in terms of ag/aps and

vg/vus by
k A 1
Xl Y s (8.3.7)
kR 2w aygs VHS XHS+1

which in turn can be expressed in terms of the appropriate root of the complex
Rayleigh equation by (8.2.3) and (8.2.4). The desired characteristics of a Rayleigh-
Type surface wave (8.2.16) expressed in terms of (8.3.7) and fractions of a wave-
length /1 are

_ baR X3 _ ‘ba/kR‘ baR X3 |ba/kR’
F _exp[ ko 27r/J, = e JFer| exp ki 27rjL = Tkl Fy,
(8.3.8)
(K> + b%) /K2
N T N R
22 /K] kx "7
8.3.9
I Rl o] W (539
= —r— | = — ,
’ zﬁﬁ ke A |bﬂ/kR} 1
knkr
fi = —kgxi +arglkBs], £ =/ +g, (8.3.10)

by by/k
g = _Jun, g3 = —’27rx3+arg[ / R}, (8.3.11)
R
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_ bg o x3 (kK +b/§)/k,% o bg o x3 (k* +bﬁ2)/k12z
gﬂ:*kR2n-7+ kz/kl22 ) g33:7kR27[7+arg iﬁ )
krkr
(8.3.12)

where

bﬂ k C2

—:—’/1—— 8.3.13

kR kR ﬁz ( )
and

b k c2

L= ==. 8.3.14

i kx . ( )

Setting x3 = 0 in these expressions allows the properties of the waves to be
calculated at the surface.

8.3.1 Characteristics at the Free Surface

Ratios of the wave speeds and absorption coefficient for a Rayleigh-Type surface
wave on a HILV half space to the corresponding quantity for a homogeneous S wave
in the same material are readily calculated using (8.2.3), (8.2.4), and the root ¢> / B>
of the complex Rayleigh equation (8.1.20), which satisfies 0 < |c2/8%|< 1.
Families of curves for wave speed and absorption coefficient computed over the
complete range of theoretically possible values for Poisson’s ratio are shown in
Figure (8.3.16). The curves are computed for materials with no loss in bulk,
Q0% = 0 and for materials with significant loss in bulk Q' = 1.

For elastic and anelastic solids such that Q' = Oy, (8.3.5) implies

= 07 = O3}p, from which Theorem (8.1.26) implies the appropriate root of
the complex Rayleigh equation is real and hence depends only on o, but not on the
amount of absorption in the material. Consequently, (8.2.3) and (8.2.4) imply the wave-
speed ratio vp/vys and the absorption coefficient ratio ap/ays do not depend on the
amount of absorption. As a result the curves in Figure (8.3.16) corresponding to
0% = Q3 = Oy are valid for both elastic solids and anelastic solids. Curves for
solids with small amounts of intrinsic absorption, say Q55 < 0.1 for Q%' = 0 cannot
be distinguished at the scale plotted from those for solids with Q' = QL.

Tilt, 774, of the major axis of the particle motion ellipse for a Rayleigh-Type
surface wave is specified by (8.2.27). Corresponding families of curves computed as
a function of ¢ for various amounts of absorption in shear and bulk are shown in
Figure (8.3.17). The plots illustrate Corollary (8.2.39), which indicates that there is
no tilt of the particle motion ellipse at the free surface if Q! = Qs = Oy They
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Figure (8.3.16). Ratio of the wave speed (a, b) and absorption coefficient (c, d) for
a Rayleigh-Type surface wave to that for a homogeneous S wave as a function of &
and indicated values of Qs and O

also show that there is no tilt of the particle motion ellipse for values of
o = —1 and ¢ = 0.5 regardless of the amounts of absorption in bulk and shear.
They indicate that the amount of tilt increases in the counter-clockwise direction as
the amount of loss in shear increases relative to that in bulk. They show that the
tilt increases in the clockwise direction as the amount of loss in bulk increases
with respect to that in shear. They indicate for materials with small amounts of
absorption, i.e. Q7! < 0.1, that the magnitude of the tilt for materials with non-
negative elastic Poisson ratio is small and generally less than 2°.
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Figure (8.3.17). Tilt of the major axis of the particle motion ellipse at the free
surface for a Rayleigh-Type surface wave as a function of ¢ for materials with the
indicated amounts of absorption in shear and bulk.

The ratio of the maximum horizontal (radial) displacement, H;(0), to the max-
imum vertical displacement H3(0) as might be inferred from radial and vertical
measurements at the surface is specified by (8.2.18). Families of curves computed as
a function of the material parameters are shown in Figure (8.3.19). They indicate
that the ratio of maximum horizontal to vertical amplitude generally decreases
with increasing ¢ with the exception of cases in which the amount of absorption
in shear is much larger than that in bulk. They indicate that for solids such that

© = Oy = Oyp the ratio is independent of the amount of absorption and
depends only on ¢. This result is also implied by definitions (8.2.18), Theorem
(8.1.26) and (8.3.5) from which it follows that
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2

C
H F 1 2 rY) 2
1(0)=|1+G1’=—C—2 p__ — (8.3.18)
H3(0) |F3—|—G3| 2 I3 c2 a

B

H,(0)/H3(0)

H(0)/H3(0)

Figure (8.3.19). Ratio of the maximum horizontal to the maximum vertical
displacement of the particle motion ellipse at the free surface for a Rayleigh-
Type surface wave as a function of ¢ for materials with the indicated amounts of
absorption in shear and bulk.
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Figure (8.3.20). Axis Ratio for a Rayleigh-Type surface wave as a function of
o for materials with the indicated amounts of absorption in shear and bulk.
Positive values of the ratio indicate that the elliptical particle motion orbit is
retrograde.

and that the ratio depends only on o for this special class of viscoelastic solids. The
curves also show that for solids with no loss in bulk and low loss in shear
deviations of the ratios from that for elastic solids are indistinguishable at the
scale plotted.

Families of curves for the Axis Ratio at the free surface are shown as a function of
the material parameters in Figure (8.3.20). The curves indicate that for the material
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Figure (8.3.21). Normalized maximum horizontal and vertical amplitude for a
Rayleigh-Type surface wave as a function of normalized depth for a range of non-
negative values of g and for two fixed equal amounts of absorption in shear and bulk.

parameters considered, the particle motion for a Rayleigh- Type surface wave at the
free surface is retrograde. As expected for media with Q' s = O7p from
Corollary (8.2.39), the curves are the same as the curves for the ratio of the
maximum horizontal to vertical displacement (Figure (8.3.19). Significant differ-
ences in the two sets of curves are apparent only for materials with large unequal
amounts of absorption in bulk and shear.

8.3.2 Characteristics Versus Depth

Physical properties of a Rayleigh-Type surface wave specified as a function of depth
in terms of fraction of a wavelength are specified by (8.3.7) through (8.3.14).
Families of curves, computed as a function of depth for fixed non-negative values
of o, 0! and Qs, provide useful insight into variations in the physical character-
istics with distance from the free surface.

Normalized maximum horizontal and vertical amplitude is specified as a function
of depth by (8.2.22). Corresponding families of curves computed as a function of
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Figure (8.3.22). Normalized maximum horizontal and vertical amplitude for a
Rayleigh-Type surface wave as a function of depth for media with no absorption
in bulk (QF' = 0), various amounts of absorption in shear (Q; =0, 0.1, 1,
2, 10),0 = 0.25,and 0 = 0.5.

normalized depth and material parameters are shown in Figures (8.3.21) through
(8.3.23). The amplitude distribution curves show

(1) the majority of both the vertical and horizontal amplitude for a Rayleigh-
Type surface wave is concentrated within one wavelength of the free
surface,

(2) for fixed values of ¢ increasing the amounts of absorption tends to concen-
trate the normalized horizontal and vertical disturbances for a Rayleigh-Type
surface wave toward the surface,

(3) the maximum vertical amplitude displacement increases to a maximum at a
depth between 5 and 20 percent of a wavelength,

(4) the maximum horizontal displacements decrease rapidly away from the free
surface assuming a zero value at depths between 10 and 20 percent of a
wavelength, then assume minimum negative values ranging from about 30 to
50 percent of a wavelength,
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Figure (8.3.23). Normalized maximum horizontal and vertical amplitude for a
Rayleigh-Type surface wave as a function of depth for media with a moderate
amount of absorption in bulk (Q' = 1), various amounts of absorption in shear
(Q7s=0,0.1, 1, 2, 10),0 =0.25and ¢ = 0.5.

(5) for fixed values of o and large amounts of absorption (Q x> 1), the horizontal
amplitude distribution oscillates twice through zero within the distance of one
wavelength of the free surface illustrating that the amplitude distributions for
anelastic media exhibit a superimposed sinusoidal dependence on depth,

(6) the difference between corresponding amplitude distributions for low-loss
anelastic media (i.e. Qs < 1; Of' < 1) and those for elastic media increase
with depth to a value less than 2 percent at a depth of two wavelengths,

(7) for elastic solids, the depth at which the normalized horizontal amplitude
becomes negative is the depth at which the orbit of the particle motion
changes from retrograde to prograde,

(8) for anelastic solids the particle motion changes from retrograde to prograde
when the length of the minor axis of the particle motion ellipse vanishes.

The Axis Ratio of the particle motion ellipse is specified as a function of normalized
depth by (8.2.34). Corresponding families of curves computed as a function of depth
for various values of material parameters are shown in Figures (8.3.24) through
(8.3.26). The curves show
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Figure (8.3.24). Axis Ratio for a Rayleigh-Type surface wave as a function of
normalized depth for media with equal amounts of absorption in shear and bulk and
values of 0 = 0.0, 0.25, 0.4, 0.5. Positive values of the Axis Ratio indicate that
the elliptical particle motion orbit is retrograde.

(1) the Axis Ratio decreases rapidly with depth below the free surface indicating
that the orbit of a particle changes from retrograde at the surface to linear then
prograde at depths ranging from 0.1 to 0.44,

(2) for solids with equal amounts of absorption in shear and bulk ( Q=

s = Oplp), which includes elastic media, the curves in Figure (8.3.24))
indicate that the Axis Ratio at each depth does not depend on the amount of
absorption, only on o,

(3) for low-loss solids (Q7s < 1, Qg < 1, O < 1) the Axis Ratio is
approximately equal to that for corresponding elastic media,

(4) for the range of parameters considered, the orbit of particles as a function of
depth changes from retrograde to prograde only once in the depth interval of
two wavelengths,
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Figure (8.3.25). Axis Ratio as a function of normalized depth for a Rayleigh-
Type surface wave in media with no absorption in bulk (Qx' = 0), various
amounts of absorption in shear (Qp % =0, 0.1, 1, 2, 10), ¢ =0.25 and
o=0.5.
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Figure (8.3.26). Axis Ratio as a function of normalized depth for a Rayleigh-Type
surface wave in media with a moderate amount of absorption in bulk (Qx' = 1),
various amounts of absorption in shear (Q;,ls =0, 0.1, 1, 2, 10), 0 = 0.25, and
o=0.5.
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Figure (8.3.27). Tilt of the major axis of the particle motion ellipse for a
Rayleigh-Type surface wave with respect to vertical versus normalized depth
for media with equal small (Q' = Ozk = 0.1) and moderate (Q' = Ok = 1)
amounts of absorption in bulk and shear for the indicated values of
o =0.0, 0.25, 0.4, 0.5.

(5) for solids with ¢ = 0.5 the Axis Ratio is independent of the amount of
absorption in shear and bulk (compare Figures (8.3.25) and (8.3.26).

The tilt 5, of the particle motion ellipse with respect to the vertical is specified as
a function of depth by (8.2.27). Corresponding families of curves computed as a
function of normalized depth for various sets of material parameters are shown in
Figures (8.3.27) through (8.3.29). The curves show

(1) for anelastic media with equal amounts of absorption in bulk and shear
(O = 035 =0.1; O = 0} = 1; see Figure (8.3.27)) the tilt of the
particle motion ellipse exhibits a well-defined dependence on depth below
the surface, o, and the amount of absorption; the magnitude of the tilt rapidly
increases to a maximum value near the surface at depths between about 0.054
and 0.154 for values of 0 < ¢ < 0.5,

(2) for elastic media the tilt of the particle motion ellipse is zero at each depth
regardless of the value of ¢ (see Figure (8.3.28)),
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The volumetric strain for a Rayleigh-Type surface wave for a fixed time as a
function of depth as normalized by the corresponding maximum value at the surface
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Figure (8.3.28). Tilt of the major axis of the particle motion ellipse for a Rayleigh-
Type surface wave with respect to vertical versus normalized depth for materials
with no absorption in bulk (Q%' = 0), various amounts of absorption in shear
(Qps=0,0.1, 1, 2, 10),0 =0.25and ¢ = 0.5.

(3) for anelastic media the direction of the tilt of the major axis of the ellipse is
counter clockwise with respect to the vertical if Q' <QpL and in the
clockwise direction if Q;L<Q%', unless ¢ = 0.5, in which case the tilt

vanishes at all depths (see Figure (8.3.29),

(4) for anelastic media in which ¢ # 0.5 and the amounts of absorption in bulk
and shear are not equal, the tilt with respect to the vertical changes from
counter clockwise to clockwise or vice versa often within a depth of one
wavelength depending on the contrast in absorption between bulk and shear,

(5) for anelastic media with small amounts of absorption (Qx' < 1, QL < 1)
the tilt of the particle motion ellipse reaches its maximum of less than 1.3° ata

depth near the surface of about 0.0754.

is specified by (8.2.46).

2
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Figure (8.3.29). Tilt of the major axis of the particle motion ellipse for a Rayleigh-
Type surface wave with respect to vertical versus normalized depth for materials
with a significant amount of absorption in bulk (Qx' = 1), various amounts of
absorption in shear (Q;,ls =0,0.1, 1, 2, 10),6 =0.25and 6 = 0.5

Corresponding families of curves showing normalized volumetric strain as a

function of depth for various sets of material parameters are shown in Figures
(8.3.30) through (8.3.32). The curves show

(1) volumetric strain associated with a Rayleigh-Type surface wave is concen-
trated near the free surface for both elastic and anelastic media; the maximum
volumetric strain decreases by 50 percent within 0.1 wavelength (0.14) and
by 90 percent within 0.5 wavelength (0.51) of the free surface,

(2) the concentration of volumetric strain towards the surface increases with
increasing ¢, and increasing absorption in shear (Q%) and or absorption in
bulk (O,

(3) for anelastic media with significant amounts of absorption the volumetric
strain may change from dilation to compression or vice versa within the
depth interval of about one-half of a wavelength (see Figures (8.3.31) and
(8.3.32)); these changes are indicative of the sinusoidal dependence of
volumetric strain on depth as indicated in (8.2.47).

0.5 1 15

2
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Figure (8.3.30). Normalized volumetric strain for a Rayleigh-Type surface wave as
a function of normalized depth for elastic media and anelastic media with a
moderate amount of equal absorption in bulk and shear (Qy' = Qg% = 1) for
values of 6 = 0.0, 0.25, 0.4, 0.5.

Particle displacements at a fixed time are illustrated for a Rayleigh-Type surface
wave propagating in the direction of the arrows in media with various amounts of
intrinsic absorption (Figures (8.3.33) and (8.3.34)). Positions of the grid-line inter-
sections illustrate particle positions computed from (8.2.23) and (8.2.24) as norma-
lized by the maximum vertical amplitude at the surface and scaled for purposes of
illustration by factors of 0.1 (Figures (8.3.33)a, b), 0.2 (Figure (8.3.34)a) and 0.3
(Figure (8.3.34)b).

For elastic media the particle positions (Figure (8.3.33)a) illustrate that the
maximum amplitude of the surface wave does not decrease in the direction of
phase propagation. For anelastic media, the particle positions (Figures (8.3.33)
b and (8.3.34)a, b) illustrate that the maximum amplitude does decrease in the
direction of phase propagation with the rate of decrease dependent on the
amount of intrinsic material absorption. The particle positions also illustrate
that particle motion amplitudes rapidly decay in amplitude with depth below
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Figure (8.3.31). Normalized volumetric strain for a Rayleigh-Type surface wave
as a function of normalized depth for media with no absorption in bulk (Qg! = 0),
various amounts of absorption in shear (Q;,ls =0, 0.1, 1, 2, 10), 0 = 0.25 and
o=0.5.

the surface, which is consistent with quantitative results in Figures (8.3.21)
through (8.3.23). Curvature of the vertical grid lines for media with large
amounts of intrinsic absorption (Figures (8.3.34)a, b) is suggestive of the
superimposed sinusoidal dependence of the amplitudes on depth that occurs
for anelastic media, but not elastic media.

8.4 Problems

(1) Show that the propagation and attenuation vectors for the component P and Type-1 S
solutions of a Rayleigh-Type surface wave on a viscoelastic half space are not
parallel and perpendicular to the free surface unless the half space is elastic.

(2) Compare characteristics of the particle motion for a Rayleigh-Type surface wave
on a linear anelastic viscoelastic half space as stated in Theorem (8.2.26) with
those of a Rayleigh wave on an elastic half space as stated in Corollary (8.2.37).
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Figure (8.3.32). Normalized volumetric strain for a Rayleigh-Type surface wave as
a function of normalized depth for media with a moderate amount of absorption in
bulk (Q¢' = 1), various amounts of absorption in shear (QZIE =0, 0.1, 1, 2, 10),
c=025and o =0.5.
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(b) Low-loss media (Pierre Shale)

Figure (8.3.33). Grid illustrating particle displacements at a fixed time for a
Rayleigh-Type surface wave on a half space comprised of (a) elastic media with
=025 and (b) low-loss media (Pierre Shale, o =0.491, QL =0.104,
05 =0.031, 0! = 0.0147; McDonal et al., 1958).



244 Rayleigh-Type surface wave

INNEN|

I
ARAEEE

IENENN|

T2 2L L il s e

y A

IAARRRNY

LWL}
NN ENREEN

J I

AR R R R RARNY
NN NNEENEEEN]

™7 1At 4§
IIIIII'.";['IIIIL,II

I -~
A

(a) Moderate-loss media (water-saturated sediments)
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(b) High-loss media with equal amounts of absorption in shear and bulk

Figure (8.3.34). Grid illustrating particle displacements at a fixed time for a
Rayleigh-Type surface wave on a half space comprised of (a) moderate-
loss media (water-saturated sediments with o =0.497, QL =0.555,

03> = 0.00441, Q' = 0 (Hamilton ef al., 1970) and (b) high-loss media with
c=025and 055 = Q0g' = 1.
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(3) Derive the results of Theorem (8.2.26) pertaining to particle motion orbit and tilt
of the particle motion ellipse as a function of depth for viscoelastic media with
equal complex Lamé parameters, where vyp = V3vys and Q;,}9 = Q;,}J.

(4) Show that the ratio of 8° / a? may be written in terms of the wave speeds (vys, Vip)
and reciprocal quality factors (Qp%, Q) for homogeneous S and P waves as

I (vi,s>1+v1+QH§1—iQ,;}o
il by o]
’ Ly /140, 1 =108

and in terms o and reciprocal quality factors for bulk and shear (Q!, Ops) as

B> 1+i05%
a2 2(1+o o
<1—2a>(l+lel)+

2
Vip

(14i0yy)

3

TN

(5) Forasolid with Q! = 1 sketch the dependences of the normalized wave speed
and absorption coefficient of a Rayleigh-Type surface wave as a function of o
and various amounts of intrinsic absorption in shear (Q). Note that the curves
for normalized wave speed and absorption coefficient for elastic media are a
special case of the curves computed for viscoelastic media with Q¢! = QL.

(6) Sketch curves for Rayleigh-Type surface waves as a function of normalized
depth for solids with Q! = 0, ¢ = 0.25, and QL. = 0, 1, 10 showing

(a) normalized horizontal and vertical amplitude,

(b) Axis Ratio,

(c) tilt of particle motion ellipse, and

(d) normalized volumetric strain.
Describe variations in each characteristic with increasing amounts of intrinsic
material absorption in shear.
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General SII Waves Incident on Multiple Layers
of Viscoelastic Media

The response of a stack of multiple layers of viscoelastic media to waves incident at
the base of the stack is of special interest in seismology. Solutions of the problem
for elastic media with incident homogeneous waves have proven useful in under-
standing the response of the Earth’s crust and near-surface soil and rock layers to
earthquake-induced ground shaking. Solutions are provided here for general (homo-
geneous or inhomogeneous) SII waves incident at the base of a stack of viscoelastic
layers. The derivations of solutions for the problems of incident general P and SI
waves are similar, but more cumbersome. The method for deducing solutions of the
incident P and SI wave problems will be illustrated by those developed here. The
results provided here for viscoelastic media include those derived for elastic media
(Haskell, 1953, 1960). The method used here to derive the solutions for viscoelastic
waves uses a matrix formulation similar to that initially used by Thompson (1950)
and implemented with the correct boundary condition for elastic media by Haskell
(1953).

To set up the mathematical framework for multilayered media consider a stack of
n—1 parallel viscoelastic layers in welded contact underlain by a viscoelastic half
space. Spatial reference for the layers is provided by a rectangular coordinate system
designated by (x, x, x3) or (x, J, z) as shown in Figure (4.1.3) with the plane x; =z=10
chosen to correspond to the boundary at the free surface. The layers are indexed
sequentially with the index of each layer corresponding to that of its lower boundary
as indicated in Figure (9.1.1). Notation for material parameters and various wave-field
parameters as introduced for single-boundary reflection—refraction problems in pre-
vious chapters is extended to the multilayer problem upon introduction of an addi-
tional subscript corresponding to that of the layer as illustrated for the parameters of
the incident waves in Figure (9.1.1). This extension of the notation convention used
for single-layer problems is simple to recall, because the first subscript indicates an
upgoing or downgoing solution ( j= 1, 2) and the second subscript indicates the layer
(m=1, ..., n).

246



9.1 Analytic solution (multiple layers) 247
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Figure (9.1.1). Diagram illustrating notation for the problem of a general Type-II S
wave incident at the base of a stack of viscoelastic layers.

9.1 Analytic Solution (Multiple Layers)

The problem of a general SII wave incident at an arbitrary, but fixed, angle of
incidence at the base of a stack of viscoelastic layers is formulated by assuming
solutions for SII waves in each layer with directions of phase propagation toward
and away from the boundary as specified by (4.2.26) with wave parameters defined
by (4.2.28), (4.2.30), and (4.2.32). These solutions are distinguished for each layer
by attaching the corresponding layer index. Specification of the general SII wave
incident on the boundary of the viscoelastic half space is similar to that for the
problem of a general SII wave on a single boundary. The incident general SII wave
is specified by (4.2.26) through (4.2.32), where the layer index for the half space “n”
is attached to each of the wave parameters except the complex wave number k. As
for the single-boundary problem, application of the boundary conditions implies the
complex wave numbers k for the solutions in each of the layers are the same.
Solution of the multilayer problem is accomplished by using the boundary
conditions of continuity of displacement and stress at each of the welded boundaries
and vanishing stress at the free surface to infer the displacement fields at the free
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surface and for the reflected wave in terms of the given amplitude, phase, angle of
incidence, degree of inhomogeneity of the incident general SII wave, and a given set
of material parameters.

The assumed complex steady-state displacement solution in the m layer is, from
(4.2.26), given by

2
iin(2) = tn(2) %2 = i + fon = > Dinexp|i(@1 = Ky 7) | 52, (9.12)
J=1

where
Ky = Pupn — idum = k31 + (—1) dpus, (9.1.3)
P = kry + (= 1) dpy 3, 9.1.4)
A = —herfy + (=1) dy, 3, (9.1.5)

dpm = principal valuey/ k> — k%, (9.1.6)

and the scalar components of the displacement solutions expressed in terms of the
depth variable, z, are defined as

2
le(Z) = ”lm( ) + u2m E ZDjm GXP{ Aum 77:| eXp [Z<wt - ﬁu,-m' F)}

2
Z )im €XPli wl—kx—(—l)jd/gmz)], (9.1.7)

where uy,, (z) represents the upgoing solution and u,,, (z) represents the down-
going solution and the physical displacement is given by the real part of the
corresponding complex displacement. The complex wave number k, expressed in
terms of parameters of the solutions and the material parameters of the m™ layer is,
from (4.2.26), given by

1 +XSu]«m . . -1 +XSuim
—sin Oy, — 1 T
HSm

_ sin [0, ,, — ”} . (9.18
VHSm 1+XHSm [ ! yj ( )

where y,., = \/ 1+ O3, sec? Vigm A0 Y g, = /1 + O3y, forj=1,2.

Shearing stress acting on planes parallel to the layering in the X, direction in the
 layer may be written, from (9.1.7), using complex notation for steady state in
terms of the assumed displacement solutions as
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ou,,

0z
2
=iMydgy »  Din(—1)7"" expli(ar — kx — (—1)/dg, 2)]

J=1

:l.Mmdﬂm(M]m(Z) - l/lzm(2>). (919)

P32m (Z) - zym(Z) =M,

These expressions imply that the complex displacement and shearing stress in the
m™ layer at the m— 1 boundary, z = z,, _;, are given by

um(zm—l) - ulm(zm—l) + uZm(Zm—l) (9110)
and
zym(Zm—l) — iMm dﬂm(“lm(zm—l) - u2m(zm—l))a (9111)

and at the m boundary with z=z,,=z,,_ +d,,, they are given by

2
U (Z) = Z Upn(Zm—1) exp[i(—1)" "' d gudly] (9.1.12)
j=1

and
2

Paym(zZm) = —iMudpn > (=1t (zm1) exp[i(=1)" dpud,] . (9.1.13)
=1

For subsequent steps in the derivation it is expedient to recall that the cosine and sine

functions of a complex number ¢ = a + ib are given in terms of the real and imaginary

parts of the complex number by

1, .. ; . .
cos ¢ =5 (e +e™) =cos a cosh b —isin a sinh b,

) (9.1.14)
sin ¢ = 5 (e —e™) =sin a cosh b +icos a sinh b,
the complex hyperbolic functions are given by
cosh ¢ = coslic],
(9.1.15)

sinh ¢ = —isin[ic|,
and Euler’s formula for an arbitrary complex argument ¢ (Brand, 1960, p. 454) is
valid as specified by
e =cosc+isinc. (9.1.16)
Euler’s formula implies that the complex stress and displacement at the m boundary may
be written in terms of complex trigonometric functions with a complex argument as
2

U (Zm) = Z Ui (Zm—1) <cos[dﬁmdm] + i(—l)j“sin[d/;m dm]> (9.1.17)

=

and
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2
pzym(zm) - _iMmdﬁm Z (_l)jujm(szl) (Cos[dﬂmdm] + i(_l)j+1 Sin[dﬁmdm]> .

J=1

(9.1.18)

Rearrangement of the terms in (9.1.17) and (9.1.18) shows that the complex
displacement and stress in layer m on the m boundary is related to the corresponding
quantities on the m — 1 boundary by

pzym (Zm—l )

le(Zm) — Cos{d/)’m dm]um (Zm—l) + Sin[d/)’m dm] M d
mt fm

(9.1.19)

and
pzym(Zm) - _Mmdﬂm Sin[dﬁm dm]um (mel) + COS{d'gm dm] pzym (mel ) (9 1 20)

In matrix notation these equations may be written as

U (Zm) o U (Zm—1)
(pl}’m(zm)) =1t (pZym(Zm—1)>’ (9.1.21)

sin [d/;m dm]
cosldgnd,, —
f, = [9m ] Mydg, . (9.1.22)

— M, d gy, sinfd gd,,]  cosld gud,,]

where f,, is defined by

In layer m — 1 the displacement and stress on the m — 1 boundary may be related to
those on the m — 2 boundary by an analogous equation, where the index m is replaced
by the index m — 1. The boundary conditions at the m— 1 boundary imply that the
displacement and stress at the m boundary are related to those at the m — 2 boundary by

um(zm) _f, um(szl) —1, Um—1 (mel)
pzym (Zm) pzym (mel) zym—1 (mel)
= f,,f, < -1 (Zm-2) ) (9.1.23)

pzymfl (Zm72)

Continuing this procedure shows that the displacement and stress on the m— 1
boundary are related to those at the free surface by

( “'”(Z"”))) - m_lfm_z...fl< 1 (20) ) (9.1.24)

zym(mel pZyl(ZO)
Defining

T S A 3 (9.1.25)
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the elements of (9.1.24) may be written as

Z"m(mel) = Fmflllul (ZO) + Fm*112 zyl (20)7

(9.1.26)
pzym(zm—l) = Fm—121 up (ZO) + Fm—122 Pzy1 (ZO)-

Writing the complex displacement and stress at the m — 1 boundary in terms of the
displacements at the m — 1 boundary corresponding to the upgoing and downgoing
solutions (9.1.10) and (9.1.11) implies

ulm(zm—l) + MZm(Zm—l) - Fm—lllul (ZO) + Fm—llz pzyl(z())a

—i (9.1.27)

ulm(Zm71> - uZm(mel) - m (melzlul (ZO) + Fm*122 pzyl (ZO))'
The boundary condition of vanishing stress at the free surface, namely p.,; (zg) =0,
implies that (9.1.27) may be written in terms of the complex amplitudes of the
solutions in the m™ layer as

Dlm exp[idﬂm mel] + D2m exp[_id/)’m mel] = l:‘mfl“ (Dll + DZI);

i, (9.1.28)
—— (D D).
Mm d/)’m ( n 21)

Dy, exp[id,b’m Zm—l] — Dy, CXP[—idﬁm Zm—l] =
Considering the case that the m™ layer corresponds to the half space, that is m=n,
the preceding two equations readily permit the sum of the complex amplitudes of the
upgoing and downgoing waves at the free surface, D;; +D,;, and the complex
amplitude of the reflected wave D,, to be expressed in terms of the complex
amplitude of the incident general SII wave, namely,

Dy + Dy 2M, dp, .
- dp 2 9.1.29
Dy, F, 1, M,dg, —iF, explidg, z,—1] ( )
and
D,, F, 1 M,dy, +iF,_ .
2 — 1y B +1 151 exp[l 26[/;,,2,,,1}7 (9130)

Dln anllandﬂn _ianlzl

where (9.1.11) and the condition of vanishing stress at the free surface imply
the amplitudes of the upgoing and downgoing solutions in the top layer are equal,
that is

Dy = Dy (9.1.31)

To show explicitly that (9.1.29) and (9.1.30) provide the desired solutions recall
that
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(1) kforthe general SII wave incident in viscoelastic medium # is given from (9.1.8)

by
1 + wn . -1 + wn .
e T e 1 [P INCR =)
VHS), 1+ X sn L+ s,

with g, , = \/ L+ Q% sec?y, , and gy, = /1 + Q3% which simplifies
for an elastic medium # to

k= sin 6y, (9.1.33)
VHSn
(2) ks, from (3.6.13) and (3.6.14) is given by
-1
Kgy = —2— (1 — ZQLS> (9.1.34)
VHSm L+ X rsm

(3) dpgy from (4.2.10) is given by
dpm = \/ k3, — K2, (9.1.35)
and

(4) the complex modulus M, from (3.6.24) is given by

I‘)‘lvz m 1 + m . —
M, — P 2HS 2)CHS (1 + lQH}s,11) (9.1.36)
X HSm

form=1, ..., n.

Substitution of the pertinent material parameters given for each layer, namely
VHSm> Q;,gm, Pm> Ay, and the given parameters for the incident general SII wave,
namely 60,,, 7,,,, and o, into (9.1.32) through (9.1.36) implies that each of the
corresponding parameters, f,,, as defined by (9.1.22) for each layer,and F,,_; =1, _;
f,_»...f; are determined. Hence, (9.1.29) and (9.1.30) represent the desired solu-
tions for the complex amplitude at the free surface and the complex amplitude of the
general SII wave reflected at the base in terms of the complex amplitude (D;,,) of the
incident general SII wave, its angle of incidence (6,,,,), its degree of inhomogeneity
(7,n)> and the material parameters vys, OQ5sms Pm> Ay for €ach of the layers.

Equations (9.1.29) through (9.1.36) show that the amplitude and phase response
of the stack of viscoelastic layers depends explicitly on the intrinsic absorption
Q75,,in each of the layers. In addition, they show that the response varies with angle
of incidence 0,,, and the degree of inhomogeneity y, , of the general SII wave
incident at the base of the stack of layers.

The solution as derived here for multilayered media is valid for any linear
viscoelastic solid. In particular, the solution is valid with the layers chosen to be
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any solid whose constitutive law may be expressed as a combination of springs and
dashpots in parallel and or in series with the type of viscoelastic solid not necessarily
being the same for each layer. A special case of the general solution derived here that
has been used in geotechnical engineering is that in which the incident SII wave is
assumed to be homogeneous and the material in each layer is modeled as a Voight
solid (Kanai, 1950; Kramer, 1996, pp. 268-269). The general solution derived here
may be written readily in terms of the parameters x,, and 7,, for the m™ layer of a
stack of Voight solids (see Tables (1.3.29) and (1.3.30)) upon writing material
parameters Q% and vys,, using (3.5.2) and (3.5.5) as

, n,
o, =2 (9.1.37)
,um
and
® 2
211+ < '7"7>
Moy Hm
VHSm — p_ > . (9138)
T4 /1+ (ﬂ>
Iul’ﬂ

Substitution of these expressions for the material parameters into the general
solutions (9.1.29) and (9.1.30) yields the solution for the special case of a stack of
viscoelastic Voight layers. With the additional assumption that the incident SII wave
is homogeneous the result is easily shown to agree with that derived by Kanai
(1950) and Kramer (1996).

For the case that the incident wave is assumed to be homogeneous, that is
Yuyn = 0, expression (9.1.32) for k simplifies to

-1
=2 <1 - iﬂ> Sin 6, = ks, Sin 6y, 9.1.39)
VEHSn L+ xmsn

so (9.1.35) for dg,, may be written as

dﬂm Y. k%‘m — k= \/k%m B kén Sin2 914171' (9.1.40)

With the additional assumption that the media are elastic with Q% = 0, (9.1.39)
simplifies to the familiar expression for a homogeneous SII (SH) wave incident in
elastic media, namely

k = ks, sin0,,, = Vi $in 0, (9.1.41)
HSn

with

Moy = PV iism: (9.1.42)
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Substitution of (9.1.41) and (9.1.42) into (9.1.29) and (9.1.30) shows that the
equations derived for multilayered viscoelastic media simplify to the corresponding
equations derived for elastic media. (See e.g. equations 4 and 5 in Haskell (1960)
and equations 3.165 and 3.166 in Ben-Menehem and Singh (1981). Their equations
derived for an incident homogeneous SH wave incident on a stack of elastic layers
are easily shown to agree with those derived here in terms of displacement for elastic
media upon realizing that their matrix coefficients were defined for velocity and are
related by F,,_,, = 41 and F,_1,, = iA5;k in notation used by Haskell.)

9.2 Analytic Solution (One Layer)

Consideration of a single viscoelastic layer with n=2 and definitions (9.1.25) and
(9.1.22) imply

COS[dﬂ]dl] Sil’l[dﬁ]dl]/M] dﬂl
=1 = . (9.2.1)
—Mldﬁl sm[d[;ldl] COS[dﬁldl]
from which it follows that (9.1.29) and (9.1.30) simplify to
Dy + Dy 2 exp|idp d,] 92.2)
D, M dg, -
cosdg di| + sin|dp d
[cos dpid)] led,ﬂ [dp1di]
and
M dp
D COS [d/;ldl] — M dﬂ s1n[d/,>1d1]
2 Wid exp [i2dp dy], (9.2.3)
COS [dﬁldl] LA sin[d[gldl]
M dp,
where
L+ xgun . -1+ g .
k=2 Xsu2 sin@,,» — i — TAsw2 sin |:0u12 -7, 2} ,
VHS2 1+ xus 1+ s :
—1
kSm _ w 1 —i QHSm ’
VHSm 1 +XHSm
dgy = kém — k2, (9.2.4)

2o 1
M, =Pt A (14 QL)
X" HSm

_ =2 2
XSM/}’” - \/1 + QHSm sec yujma

Lrsm =\ 1 + O form=1,2andj=1,2.
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Substitution of (9.2.4) into (9.2.2) and (9.2.3) shows explicitly that the surface
response of the single layer and the complex amplitude of the reflected wave depend
on the angle of phase incidence (6,,2) and degree of inhomogeneity (y,,,) of the
incident wave and the material parameters as specified by quality factors and wave
speeds for homogeneous waves and densities, namely Q,}‘Sm,vHSm, and p,,, m=1, 2.

9.3 Numerical Response of Viscoelastic Layers (Elastic,
Earth’s Crust, Rock, Soil)

Equations (9.2.2) through (9.2.4) readily permit computation of the response of the
layer as a function of viscoelastic material parameters and the given parameters of
the incident general Type-II S wave. For purposes of computation it is convenient to
write d;dp,, in terms of a frequency f; as

k2 K nf [k k?
didpy = diks o =T [ (9.3.1)
! : k%S]R k%S]R 2f0 k%lR k%lR

where fj is defined as

. VHSI1
=— 3.2
fo=7 93.2)

and the components of the complex wave numbers & and kg, (m = 1,2) as normal-
ized by the real part of that for a homogeneous S wave are given by

—1
Ksm _ VHS1 (1 N 1M> for m = 1,2, (933)
kSlR VHSm U+ X hsm
kg vasi <\/1 +Xsulz> sin 6, (9.3.4)
ksip  vas2 \ /14Xus2 e

and

ksip e V1 +XHs2

and the ratio of the complex moduli by

ky _ VHS1 (\/ -1 +XS1112> sin |:9u12 - yulzj| ' (935)

M, :p_lvlzm L+ xusi 1 — iQ;I}S‘Z_ (9.3.6)
M, p, v%,sz L+ xpsl — iQ;I}S‘l

Expressions (9.3.1) through (9.3.6) when substituted into (9.2.2) and (9.2.3) provide
explicit expressions for the normalized response in terms of the parameters of
the incident wave, namely the angle of phase incidence 6,,,, the degree of
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inhomogeneity y,,,, the normalized frequency f, /fo, where fy depends on the thick-
ness d; and material wave speed of the first layer vy, and material parameters of
the viscoelastic media, namely the ratio of densities p, /p,, ratio of material wave
speeds for homogeneous waves vysi /vus), and the amounts of material intrinsic
absorption for homogeneous waves as expressed by O, and Q7%,.

For elastic media (9.3.3) through (9.3.6) reduce to

k m
smo_ YHSU oy m=1,2, (9.3.7)
kSlR VHSm
r__ S o g, s, 9.3.8)
ka VHS2
ky
—0, 9.3.9
and
My _pivirs) (9.3.10)

il 2L,
My pyvis

where fo = vys1/4d; represents the lowest frequency of maximum response or the
fundamental frequency of the elastic layer.

To illustrate the influence of various parameters on the response of the layer, the
normalized response to incident SII waves (9.2.2) is calculated as a function of
normalized frequency and one other chosen parameter with the other parameters
held fixed. As a first example, the normalized response of the layer to a normally
incident homogeneous SII wave is shown as a function of the ratio of the material
wave speeds (vysi/vus2) and specified amounts of intrinsic absorption (QQISI,
Q%) that range in the layer from near-elastic (Figure (9.3.11)a) to low-loss
amounts appropriate for a model of the Earth’s crust and near-surface soil-rock
layer (Figures (9.3.11)b, c¢) to non-low-loss amounts appropriate for soft soils
(Figure (9.3.11)d). Considering that variations in density are in part accounted for
by variations in material wave speeds, the ratio of densities for the models is chosen
fixed, p,/p, = 0.9. The calculations illustrate that the amplitude response of the
layer to a normally incident homogeneous wave is frequency-dependent, with local
maxima occurring approximately at odd multiples of fo = vys1/(4d,) for materials
with vy /ves: < 1 and approximately at even multiples for vysi /vus: > 1. The
figures indicate that the amplitudes of the local maxima are approximately constant
as a function of frequency for media that are nearly elastic (Figure (9.3.11)a) and
that they decrease with frequency for increasing amounts of intrinsic absorption or
damping in the layer. They indicate that the response of the layer to a normally



9.3 Numerical response

257

Al
N
5 o

|Du* 021”\01

i
“l:a‘o:‘a
W
0,

N
o o 2

\D11+D21”\D12\

N
[l

Normally Incident Homogeneous Sl Wave
z=0 =X
[ d P, VHsL Qs
=g — - = = -1
Puz2 h Kulz Py,2 U, Ay 2™ 0 P, Ve Qns
0u12 = €u22 =0 ,01/ p,=0.9
Incident Sl Reflected S|
Y

z

Figure (9.3.11). Amplitude response of viscoelastic layers to normally incident
homogeneous Type-II S waves as a function of normalized frequency and the ratio
of material velocities for layers with increasing amounts of intrinsic absorption.

incident homogeneous wave decreases as the material wave-speed ratio vy /vus»
tends toward unity and the amount of intrinsic absorption increases.

To consider the influence of inhomogeneity of the incident SII wave, the response
of the layer to a normally incident inhomogeneous SII wave is calculated for material
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Figure (9.3.12). Amplitude response of viscoelastic layers to normally incident
inhomogeneous Type-II S waves as a function of normalized frequency and the
ratio of material velocities with increasing amounts of intrinsic absorption.

parameters corresponding to near-elastic media (Figure (9.3.12)a), to low-loss media
(Figures (9.3.12)b, ¢), and to non-low-loss media (Figure (9.3.12)d). The plots
indicate that for a chosen large degree of inhomogeneity of y, , = 89.5° for the
normally incident wave, the response of the layer varies with material wave speed and
intrinsic absorption of the layer. The local maxima associated with the fundamental
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mode and higher modes vary as the ratios of material wave speeds vys1 /vys, vary ina
manner not evident for the case of a normally incident homogeneous wave (compare
Figures (9.3.12) and (9.3.11)). However, similar plots (not shown) for smaller amounts
of inhomogeneity, say y,, , = 80°, show that the response for the material parameters
considered is much more similar to that for a normally incident homogeneous wave.
Hence, for these material parameters the influence of inhomogeneity on the response
decreases rapidly with a decrease in the degree of inhomogeneity of the incident wave.
For the range of material parameters considered, the response of the viscoelastic
surface layer to a normally incident inhomogeneous wave shows a significant depen-
dence on inhomogeneity of the incident wave only for large values of inhomogeneity
with the dependence increasing with the amount of intrinsic absorption.

To further consider the influence of inhomogeneity as well as angle of incidence,
the response of the layer is calculated as a function of angle of incidence for low-loss
material parameters appropriate for a firm soil layer overlying rock for chosen
amounts of inhomogeneity of the incident wave of y, , = 0°, —60°, —80°, —86°
(Figures (9.3.13)a, b, c, d). Calculations of the angle between the direction of phase
propagation and energy flux for the incident waves indicate the angles are
Z(ﬁulz, (jmz)) =0°, 0.12°, 0.40°, 0.92°, respectively, for the incident waves
with y, , = 0°, —60°, —80°, —86°. Hence, to ensure that the energy flux asso-
ciated with the incident general SII waves is toward the boundary, as discussed in
Section 6.1.2, model results are calculated only for angles for which 0<6, , <90°,
89.88°, 89.60°, and 89.08°, respectively.

The response of the layer for each incident general SII wave (Figures (9.3.13)a, b,
¢, d) reveals local maxima corresponding to the fundamental and higher modes with
the maximum response for each mode decreasing with increasing frequency. For the
example in which the incident wave is homogeneous (Figure (9.3.13)a), the
response of the layer for each normalized frequency decreases monotonically with
increasing angles of incidence. The response indicates that the vertical energy flux
across the boundary associated with the incident wave decreases as the angle of
incidence approaches grazing incidence for the energy flux of the incident wave.

For the examples in which the incident wave is inhomogeneous (Figures (9.3.13)
b, ¢, d), the response of the layer for each normalized frequency shows a distinct
difference from that for incident homogeneous waves. The response is similar to
that for an incident homogeneous wave (Figure (9.3.13)a) for a lower range in
angles of incidence, but for larger angles of incidence the response increases with
increasing angle of incidence. This important difference in the nature of the response
for incident inhomogeneous waves is explained by an increase in the vertical energy
flux across the boundary as the angle of incidence increases due to energy flow
associated with interaction of the velocity and stress fields of the incident and
reflected waves at the base of the layer (see Section 6.1.2 for additional discussion).
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Figure (9.3.13). Amplitude response of a viscoelastic layer as a function of

normalized frequency and angle of incidence for incident Type-II S waves with
degrees of inhomogeneity of y, , = 0°, —60°, —80°, —86° (a, b, ¢, d).

Calculations (not shown) indicate that the influence of inhomogeneity of the
incident wave begins to be apparent for the chosen material parameters for degrees
of inhomogeneity of —60° and larger in magnitude (Figures (9.3.13)b, c, d). The
figures indicate that the influence of inhomogeneity increases as the magnitude of
inhomogeneity of the incident wave increases with a principal result being an
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increase in the response of the layer for each of the various modes as grazing
incidence for energy flux is approached. The range of angles of incidence over
which the increase in response occurs increases with the degree of inhomogeneity of
the incident wave. Additional calculations (not shown) also indicate that this range
of angles over which the increase occurs increases as the amount of intrinsic
absorption in the layer increases.

(1

@

3)

“4)

9.4 Problems

Use the solution for the response of an arbitrary viscoelastic layer to an incident
inhomogeneous SII wave as specified by (9.2.2) and (9.2.3) to derive the
expressions for the corresponding response if the media are standard linear
viscoelastic solids.

Find the classic solution for a stack of n elastic layers to an incident homo-
geneous SII wave using the general solutions (9.1.29) and (9.1.30) derived for
an arbitrary stack of n viscoelastic layers.

Sketch curves from Figure (9.3.11) showing the response of a single layer as a
function of normalized frequency for vysi/vus: = 0.1 to a vertically incident
homogeneous SII wave for near-elastic (055 = Q% = 0.000 01), low-loss
(Qp% = 0.05;05%, =0.02) and non-low-loss media (Q = 0.2;0pk, =
0.1). Describe the dependence of the response on the amount of intrinsic absorp-
tion in the layer.

Sketch curves from Figure (9.3.13) showing the response of a single low-loss layer
as a function of normalized frequency for an incident SII wave at angles of
incidence of 6,,, =0° and 6, ~ 85° with degrees of inhomogeneity of
Yu2 = 0% 7,0 = —060° and y,, = —80°. Describe the dependences of the
response on angle of incidence and degree of inhomogeneity of the incident wave.
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Love-Type Surface Waves in Multilayered
Viscoelastic Media

In 1911 Love first established the solution for surface waves with horizontal particle
motions in elastic media comprised of a layer over a half space. He showed that
solutions for SII (SH) waves with attenuation perpendicular to the boundary could
be found that satisfy the boundary conditions. A solution is presented here for the
problem of multiple viscoelastic layers overlying a viscoelastic half space. The
solution for the postulated surface waves is found by showing that a complex wave
number & can be found such that assumed plane-wave solutions in each of the layers
and in the half space satisfy the boundary conditions at the free surface and at the
interfaces between the layers and the half space.

10.1 Analytic Solution (Multiple Layers)

To specify the problem consider n—1 layers over a half space with notation
specifying the media and boundaries as shown in Figure (9.1.1) for the problem
of an incident SII wave on a stack of n—1 layers. Without loss of generality,
solutions in each of the layers as specified by (9.1.2) through (9.1.7) are rewritten

in terms of
bg = principal valuey/k* — k% = idp, (10.1.1)

where “principal value V' ” denotes the principal value (4.2.13) of the square root.
Assuming that the solutions in the m™ layer are of this form implies that bg,,,, > 0
and hence the direction of attenuation for the chosen solutions is unambiguously
specified with respect to the +X3 direction.

The plane-wave solution assumed for the m™ layer (1 <m <n) written in terms of
bﬁm 1S

262
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2 2
Un(2) = up(2)X2 = E Ujy Xy = g Dj, exp [i(a)z — Ky r)}fcg
J=1 J=1

) (10.1.2)
= ZD,-m exp {i(wt —kx — (—l)Hlib/;mz)})%z,
j=1
where
Ky = P — iy = k31 +i(—1)7" by %3, (10.1.3)
ﬁu_,m = kR)Acl + (_1)jbﬂm,)%3a (1014)
Aum = —ki%1 + (—1) g X3, (10.1.5)

with the solution for the half space specified by m =n and D;,,=0. Choice of these
solutions assures that the attenuation vector for the solution in the half space is
directed in the +x3 direction into the half space away from the free surface.
Application of the boundary conditions of vanishing stress at the free surface and
continuity of stress and displacement at the boundaries allows the derivation used to
derive (9.1.28) to be repeated using the solutions assumed here. Hence, the complex
displacement at the boundary of the half space is related to that at the free surface by

D>y, exp[—bguzu—1] = Fu1,, (D11 + D2y) (10.1.6)
and

_anlzl

My by (D11 + Day), (10.1.7)

DZn CXP[—bﬂnanl] =
where the condition of vanishing stress at the free surface implies from (9.1.9),
(10.1.1), and (10.1.2) that
Dy = Dy (10.1.8)
Hence, for non-trivial plane-wave solutions

_Fn—lzl
Mn b/)’n ’

Fﬂflll = (1019)

where F,, _ =f,_,f,_, ... f; and

Sil’l[—ibli’m dm]
—iMy b |- (10.1.10)
iM,y, by sin[—ibg, d,,]  cos[—ibgy d )

—ib mdm
. cos|—i by d )
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Hence, if the postulated solutions are to satisfy the boundary conditions for the
posed problem, then the complex wave number & for the solutions must satisfy
(10.1.9). It turns out that an infinite number of values for the complex wave number
k exist that satisfy (10.1.9) with each value dependent on the given frequency of the
wave and the given set of layer thicknesses and viscoelastic material parameters.
The existence of these values establishes that the postulated solutions for a Love-
Type surface wave as specified by (10.1.2) through (10.1.5) satisfy the boundary
conditions as specified for a stack of n — 1 viscoelastic layers overlying a viscoelas-
tic half space. Hence, the solution for a Love-Type surface wave on a stack of n—1
viscoelastic layers is established upon determining the real and imaginary compo-
nents of the complex wave number £ that satisfies (10.1.9). A procedure for finding
the components of &£ will be presented in a subsequent section.

The magnitude of the phase velocity v, and the absorption coefficient a; for a
Love-Type surface wave of circular frequency w are given in terms of the real and
imaginary parts of the complex wave number & by

0]

=— 10.1.11
r (10.1.11)

VL

and
a; = —k;j. (10.1.12)

These expressions indicate that the problem of finding the solution for a Love-Type
surface wave may also be stated as the problem of finding pairs of values for the
wave speed and absorption coefficient (v;, a;) that satisfy (10.1.9) for a given set of
viscoelastic material parameters characterizing each layer and the half space.

Definitions given for the propagation and attenuation vectors of the solutions in
each layer (10.1.4) and (10.1.5) imply that the angles the vectors make with respect
to the horizontal (e,,,) and the vertical () are given by

. . v
tan ey = (—1)7 bpw, /kx = (—1) bﬁm,EL (10.1.13)
and

) (=1)
tandul,m:( )k _ (D) (10.1.14)
' bﬁmR bﬂmR

Hence, the existence of non-vanishing pairs of values (v;, a;) for a Love-Type
surface wave on anelastic media indicates the propagation and attenuation vectors
for the component solutions in each layer are inclined with respect to the horizontal
and vertical, respectively. A vanishing value of ¢, for elastic media indicates that the
attenuation vectors for the component solutions in each layer are perpendicular to
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the free surface and hence the corresponding propagation vectors are parallel to the
free surface, because the only type of inhomogeneous component solution that can
propagate in elastic media is one for which the vectors are perpendicular (see
Theorem (3.1.17)). The inclinations of these vectors for anelastic media imply the
characteristics of the physical displacement field in each layer are different from
those for elastic media.

10.2 Displacement (Multiple Layers)

Assuming that complex values of & can be found such that (10.1.9) can be satisfied,
solution of (9.1.28) rewritten for the problem of a Love-Type surface wave allows
the complex amplitudes of the upgoing and downgoing inhomogeneous solutions in
the m™ layer to be written in terms of the complex amplitudes of the solutions at the
free surface, specifically

F,_
Dy = <Fm111 +Wblﬂ21n> eXp[_bﬁm mel]Dll (1021)
and
F,_
Dy, = <Fm—111 - M, bll;ln> eXp[b/;’m Zm—l]Dlla (10.2.2)

where m > 1. Hence, the complex displacement in the m™ layer expressed in terms of
the complex amplitudes of the solutions at the free surface is given from (10.1.2)
through (10.1.5) by

— 2 -1 ij— 2

Mm(Z) = Dll Z(Fm—lll - (213171)/;121> exp[(_l)‘l+lbﬁn7(2 — Zm—l)]
= m Opm

expli(wt — kx)]xs. (10.2.3)

This expression with m=n and (10.1.9) implies that the complex displacement in
the half space is
L?,,(Z) = 2D11F”,111 exp[k,x — b‘[;”(Z — Z,,,])] exp[i(a)t — kRX)])AQ. (1024)

The complex displacement in the first layer, from (10.1.2) and (10.1.8) is

—

u1(z) = 2Dy coslibp z] exp[k;x] expli(wt — kgx)]X,. (10.2.5)

Hence, the normalized physical displacement in the half space as implied by the real
part of (10.2.4) is
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i,,(z
x(2) = 2‘F,,,1ll ‘ explhix — by (2 — 24-1)]
[ D
sin[w? — kpx + /2 — b, (z — z4-1) + arg Dyy + argF,_y, | %
(10.2.6)
and that at the free surface from (10.2.5), is
%:‘Z(]) = 2 explk;x| sin[wt — kgx + 7/2 + arg Dy;]%,. (10.2.7)
1

Expression (10.2.6) indicates that the physical displacement in the viscoelastic
half space shows superimposed a sinusoidal dependence on depth that decays
exponentially with distance from the interface. It indicates that the displacement
in the half space is out of phase with that at the surface (10.2.7) by an amount
that depends on the thickness of intervening layers and their viscoelastic mate-
rial parameters. It indicates that the physical displacement attenuates with
absorption coefficient a; =—k; along both the interface at depth and the free
surface.

The physical displacement field in the m™ layer as inferred from the real part of
(10.1.2) in terms of the amplitudes of the upgoing and downgoing solutions is

2 2
i (2) = D g% = Y [ Djm| exp[—(=kix + (= 1) by, 2)
J=1 J=1
sin[wt — (krx + (—1)/bgm,z) + arg Dy, + /2] %2 (10.2.8)
Upon introducing notation

Ejm = ‘Djm‘ eXp [(_l)ﬂ_lbﬂmRZ}’

, 10.2.9
gim = (=1)" b,z + arg D, ( :
forj=1, 2, (10.2.8) may be written as
2
il (2) = explkpx] Y |Ejm|sin[of — kpx + /2 + gin] 2 (10.2.10)

=

and further simplified to yield the desired expression for the physical displacement
in the m™ layer, namely,

Umg (z) = explkx|H,, sin[wt — kgx 4+ /2 4 0, X2, (10.2.11)
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where

H, = \/E%m + E%m + 2E 1 Eyy Cos[glm - g2m]7

Elm Sin[glm] + EZm Sin[me] (102 12)

Elm Cos[glm] + E2m Cos[g2m] ‘

Om = arctan[

10.3 Analytic Solution and Displacement (One Layer)

Solutions of (10.1.9) for a Love-Type surface wave in viscoelastic media are most
readily considered for the case of a single layer overlying a half space. For the case
that n =2 (10.1.9) simplifies using (10.1.10) to

—iMlbﬂl Sil’l[—ibﬁldl]
Mzbﬁz ’

COS[—ibﬁldl] = (1031)

or

tan[—ib/;ldl] = —tan[ibﬁldl + 1’171'] = %, (1032)
M, bﬁ]

where for anelastic media the argument of the tangent and the right-hand side
of (10.3.2) are in general complex variables dependent on the intrinsic absorption
of the media. This dependence causes the equations to be more cumbersome to
solve than for elastic media. Using the inverse of the complex tangent function
and an identity in terms of the complex natural logarithm (Kreysig, 1967,
p- 559), (10.3.2) may be expressed in terms of circular frequency in two alternate
forms as

d ikR <arctan[ iMaby 2] Fn )
w—=—I— — T
VL bpi M bp

(2[5 /(1 52a) | 7)
=—j—|[|=In|(1— 1+ nr |.
b/))l 2 M]bﬂ] Mlbﬂl T

Towards deriving solutions of (10.3.3) the right-hand side of the equation can be
expressed in terms of the ratios of wave speeds for a Love-Type surface wave and a
homogeneous shear wave in the first layer, namely v; /vys; and corresponding
ratios for the absorption coefficient, namely a; /ays; using (10.1.11) and (10.1.12).
To derive this result, k/kg may be written using (3.6.14) as

(10.3.3)

k -1
ke g4 v Qus: (10.3.4)
kr ® aps vas1 1+ xusi
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and kg;j/kg as

ki An<iVire: il
Kgj _ Yo Vast (1 —i HS-’VHS’) _vwvms (o, Qs (10.3.5)
kr  vusi vus; 60 VHS| VHS] 1+ xus;

from which it follows that bg;/kg for j=1, 2 may be written as

2
by |k ky |4 O Y ovast (4 Ops
e e~ —i I - A -

R ® Kz amgs1 vast 1 + xpsi VHS1 VHS; + Xus;

(10.3.6)

Identities (3.5.11) and (3.5.9) show that the ratio of the complex shear moduli for the
two media may be written as

M, :/Q"lesz L+ sy 1 =10 s

My pyvig U+ xpsi 1 —i0 s
Hence, substituting (10.3.6) and (10.3.7) into (10.3.3) allows (10.3.3) to be written
as a function of the given material parameters and the ratio for the velocity and
absorption coefficient of a Love-Type surface wave as

d, ar, VL

——F[ O st Q sy —— —} (10.3.8)

VL Aags1 VHSI

(10.3.7)

where the function F[ ] is defined by

-1 2
L ar VL Q usi
— 1
ap v ] ) amsi Vast 1 + xus
= —i

’ Q HS1>» HSZ’ o 2
[ VL Y 751
VHSI L+ xusi

agsi VHSl
[ _iﬂVHszzlﬂLXHszl_iQBgl ]
p1 vasil+ xusi 1 —i0 n

- 2 - 3
arctan (1 v Oy >_< VL VHSI (1 _ Ous )) +
amsi vast 1+ x s VHS1 VHS2 1+ xus

() - )
apsi vast 1+ xpys VHSI L+ xpsi i
(10.3.9)

Hence, for a given set of material parameters p, /p,, Vus2/ Vs, Qf{l?l ,and QI:{}SZ and
a given value of n, (10.3.9) shows explicitly that pairs of values of v, /vys;, and
ar/aps; that yield a non-negative real number for the right-hand side of (10.3.9)
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represent the solution of (10.3.8) for a Love-Type surface wave of circular fre-
quency o and wave speed v; in viscoelastic media with a layer of thickness ;. For a
given set of material parameters the pair of values for v, /vys and a;/ays, that
satisfy (10.3.8) depend on frequency. This dependence of the wave speed on
frequency is termed dispersion.

For elastic media with Q5% = Qx5 = 0, (10.3.7), (10.3.6), and (10.3.5) imply

(i8]

b/;l = 5 - 1= ib/;]I, b/;]R: 0,

Viasi

/ 2
o Vi
b/,)g ] ——=—= bﬁ2R7 b/gzlz 0.
VL VHsz

Hence, the period equations (10.3.3) and (10.3.8) for viscoelastic media simplify to
the familiar period equation for elastic media, namely
-1
. )

2
Edl = 'Ly arctan |22” HSZ\/ \/
VL Vi P1Visi VHsz VHSI
(10.3.11)

showing that for a given value of n, values of the wave speed v; = w/k exist such that
the period equation (10.3.11) is satisfied for values of v; such that vgg <v; <vyss.

The normalized physical displacement field in the viscoelastic half space is given
by (10.2.6) with n=2 as

o |
VL

(10.3.10)

2 (2)
‘DR—11| = 2|F1|]|6Xp[k1X — bﬂ2R(Z — d])]
sin [a)t —kgrx +7/2 —bp,(z — dy) +arg Dy + argFlH]fcz,
(10.3.12)
where F = cos [i b dl]. The corresponding normalized displacement in the
viscoelastic layer is given by (10.2.11) with m=1, as
H,
D0C) _ ool 2T sinfoor — kx + /2 + 81, (10.3.13)
| D D
where
|Du! = \/2cosh[21,.2] + 2cos [2b1,2], (10.3.14)
51 _ tan71 eXp [bﬁlRZ] sin[g”] + eXp [_bﬁlRZ] sin[g21] ’ (10315)
exp [bﬂlRZ} cos[g11] + exp [—b/;le} cos[ga1]
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and
g1 = (—1)-7+1b,3112+argD11 (10.3.16)
forj=1, 2.
For elastic media with Q% = Q% = 0, (10.3.10) implies Fi,, = cos [bﬁl,dl] ,
s0 (10.3.12) yields the familiar expression for the displacement in the elastic half
space as

i, (2) o | v: ) v?
=2cos|—|———1d/|exp|——4 /1 — z—d
| D11 [VL \/ Vsl HEPTY, v%m( ! (10.3.17)

sinfwt — kgx + /2 + arg D] X7,

where vys, <vp <vys,. Similarly, (10.3.10) and (10.3.13) yield the familiar expres-
sion for the displacement in the elastic layer as

171R (Z) = 2|D11‘ CcoS [b[fll Z] sin[a)t — krx + 71'/2 + argD”]fQ, (10318)

where it can be readily shown that

H1 = |D11|\/2 + 2cos [2bﬁ112} = |D11‘2COS [b/gllz] (10319)
and
or = arctan[sm[g”] + sinjga] = arg Dy;. (10.3.20)
cos[gi1] + cos[g]

Comparison of (10.3.17) with (10.3.18) and (10.3.19) together with (10.3.10) shows
that the displacement is continuous across the boundary. In contrast to the situation
for anelastic media, (10.3.17) shows that the displacement in the elastic half space
shows no superimposed sinusoidal dependence with depth and that the displace-
ment at any depth is in phase with that at the surface.

10.4 Numerical Characteristics of Love-Type Surface Waves

Quantitative descriptions of the physical characteristics of a Love-Type surface
wave can be derived from solutions for pairs of values for wave speed v; and
absorption coefficient ¢; that satisfy (10.3.8) for a given set of viscoelastic material
parameters and chosen frequency for the wave. If pairs of values of v; and a; are
solutions of (10.3.8) for a Love-Type surface wave, then the imaginary part of /() as
defined in (10.3.9) must vanish and the real part must be positive, that is

tm (203 Oy 2 )| —0 (104.1)
2

M
aps1 VHSI
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and

Re [F(/’%,Q,;ISMQ,;&,& V—)} >0, (10.42)
2

)
Aags1 VHSI

These conditions suggest an approach towards determining the desired pairs of
vy and a; for a given set of material parameters. They indicate that upon specifica-
tion of an appropriate wave-speed ratio v, /vys, the corresponding absorption-
coefficient ratio a;/apys) can be determined by finding the root of (10.4.1) that
satisfies (10.4.2). Numerical calculations that use the secant method in Mathematica
(Wolfram, 1999) to locate the roots of (10.4.1) show that this approach yields the
desired pairs of v; and a; values for a wide range of viscoelastic materials as a
function of frequency and thickness of the layer.

Quantitative estimates of the absorption coefficient ratio a; /ays; as a function
of the wave-speed ratio v;/vys; for values of the ratio that satisfy
1 <vy/vusi <vmsa/vusi are shown for a given set of viscoelastic material para-
meters for the fundamental mode of a Love-Type surface wave in Figure (10.4.6).
Values chosen for the material parameters needed to solve (10.4.1) are
pr/py = 1.283, vysa/vus) = 1.297, Q;,lsz = 0.01, and a set of values for intrinsic
absorption in the layer as indicated in the figure ranging from low loss
(Op% = 0.01) to significant loss (Qpk =0.5). The curves indicate that the
dependence of the absorption-coefficient ratio on the wave-speed ratio varies
significantly as the amount of intrinsic absorption in the layer increases.

Dispersion curves corresponding to the absorption curves in Figure (10.4.6) are
shown in Figure (10.4.7) for the fundamental mode of Love-Type surface waves.
The plots indicate that for the chosen material parameters, variations in the curves
due to variations in the amount of intrinsic absorption in the layer are most evident
for amounts of intrinsic absorption Q% > 0.1. For low-loss amounts of intrinsic
absorption in the layer with O, < 0.1 the deviations in the curves from those for
an eclastic solid are small and less discernible at the scale plotted. The curve
computed for the special case of elastic media agrees with that previously published
(see e.g. Ewing, Jardetsky, and Press, 1957, p. 213).

The distribution of physical displacement with depth as specified by (10.3.12) and
(10.3.13) can be computed efficiently as a function of depth in units of fractions of a
wavelength along the surface. With the wavelength along the surface defined by
A =2n/kg the normalized maximum amplitude of a Love-Type surface wave,
expressed as a function of depth in terms of fractions of a wavelength, z/4, is given in

the half space by
ih,(2)] bp . dy by (2 dy
max[ D1 ] = 2|cos [z T 2 p exp|—apx — 2=« ke \Z 77 (10.4.3)
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and in the layer from (10.3.13) as

max|id; ,(2)]
| D11

b b
= exp|—a;x| \/ 2cosh [471 ]/;R ﬂ 4 2cos [%%ﬂ . (10.4.9)
For purposes of calculation, fractions of a wavelength, z/A, may be expressed in
terms of wd, /vy, as
z kr 1z wd

== 10.4.5
A 2r  2rmd; vp ( )
1l
-
» 08t
I
<.
3
N
5
L 06}
=
&
[
2
B 04}
o
3
<
kel
]
g
3 02 moden =0
V, Ve =1.297 ~
HSZ/ HS1 QHé]_:O-OS
o2/, ~1283
Qps, =0.01
ol
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
11 115 12 125 13

drmalied W ave Speed (V. /¥ s1)

Figure (10.4.6). Normalized absorption coefficient as a function of normalized
wave speed for the fundamental mode of a Love-Type surface wave in viscoelastic
media with material parameters as indicated.

Hence, a given pair of values of v, /vys and a; /aps that satisfy (10.4.1) and
(10.4.2) when substituted into (10.3.8) yield estimates of wd;/v; and in turn
estimates of dy/A = wd,/v;. As a result the amplitude distribution in the half
space (10.4.3) when specified in units of fractions of a wavelength may be computed
without an explicit specification of the thickness d.
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Figure (10.4.7). Dispersion curves showing the correspondence between
normalized wave speed and wd, /v, for the fundamental mode of a Love-Type
surface wave in viscoelastic media with material parameters as indicated.

The normalized maximum physical amplitude of a Love-Type surface wave is
shown as a function of depth for various amounts of intrinsic absorption in the layer
in Figure (10.4.8). The amplitude distribution corresponding to each value of Qpk,
is that for which the wave-speed ratio v, /vys; = 1.25 and the viscoelastic material
parameters are as indicated.

The curves in Figure (10.4.8) indicate that for the chosen material parameters,
the amplitudes decrease by about 25 percent within a depth of about 17 percent of a
wavelength below the surface. The curves indicate that deviations in the amplitude
distributions due to increases in intrinsic absorption in the layer begin to become
apparent for depths greater than about 20 percent of a wavelength and values of
Q7% >0.1. For depths greater than about 20 percent, the decrease in amplitude with
depth increases with an increase in intrinsic absorption. For the material parameters
chosen, the dependence of the normalized amplitude distribution on depth for
low-loss media (Q,:,ISl <0.1) is nearly indistinguishable at the scale plotted from
that for corresponding elastic media.
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Figure (10.4.8). Normalized amplitude distribution for the fundamental mode of a
Love-Type surface wave in viscoelastic media with material parameters as indicated.

Normalized absorption, dispersion, and normalized amplitude distribution
curves are shown for the first higher mode (n=1) of a Love-Type surface wave in
Figures (10.4.9), (10.4.10), and (10.4.15). These curves for the first higher mode are
computed for the same set of viscoelastic material parameters as in corresponding
Figures (10.4.6), (10.4.7), and (10.4.8) for the fundamental mode.

The curves for the first higher mode in Figures (10.4.9) and (10.4.10) indicate
that for the material parameters chosen, the range of wave-speed ratios v, /vys for
which valid roots of (10.4.1) can be determined, that is valid absorption coefficients
ratios can be determined, is restricted to large amounts of intrinsic absorption
(Qp%; > 0.4) compared with the corresponding range for the fundamental mode.

The normalized absorption coefficient for the first higher mode shows a strong
dependence on Q% in the layer (Figure (10.4.9)). The corresponding dispersion
curve (Figure (10.4.10)) shows a distinguishable dependence on Q7L for media
with Q;Igl > 0.1. The dispersion curve for an equal amount of absorption in the
layer and the half space (Qz% = Q;,lsz = 0.01) is indistinguishable from the
corresponding curve for elastic media.
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Figure (10.4.9). Normalized absorption coefficient as a function of normalized
wave speed for the first higher mode (n = 1) of a Love-Type surface wave in
viscoelastic media with material parameters as indicated.

The normalized amplitude distribution for the first higher mode (Figure (10.4.15))
indicates that at a depth of about 33 percent of a wavelength the amplitude of a
Love-Type surface wave vanishes for elastic media but does not for anelastic media.
For the parameters chosen, distinguishable dependences on Qj, are apparent for
depths near the minimum and maximum values in the distribution at depths near 33
and 66 percent of a wavelength. The largest dependences on Q% are apparent at
depths near and greater than a wavelength.

The procedure used here to derive quantitative estimates of the physical character-
istics of Love-Type surface waves on an arbitrary viscoelastic media with general
material parameters vys;, Q;Igi, p; for j = 1,2 can be readily extended to any particu-
lar viscoelastic solid as might be characterized by combinations of springs and dash-
pots. As an example, if the viscoelastic model for the layer is chosen as a Standard
Linear solid with material parameters z,,, 7, M, and p; and the model for the half'space is
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Figure (10.4.10). Dispersion curves showing the correspondence between
normalized wave speed and wd, /v, for the first higher mode (n=1) of a
Love-Type surface wave in viscoelastic media with material parameters as indicated.

chosen as a Maxwell solid with material parameters y, 7, and p,, then specification of
circular frequency w and these material parameters implies Q,‘{}qj and vyg; for j=1,2
are given in the layer from Table (1.3.30) using (3.5.2) and (3.5.5) by

-1 “)(Te - Tﬁ)
=_~° 1/ 10.4.11
Qs 1 + o?7,1, ( )

and

p1 1+’ (14 o’z
Vasi = (10.4.12)

(=) \
w(Te — Tp
b 1+<(1+w2181p)>

%I—sznrpz 1+<a)(re—rp) ’
)
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and in the half space by
-1 M
= 10.4.13
Ous: o ( )
and
o o A% A%
Pr i + @1 wn wn

Hence, specification of the material parameters for these particular viscoelastic models
together with frequency w allows the general material parameters vy /vsi, p2/p1
and Qj{gj for j = 1, 2 to be determined, from which curves similar to those in Figures
(10.4.6) through (10.4.15) for a Love-Type surface wave can be readily derived.
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Figure (10.4.15). Normalized amplitude distribution for the first higher mode
(n=1) of a Love-Type surface wave in viscoelastic media with material
parameters as indicated.
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10.5 Problems

(1) Use the period equation for a Love-Type surface wave propagating in a layer
over a half space of arbitrary viscoelastic media as specified by (10.3.8) and
(10.3.9) to derive the period equation for elastic media (10.3.11). Similarly, find
the period equation if the media are Voight solids.

(2) Use the period equation for a Love-Type surface wave specified in terms of the
complex shear moduli by (10.3.3) to derive the period equation as expressed in
terms of the wave-speed and absorption-coefficient ratios v, /vysi and az./ags:
and material parameters p,/p,, vusa/vusi, Qs> and Op, as specified by
(10.3.8) and (10.3.9).

(3) Describe each of the steps used to solve the complex period equation as
specified by (10.3.8) and (10.3.9) for a Love-Type surface wave in a viscoelas-
tic layer over a half space.

(4) Sketch curves showing pairs of values for the absorption coefficient ratio and
wave-speed ratio (ar/amsi, v /vus:) that satisfy the complex period equation
as specified by (10.3.8) and (10.3.9) for viscoelastic layers with increasing
amounts of intrinsic absorption, that is Qpk, =0.01, QL =0.02,
Ons = 0.1,and Oz}, = 0.5 for the fundamental mode of a Love-Type surface
wave using the curves in Figure (10.4.6).

(5) Plot values for the absorption-coefficient ratio versus values of Q% = 0.01,
0.02, 0.05,0.1, 0.2, 0.3, 0.4, 0.5 for a fixed value of the wave-speed ratio of
vr/vusi = 1.2 for the fundamental mode of a Love-Type surface wave using
Figure (10.4.6). Describe how the absorption coefficient ratio as plotted in Figure
(10.4.6) varies with increasing amounts of intrinsic absorption in shear of the layer.

(6) Sketch dispersion curves for the fundamental mode of a Love-Type surface
wave showing the correspondence between normalized wave speed v, /vys:
and d; /v, for viscoelastic layers with Q% =0.01, QL =0.02,
Qx5 = 0.1, and Q% = 0.5 using Figure (10.4.7). Describe the influence of
increasing intrinsic absorption in the layer on the dispersion curve.

(7) Sketch curves showing the normalized amplitude distribution versus normal-
ized depth for the fundamental mode of a Love-Type surface wave for viscoe-
lastic layers with Q% =0, Q% =0.1, and Q% = 0.5, using Figure
(10.4.8). Describe the influence of increasing intrinsic absorption in the layer
on the normalized amplitude distribution in the half space.

(8) Compare curves for the fundamental mode of a Love-Type surface wave in
Figures (10.4.6), (10.4.7), and (10.4.8) with corresponding curves for the first
higher mode, namely (10.4.9), (10.4.10), and (10.4.15). Comment on differences
observed in the curves.
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Appendices

11.1 Appendix 1 — Properties of Riemann—Stieltjes Convolution Integral

Useful properties of the Riemann—Stieltjes convolution integral as proved by Gurtin
and Sternberg (1962, pp. 298-299) are as follows.

Theorem (11.1.1) If (£) is continuous on [0, 0|, the first derivatives of g (f) and h(z)
exist on [0, 00, and f(t) = g(t) = h(t) = 0 for t< 0, then

Sxdg=gxdf (11.1.2)
fxd(g«h)=(f+dg)*dh=fxdgxdh, (11.1.3)
f*d(g—i—h):f*dg—i—f*dh (11.1.4)

fxd(g) implies /=0 or g =0, (11.1.5)

f*xd(g) = /ft— dg—‘r for 0 < t<co. (11.1.6)

11.2 Appendix 2 — Vector and Displacement-Potential Identities

This appendix provides identities for scalar and vector products and identities for
displacement potentials.

11.2.1 Vector Identities

Useful vector identities are

(1) scalar triple product,

4. (Ex 6):5. <6></T):6. (/i’xé’) (11.2.1)
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(2) vector triple product,

A x (B’x C) E(Z. C‘) - é(Z-E), (11.2.2)

(3) vector quadruple product,
(4% B)+(Cx D) = (4-C)(8-D) - (4-D)(B-C), (1123
(4 B) = (4.4)(B-B) - (.5)(B-4) = B~ (4. B
(11.2.4)

11.2.2 Displacement-Potential Identities
Useful displacement-potential identities for the scalar potential
¢ =Gy exp[—/fo 7} exp [i(a)t — P. f’)} = Gy exp {i(wt - K- f')} (11.2.5)
are
Vo = —(A + iP)p = —iK¢ (11.2.6)
and
Vi = (A+iP)+ (A +iP)p = —K+ K. (11.2.7)

Useful identities for the vector potential (Cowan, 1968, p. 226)

Y= C?oexp[—g- 7} exp[i(wt — ﬁ-?)] = ﬁoexp[i<wt — K. f)} (11.2.8)

are
Ve =—i(P—id)e iy = —iK+ i, (11.2.9)
Vxy=—i(P—id)x§=—ikxp, (11.2.10)

and
Vg =—(P—id).(P—id)y =—K- K. (11.2.11)

11.3 Appendix 3 — Solution of the Helmholtz Equation

This appendix uses the method of separation of variables to derive solutions of the
scalar Helmholtz equation. The derivation provides additional insight regarding the
nature of the solutions used to describe P, S, and surface waves.
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For two-dimensional wave-propagation problems in layered media it is sufficient
to assume that particle motions along any line parallel to one of the coordinates are
equal. This assumption, applied to the x, axis of an assumed Cartesian coordinate
system (X1, X2, X3), is shown in Chapter 4 to imply that the Helmholtz equations
governing the propagation of P, S, and surface waves can be reduced to three scalar
equations involving the scalar potential @, the scalar potential ¥, as the x, compo-
nent of the vector potential ¥, and the scalar displacement U, as the x, component
of the displacement field Us. The resulting scalar Helmholtz equations are

V2 + kd = 0, (11.3.1)

V¥, + ki¥, =0, (11.3.2)
and

VAU, + k32U, = 0. (11.3.3)

The solution to each of these equations may be found using the method known as
separation of variables. To apply the method, consider (11.3.1) governing P wave
solutions and suppose the solution for @ may be written so that the dependences on
the two spatial variables may be separated into the product of two functions, each
dependent on only one spatial coordinate as

b = Xl(XI)X3(X3). (1134)
Substitution of this expression into (11.3.1) yields
Xian(xr) <X3.33(X3) 2)
—— ==+ k|, 11.3.5
X] (X]) X3(X3) P ( )

where X; ; denotes 82/\’j /Ox?. Each side of (11.3.5) depends on a different spatial

coordinate. Hence, each side of the equation must be independent of the spatial
coordinates and equal to some arbitrary, but fixed constant, say —b. As a conse-
quence, two second-order linear differential equations are to be solved, namely,

Xin+0X,=0 (11.3.6)
and
Xsa+ (kp —b) X3 =0. (11.3.7)
The auxiliary equation for (11.3.6) namely,
m*+b=0, (11.3.8)
implies a solution of (11.3.6) involving the x; spatial variable is

X, =D, CXp[—ik(j, Xl] + D, CXp[ik¢ X]], (11.3.9)
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where +kg are roots of the auxiliary equation (11.3.8) defined as
ky = principal value \/b. (11.3.10)

Use of the principal value of the square root as defined in Chapter 4 to define &
implies kg, > 0. Writing the root k, of the auxiliary equation in this form ensures a
known direction of propagation with respect to the x; axis for each term in (11.3.9)
with the term needed to consider propagation in the positive x; direction being

X1 = D1 exp[—ikd,xl]. (11311)

Substitution of the solution (11.3.9) into (11.3.5) reconfirms that the complex
amplitudes for the terms in the solution, namely D; and D,, are constants indepen-
dent of the spatial coordinates.

Similarly, a solution to (11.3.7) involving the x3 spatial coordinate is

X; = F; exp[idaxﬂ + E, exp[—idaxﬂ, (11.3.12)
where the auxiliary equation is
m* = Iy — k. (11.3.13)

Writing roots of the auxiliary equation in the form of

d, = principal value | [ k3 — ké (11.3.14)

implies d,,, > 0, which will ensure a known direction of propagation with respect to the

x3 axis for each term in (11.3.12). Writing roots of the auxiliary equation in the form of

b, = principal value /ki — k% =—id, (11.3.15)

implies b,, > 0 and hence d,, > 0, which ensures a known direction of attenuation
with respect to the x5 axis for each term in (11.3.12). Choice of the expression for the
root to ensure a known direction of propagation along the x3 axis is convenient for
consideration of reflection—refraction problems. Choice of the expression for the
root to ensure a known direction for attenuation along the x5 axis is convenient for
consideration of the problem of a Rayleigh-Type surface wave.

Combining the solutions (11.3.11) and (11.3.12) implies the desired solution for
the Helmholtz equation for P wave solutions may be written as

b =X (xl)X3(X3) =B exp[—ik¢x1 =+ ida)C3] + B exp[—ik¢x1 — idaX3],
(11.3.16)
which upon separation of the real and imaginary parts of the exponents allows the

solution of the corresponding wave equation to be written in terms of propagation
and attenuation vectors as
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¢ = Biexp [i(wt — <ﬁ¢1 — iZ(,)l) . 7)} + By exp [i(a)t — <ﬁ¢2 - i/T¢2> . 7)},

(11.3.17)

where
Py, = kyofi + (=1)/dy %5 forj=1,2 (11.3.18)

and
Ay, = —kg %1+ (=1)"dy %5 forj=1,2. (11.3.19)

With the expression for d, chosen asin (11.3.14) ﬁtfn and ﬁ¢2 are directed in the —x3
and +x;3 directions, respectively. With the expression for d, chosen as in (11.3.15)
/Tdn and A ¢, are directed in the +x3 and —x3 directions, respectively.

Similarly, solutions of equations (11.3.2) and (11.3.3) for propagation in the +x;
direction with ¥= ¥, and U= U, are given by

¥ = Craexp|—ikyx; + idgxs| + Ca exp[—ik,x) — idgxs],

w(1) = Coexp|i(wi— (P, ~id,,) +7) |+ Co expli(wr—(P,, — idy, ) - 7) |
(11.3.20)

and

U= Dyexp|—ik,x| + idgxs| + Ds exp|—ik,x; — idpx3],

u(t) = Cppexp {i(a)l— <ﬁul —i/ful) . ?)] + Cy exp [i(a)t— (ﬁuz — z';fu2> . 7)},
(11.3.21)

where

(1) k, and k, are chosen such that kWR > 0and k,, >0,
(2) dgand d,, are defined either by

dp = principal value,/k% — ky (11.3.22)
d, = principal valuey/ k% — k2 (11.3.23)

for known directions of propagation with respect to the x3 axis or by

dg = i principal value, [ k2, — kg (11.3.24)

and
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d, = i principal value\/ k2 — k? (11.3.25)

for known directions of maximum attenuation with respect to the x3 axis,
(3) the propagation and attenuation vectors are defined by

and

P, =ky %1+ (—1)dg %y forj=1,2, (11.3.26)
P, = kug1 + (—1)7dg, %3 for j=1,2, (11.3.27)
and
Ay, = —ky, %1+ (—1)dg %5 forj=1,2 (11.3.28)
Ay =~k %1+ (1) dy %5 forj=1,2, (11.3.29)

(4) and the complex amplitudes C, and D; for j = 1,2 are constants indepen-
dent of the spatial coordinates.

For purposes of generality, distinct complex wave numbers are assumed for the
solutions to each scaler Helmholtz equation, that is, k4, &, and &, are not necessarily
assumed to be the same arbitrary, but fixed, constant. However, consideration of various
reflection—refraction and surface-wave problems shows that upon application of the
boundary conditions to the solutions derived here, the complex wave number used in
the various solutions must be the same. Hence, for purposes of brevity, the distinction
between the complex wave numbers as specified by the subscript is often neglected.

11.4 Appendix 4 — Roots of Squared Complex Rayleigh Equation

This appendix derives explicit expressions for the roots of the squared complex
Rayleigh equation (8.1.20) for a HILV half space.
The square of the complex Rayleigh equation, namely

3 2
(;—2) —8(;—2) +<24— 16'§—z)<;—z> — 16(1 —i—j) =0, (11.4.1)

is a cubic polynomial with coefficients in the complex field. The Fundamental
Theorem of Algebra implies the equation has three roots not all of which may be
distinct. The technique for finding the roots of such an equation is well known in
mathematics (see for example, Birkoff and MacLane, 1953, p. 112). To derive
explicit expressions for the roots, define

B’ B
a= -8, b=24—-16—, and CE—16(1— 2), (11.4.2)
a a
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then the equation may be written as

v +ay?+by+c=0, (11.4.3)

where
y=—. (11.4.4)
Equation (11.4.3) may be put in reduced form with no second-order term upon
introduction of the transformation y = z — a/3, resulting in
4 pr4+q=0, (11.4.5)
where

_a? 2 5 ab

Introduction of a second transformation allows the equation to be reduced to a
quadratic equation, namely, let

z=w-2 (11.4.7)

then substitution of (11.4.7) into (11.4.5) yields the desired quadratic equation

3
(w?)’ +q(w) - (g) — 0. (11.4.8)
With v = w3 roots of the quadratic equation are
—q aY , (PY
=— = = 11.4.
w=F /(4 + () (1149)

and

2 3
— q D

Roots of the original equation (11.4.3) are found by tracing the roots (11.4.9) and
(11.4.10) through the three successive transformations which yields a total of six
roots. Defining the principal value of the cube root of a complex number as

p.v.('7) = /7| expli arg[z]/3], (11.4.11)

where —7 < arg[z] < z allows the six roots to be written as



286 Appendices

Zh=wiun! - ﬁ n=1,2,3) (11.4.12)
and
=wpu - L (=1, 2, 03), (11.4.13)
3wy un-l
where
wi = pov.(v)'?, (11.4.14)
wy = pv.(v )3, (11.4.15)
and
u = exp[2ri/3). (11.4.16)

Each of the roots z can be quickly shown to be equal to one of the corresponding
roots z, forn =1, 2, 3. Hence, the three roots of the original equation are

ynzz;—g forn=1, 2, 3, (11.4.17)

which when expressed in terms of 5 /a? yield the desired roots as specified in (8.1.21)

11.5 Appendix 5 — Complex Root for a Rayleigh-Type Surface Wave

This appendix provides the proof of Lemma (8.1.25) restated here for convenience.

Lemma (8.1.25). If y; = cz//))2 as given by (8.1.21) is a root of the squared complex
Rayleigh equation (8.1.20) and ‘yj‘ <1, then y; = c2/p? is a root of the complex
Rayleigh equation (8.1.18) and in turn a solution for a Rayleigh-Type surface wave
on a HILV half space.

To initiate the proof, (8.1.18) is rewritten here in terms of the complex velocities as

2
4,/1-2,/1-2:(2—;) (11.5.1)

where each of the square roots is interpreted as the principal value. Denoting the left-
hand side of (11.5.1) by “/” and the right-hand side by “g”, (11.5.1) may be expressed as

f=g. (11.5.2)

Hence, in this notation if by assumption ¢2/f 2 is a root of (8.1.20), then ¢? / p?isa
root of
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fr=g? (11.5.3)
which implies either
/—g=0, (11.5.4)

in which case ¢2/8 ? is the desired root of the complex Rayleigh equation (11.5.1)
and the desired result is obtained, or

f+g=0. (11.5.5)

The condition that 0 < ‘cz /B 2} < 1 will be used to show that this second option as
stated in (11.5.5) is not possible, because the algebraic signs of the real parts of fand
g and their imaginary parts are the same. To show this result, define

2 2
ea=1/1-  and  ep=f1-% (11.5.6)
B ﬁZ

then the real part of f may be written as
fr=Re [4eaeﬂ] = 4(eaReﬂR — ealeﬂ,) (11.5.7)

and the real part of g as

gr = (1 - (Im [e,f])z) +2 Re[ef] + <Re [¢7] )2. (11.5.8)

The condition that 0< |¢?/8°| <1 implies

C2

Re [eﬁz] - Re[l —F} >0 (11.5.9)

and

(Im [eﬂ) 2: <Im [—;—i} >2<1. (11.5.10)

These inequalities together with (11.5.8) show that the algebraic sign of gz is
positive. Definitions (3.1.7) and (3.1.8) for a and £ imply

87 _3
— <. 11.5.11
Hence, it follows that
2 2
) p-c 1
Rele;] :Re[l _ﬁlﬂ >7>0. (11.5.12)
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In addition, definition (11.4.11) for principal values and (4.2.13) imply

[ez] + Re[e]

Copn — —_—

R 2
(11.5.13)
el — Rele?
o] = JlEL=Rele]
and
Cpr =
- (11.5.14)
o = |91l
Pr 2 ’
from which inequalities (11.5.9) and (11.5.12) imply
Cop = |ea,‘ and epp > ‘eﬂ,‘. (11.5.15)

These inequalities together with (11.5.7) imply that the algebraic sign of fz is
positive and the same as that of g. By assumption (11.5.3) is valid, hence the
imaginary parts of each side of the equation imply

Sfrf1 = grern (11.5.16)

from which it follows that positive algebraic signs for f; and gz imply the algebraic
signs of f; and g; are the same, which completes the proof.

11.6 Appendix 6 — Particle-Motion Characteristics for a Rayleigh-Type
Surface Wave

This appendix provides an explicit derivation of the characteristics of the particle
motion for a Rayleigh-Type surface wave on a HILV half space as stated in Theorem
(8.2.26).

Parametric equations (8.2.23) and (8.2.24) describing the motion of a particle are
restated here for convenience. They are

Ugy, = D exp[—apxi|H(x3) sin[Jp(t)] (11.6.1)
and

Ure, = D exp|—apxi|H3(x3) cos[Up(1) + S(x3)], (11.6.2)
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where
193([) = wt+ f](Xl) =+ ¢ (X3) and S(X3) = §3(X3) — Q1 (X3) (1163)

and the additional parameters are defined in (8.2.16), (8.2.18), and (8.2.19).

To show that these parametric equations represent the equation of an ellipse as a
function of time consider the trigonometric identity for the cosine of the sum of two
angles. It implies that (11.6.2) may be written as

Ure, = D exp[—apxi|Hz(x3)(cos[Vp(t)] cos[S(x3)] — sin[d(¢)] sin[S(x3)]).
(11.6.4)
Substitution of (11.6.1) into (11.6.4) and simplification yields

cos[95()] = (D exp|—apxi] cos[S(x3)])_1(I_ZIE;33) + ;115';13) sin[S(X3)]>.

(11.6.5)
Substitution of (11.6.1) and (11.6.5) into the trigonometric identity
cos?[Dp(1)] + sin’[9p(1)] = 1 (11.6.6)
yields the desired second-degree equation
Alupy, ) +Bugy, gy, + Clugy,)’ =1 =0, (11.6.7)
where
1
A= 5 (11.6.8)
(D exp[—apx;|H(x3)cos[S(x3)])
) .
B= . sin[S(x3)] - (11.6.9)
(D exp[—apx,])"Hi(x3)H3(x3) (cos[S(x3)])
and
1
C= (11.6.10)

(D exp[—agpx;]Hs(x3) cos[S(x3)])*

For a given particle the coefficients 4, B, and C are constant with respect to time.
The discriminant of (11.6.7) is

(sin[S(x3)])° 1
((D expl=agxi))” Hi(x) H(xs) (cos[S(x:)])’)

B —44C =4

. (11.6.11)

For S(x3) # m/2, the discriminant is negative, indicating that (11.6.7) describes an
ellipse as a function of time.
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To determine the direction in which a given particle describes an ellipse with time
consider the polar angle ¢ defined as

6 = arctan [ugy, /ugy, |, (11.6.12)

whose partial derivative with respect to time is given by

00 _ —Hi(x3)  upy  cos[S(xy)]
ot Hi(xs) ug, + ”Izm (sin[95(1)])*

(11.6.13)

This equation implies that if cos[S(x3)] <0, then € increases with time and the
elliptical motion of the particle is clockwise or prograde. If cos[S(x3)]>0, 6
decreases with time and the elliptical motion of the particle is counter clockwise
or retrograde. If cos[S(x3)] = 0, then @ is not changing with respect to time and the
motion of the particle is linear as a degenerate case of elliptical motion.

Additional properties of the elliptical orbit of a particle can be derived by defining
a suitable rotation of coordinates, such that (11.6.7) reduces to standard form. Such a
rotation is given by

URx) = Uy COSNp — U, Siny (11.6.14)
and

URxy = ”,Ll sinnp + ”,;3 Ccos g, (11.6.15)
where the angle of rotation 7, is given by

B/(A—C) ford#C
t"m[z’“?]_{ /(7[/4 ) fgrAiC}'

Substitution of the rotation defined by (11.6.14) and (11.6.15) into (11.6.7) yields
the desired standard form of the equation

(11.6.16)

u/z u/2

A,le + C“fjl =1, (11.6.17)
where
A" = Acos’ny+ Bsinygzcosny + Csin® iy (11.6.18)
and
C' = Asin’ 5y — Bsinygzcosyy + Ccos’ . (11.6.19)

Equation (11.6.17) represents an ellipse whose ellipticity is given by

VA
N

(11.6.20)
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The angle of rotation 74 specifies the tilt of the particle motion ellipse with respect to

the vertical. The tilt as specified by (11.6.16) may be rewritten using (11.6.8)
through (11.6.10) as

2sin[S(x3)]
Hi(x3) Hi(x3) for Hi(x3) # Hs(x3)

Hi(x3)  Hs(x3) . (11.6.21)

tan[2n,] =

/4 for H(x3) = H3(x3)
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Index

absorption coefficient
Love-Type surface wave, 264, 266-8, 270-2, 274
low-loss error percentages, 79
one dimensional wave, 17
P wave, inhomogeneous, homogeneous, 64, 106
Rayleigh-Type surface wave, 210-1, 218, 220,
227-8
S waves, inhomogeneous, homogeneous, 64
absorption curves, Love-Type surface wave, 271-2, 275
amplitude distribution
Love-Type surface wave, 274, 277
Rayleigh-Type surface wave, 214, 2334
amplitude modulation factors, vertical and radial
displacement components, general waves
P, 89,90
Type-1 S, 89, 90
amplitude reflection, transmission coefficients
incident general SI wave, 179-80, 188
incident homogeneous P wave, 161, 164, 166-7,
199-201
incident homogeneous SII wave, 148
incident inhomogeneous SII wave, 154
see also energy reflection, transmission, interaction
coefficients
anelastic media, response, 1, 5-7, 17, 26, 34-6
angle between attenuation vector and vertical, 87
angle between propagation and attenuation vectors
(gamma), degree of inhomogeneity 34—6, 60—1
see also incident general P; incident general Type-1S;
incident general Type-1I S
angle of incidence for propagation vector, incident
general waves
P, 87, 94-5, 103
Type-1 S, 89, 103
Type-1I S, 103
apparent attenuation, incident general waves
P, 126
S, 113
SII, 132
apparent phase velocity, incident general waves
P, 126
SI, 113
SII, 132

attenuation, maximum
general waves
P, 34-7, 60, 76
Type-1 S, 34-7, 61, 76, 80-2
Type-1I S, 34-7, 61, 76, 80-2
homogeneous waves
P, 37, 60, 76, 80
S, 37, 61,76, 80
low-loss error-percentages, 79—82
one dimensional wave, 17
attenuation vector
general P, Type-1 S, and Type-1I S
waves, 33-7
incident, reflected, and transmitted waves
for incident general
P, 1004, 124-5, 156, 1934
Type-1 S, 1004, 109-10, 112-13, 172
Type-11 S, 1004, 130-2, 145, 147,
153,2034
Love-Type surface wave, 258-59
Rayleigh-Type surface wave, 207, 211-12,
220-1
axis ratio, 216, 231-2, 2347

body waves, 59, 118-9, 165
see also general P; general Type-I S; general Type-II S
Boltzmann, Ludwig (1844-1906), 1
Boltzmann’s superposition principle, 2-3
boundary conditions
half space, free surface, 170
multiple layers, 246
welded boundary, 107
boundary, specification of
anelastic Earth, 118-19
anelastic-viscoelastic, 129
elastic-anelastic, 129
ocean-solid-Earth, 165
sediment 1-sediment 2, 144-5
viscoelastic, 98-9
water-stainless-steel, 1567
welded, 99
bulk modulus, complex, 24, 59
see also modulus
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causality, principle of, 2, 19-20
compliance, complex, defined, 4
elastic, 14
Generalized Maxwell, 14
Generalized Voight, 12, 14
Maxwell, 10,14
Standard Linear, 11, 14
viscoelastic, 4, 6, 8-9
viscous, 14
Voight, 10,14
conservation of energy
see energy conservation; energy balance
constitutive law
one-dimensional viscoelasticity, 2—5, 7-8
three-dimensional viscoelasticity, 19-20, 24
convolution integral, operator, 2-3, 20, 279
see also Riemann—Stieltjes integral
correspondence principle, 25-6,
119-20
creep function, defined, 2
elastic, 8, 13
Generalized Maxwell, 13
Generalized Voight, 11, 13
Maxwell, 9-10,13
Standard Linear, 11, 13
tensorial, 20
viscous, 9, 13
Voight, 10, 13
critical angle, defined, 120
critical angles, conditions for
P waves, incident in
anelastic media, 129
elastic media, 129
ST waves, incident in
anelastic media, 122, 174-5
elastic media, 121-2, 174-5
SII waves, incident in
anelastic media, 134, 142
elastic media, 135, 142

damping ratio, 7, 18
dashpot, viscous, 7-9
degree of inhomogeneity (gamma)
see angle between propagation and attenuation
vectors
dilatometer, 93
Dirac-delta function, 9
dispersion
Love-Type surface waves, 269, 271,
274,276
S waves, in
Standard Linear solid, 85
Standard Linear solid, low loss, 86
displacement
equation of motion
one dimension, 15-17
three dimensions, 25
equivoluminal, 33
irrotational, 33
Love-Type surface wave, 265-70
P wave, general, 38-40, 86-92
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Rayleigh-Type surface wave, 212—17,
22

S waves, general, 41-6, 87-92
vector, 25
see also physical displacement field; amplitude
reflection, transmission coefficients
displacement potential
see vector displacement potential; scalar
displacement potential
displacement-potential identities, 27980

eccentricity, particle motion ellipse, 40, 44,
65-7, 162
see also general P; general Type-1 S;
Rayleigh-Type
elastic model, 7-8, 13-14
see also compliance; modulus; creep function;
relaxation function
elliptical particle motion, inhomogeneous waves
P, 39-40, 64-7, 76, 92, 162, 186
Rayleigh-Type, 21415, 288-91
Type-1S, 43-5, 64-7, 77
see also particle motion
elliptical S wave, 42-3
see also general Type-1 S; particle motion ellipse
emergence angle, 146-7, 152-3, 157-8,
1834, 197
energy balance, three-dimensional viscoelasticity,
26-31
energy conservation at boundaries, 13841, 148
energy density
see kinetic; potential; energy density loss; energy
dissipation; total energy
energy density loss per cycle, general waves
P, 55
Type-18S, 55
Type-1I S, 55
energy density peak per cycle
see potential energy density, maximum
energy dissipation rate per unit volume, 27-30
energy dissipation rate per unit volume, mean
general waves
P, 54,70-1,78
Type-1 S, 54, 70-1, 78
Type-II S, 54, 70-1, 78
homogeneous waves
P, 55,67-8, 71
S, 55,67-8, 71
energy intensity (flux), 27-30
energy intensity (flux), mean
general waves
P, 47,69, 77
Type-1S, 47, 69, 77
Type-11 S, 47, 49, 69, 77
homogeneous waves
P, 48, 67-8
S, 48, 67-8
energy interaction coefficients, incident, reflected,
transmitted waves, 13641, 148, 150, 154-5,
159-60, 185-7, 198
energy partition curves, 139
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energy reflection, transmission, interaction coefficients
for incident waves
general P, 1401
general Type-I S, 140-1
general Type-II S, 138-9
homogeneous P, 159, 198
homogeneous SI, 187
homogeneous SII, 138, 148, 150
inhomogeneous SII, 154-5
see also amplitude reflection, transmission
coefficients
energy speed
homogeneous waves
P, 68
S, 68
reflected, transmitted waves for incident
P, 157
Type-1S, 183
Type-II S, 146, 152
energy velocity, defined, 53
general waves
P, 53,71
Type-1S, 53,71
Type-II S, 53, 71
homogeneous waves
P, 54
S, 54
equation of motion
one-dimensional viscoelasticity, 15-16
solution, 16-17
three-dimensional viscoelasticity, 23—5
solutions, 32-7, 40-3
equivoluminal displacement field, 33
Euler’s formula, 249

free surface, viscoelastic half space, 170
Fundamental Theorem of Algebra, 209, 284

gamma (angle between propagation and attenuation
vectors), 34-7
Gauss’ theorem, 29
general wave, defined, 34
general P wave, 33
absorption coefficient, 64
angle between propagation and attenuation vectors
(gamma), 34-7, 60-1
attenuation, maximum, 17, 34-5, 60-3
attenuation vector, 33—8
characteristics in
low-loss viscoelastic media, 75-82
media with equal complex Lamé parameters, 82—4
Standard Linear solids, 84—6
displacement field
complex, 38
components, radial, vertical, 88—92
physical (real), 38, 86
displacement potential solutions, general P waves,
incident, reflected, transmitted, 99—101
energy flux, mean, 47-8, 67-9, 77
energy velocity, 534, 71
homogeneous, 34-5

Index

inhomogeneous, 34-5
kinetic energy density, mean, 50, 67-70, 78
particle motion, 37-40, 65-6, 76
phase velocity (speed), 34, 58, 601, 64
potential energy density, mean, 51, 67-70, 78
potential (strain) energy density, maximum, 68,
70-1,78
propagation vector, 33—4, 368
rate of energy dissipation per unit volume, mean,
54-5,70, 78
reciprocal quality factor (Qp"), 56-8, 70, 78
total energy density, mean, 52, 67-70, 78
volumetric strain, 92—3
see also homogeneous P
general Type-I S (SI) wave, defined, 42
absorption coefficient, 64
angle between propagation and attenuation vectors
(gamma), 34-7, 60-1
attenuation, maximum, 34-5, 61-3
attenuation vector, 33-8, 41-5
characteristics in
low-loss viscoelastic media, 75-82
media with equal complex Lamé parameters, 82—4
Standard Linear solids, 84—6
displacement field
complex, 41-2
components, radial, vertical, 88—92
physical (real), 43, 87
displacement potential solutions, general SI waves,
incident, reflected, transmitted, 99—101
energy flux, mean, 47-8, 67-9, 77
energy velocity, 534, 71
homogeneous, 34-5
inhomogeneous, 34-5
kinetic energy density, mean, 50, 67-70, 78
particle motion, 43—4, 65-6, 77
phase velocity (speed), 34, 58, 601, 64
potential (strain) energy density, maximum, 68,
70-1,78
potential energy density, mean, 51, 67-70, 78
propagation vector, 33-3, 36-7
rate energy dissipation per unit volume, mean, 545,
67-70, 78
reciprocal quality factor (0", 56-8, 70,
72-3,79
total energy density, mean, 52, 67-70, 78
see also homogeneous S
general Type-II S (SII) wave, defined, 45
absorption coefficient, 64
angle between propagation and attenuation vectors
(gamma), 34-7, 60-1
attenuation, maximum, 34-5, 61-3
attenuation vector, 33-8, 456
characteristics in
low-loss viscoelastic media, 75-82
media with equal complex Lamé parameters,
824
Standard Linear solids, 84—6
displacement field
complex, 41-2, 45
physical (real), 45
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displacement solutions, SII waves, general, incident,
reflected, transmitted, 103
displacement potential solutions, general SII waves,
incident, reflected, transmitted, 99-101
energy flux, mean, 47-8, 67-9, 77
energy velocity, 534, 71
homogeneous, 34-5
inhomogeneous, 34-5
kinetic energy density, mean, 4950, 67-70, 78
particle motion, 45-6, 77
phase velocity (speed), 34, 58, 601, 64
potential (strain) energy density, maximum, 68,
701, 78
potential energy density, mean, 51, 67-70, 78
propagation vectors, 33-4, 36-7
rate energy dissipation per unit volume, mean, 545,
67-70, 78
reciprocal quality factor (Qs;'), 56-8, 71-3, 79
total energy density, mean, 52, 67-70, 78
see also homogeneous S
Generalized Maxwell model, 8-9, 12-14
see also compliance; modulus; creep function;
relaxation function
Generalized Snell’s Law for incident general waves
P, 125-7, 194
Type-1S, 112-14, 118-19, 174
Type-11 S, 132-3, 204
Generalized Voight model, 8-9, 11-14
see also compliance; modulus; creep function;
relaxation function
granite, weathered, 182

Heaviside function, 3
Helmbholtz equation, 323
solutions
general P wave, 324, 2804
general S waves, 324, 424, 96, 280—4
Helmholtz theorem, 32
HILV continuum
see homogeneous isotropic linear viscoelastic
continuum
hll (homogeneous low-loss) model, defined, 144
homogeneous isotropic linear viscoelastic (HILV)
continuum, defined, 20
equation of motion, 23
Lamé parameters, equal, 82—4
low-loss media, 62, 75-82
see also one-dimensional viscoelasticity;
three-dimensional viscoelasticity
homogeneous linear viscoelastic continuum, 19
homogeneous P wave, 34-5
attenuation, maximum, 37, 61, 76
attenuation vector, 34-5, 40
energy intensity (flux), mean, 48
energy speed, 68
energy velocity, 54
existence conditions, HILV continum, 34-5
kinetic energy density, mean, 67-8, 78
mean intensity, magnitude of, 67-8
particle motion, 40, 66—7
phase (wave) speed, 37, 58, 62, 64, 75, 84-5
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potential energy density, maximum, 68, 78

potential energy density, mean, 51, 67-8, 78

propagation vector, 34-5, 37, 40

rate of energy density dissipation, mean, 55,
67-8,78

reciprocal Q, 57-8, 74-5, 78

total energy density, mean, 52, 67-8, 78

viscoelastic material parameters, phase speed,
reciprocal Q, 57-9

wave number, complex, 32, 37, 40, 99

see also general P

homogeneous S wave, 34-5

attenuation, maximum, 37, 61, 76
attenuation vector, 34-5, 446
energy speed, 68
energy velocity, 54
existence conditions, HILV continum, 34-5
energy intensity (flux), mean, 48
kinetic energy density, mean, 67-8, 78
mean intensity, magnitude of, 67-8
particle motion, 44—6, 667
phase (wave) speed, 37, 58-9, 62, 64, 75, 84-5
potential energy density, maximum, 68, 78
potential energy density, mean, 51, 67-8, 78
propagation vector, 34-5, 37, 44—6
rate of energy density dissipation, mean, 55,
67-8,78
total energy density, mean, 52-3, 67-8, 78
reciprocal Q, 57-9, 74-5, 79, 84-5
viscoelastic material parameters, phase speed,
reciprocal Q, 57-9
wave number, complex, 32, 37, 44-5
see also general Type-I S; general Type-1I S
homogeneous wave, defined, 34
see also homogeneous P; homogeneous S
Hooke, Robert (1635-1703), 7
Hooke’s Law, 1

incident general P wave, viscoelastic boundary
apparent attenuation, 126
apparent phase velocity, 126
boundary-condition equations, 108, 126-7
Generalized Snell’s Law, 126
incident wave, specification of
amplitude, complex, 124
angle of incidence, 124
attenuation vector 124
degree of inhomogeneity, 124
propagation vector, 124
ocean-solid-Earth boundaries, numerical results
amplitude reflection coefficients, 1667
material parameters, 165
minimum reflection amplitude in SI” transition
window, 168
phase reflection coefficients, 1667
reflected, transmitted P, SI waves
complex amplitude equations, 127
critical angles, conditions for, 129-30
directions of propagation and attenuation
vectors, 126
homogeneity, inhomogeneity, conditions for, 128
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incident general P wave, viscoelastic boundary (cont.)
water-stainless-steel boundary, numerical results
amplitude reflection, transmission coefficients, 161
emergence angles, 1568
energy reflection, transmission, interaction
coefficients, 159
energy speed, 157
inhomogeneity, transmitted waves, 157
material parameters, 157
maximum attenuation, 158
particle motion eccentricity, 162
phase shifts, 162
phase speed, 157
reciprocal Q, 158
SI’ transition window, 162
wave interaction coefficients, incident, reflected,
transmitted, 141
wave number, complex, 126
incident general P wave, viscoelastic free surface
boundary-condition equations, 171, 193—4
Generalized Snell’s Law, 194
incident wave, specification of
amplitude, complex, 193
angle of incidence, 194
attenuation vector 194
degree of inhomogeneity, 194
propagation vector, 194
low-loss (Pierre Shale) boundary, numerical results
amplitude reflection coefficients, 199
emergence angles, 197
energy coefficients, reflection, interaction, 198
inhomogeneity, reflected SI, 197
material parameters, 182
phase shifts, reflected P, SI, 200-1
reflected, transmitted P, ST waves
complex amplitude equations, 1934
critical angles, conditions for, 195
directions of propagation and attenuation vectors, 194
displacement components, radial, vertical, 195
homogeneity, inhomogeneity, conditions for, 195
volumetric strain, 196
incident general SI wave, viscoelastic boundary
apparent attenuation, 113
apparent phase velocity, 113
boundary-condition equations, 108, 114-15
Generalized Snell’s Law, 113
incident wave, specification of
amplitude, complex, 109
angle of incidence, 109, 112
attenuation vector 109-10, 112
degree of inhomogeneity, 109-10
propagation vector, 109-10, 112
reflected, transmitted P, SI waves
complex amplitude equations, 120
critical angles, conditions for, 121-3
directions of propagation and attenuation vectors,
112-13
homogeneity, inhomogeneity, conditions for, 114-20
wave interaction coefficients, incident, reflected,
transmitted, 141
wave number, complex, 112—-13

incident general SI wave, viscoelastic free surface
amplitude reflection coefficients, reflected P
maximum displacement, 179
displacement components, 179-80
volumetric strain, 181
boundary-condition equations, 171
Generalized Snell’s Law, 1734
incident wave, specification of
amplitude, complex, 171-3
angle of incidence, 172
attenuation vector 172
degree of inhomogeneity, 173
propagation vector, 172
phase coefficients, reflected P
maximum displacement, 179
displacement components, 180
volumetric strain, 181
reflected, transmitted P, ST waves
complex amplitude equations, 172-3
critical angles, conditions for, 174-5
directions of propagation and attenuation
vectors, 174
displacement components, radial, vertical, 176—7
homogeneity, inhomogeneity, conditions for, 174
low-loss (weathered granite) boundary, numerical
results
amplitude reflection coefficients, 188, 190
attenuation in direction of propagation, 184
emergence angles, maximum attenuation, energy
flux, phase propagation, 183—4
energy reflection, interaction coefficients, 187
energy speeed, 183
inhomogeneity, reflected P, 183
P transition window, 182
particle motion ellipse, tilt, ratio of minor to major
axis, 186
phase speed, 183
phase shifts, 189, 191
reciprocal Q, 184
volumetric strain, reflected P, 178
incident general SII wave, multilayered viscoelastic
media
analytic solution, multiple layers
viscoelastic media, 251-2
Voight media, 253
Elastic media, 2534
analytic solution, single layer, 254-5
boundary-conditions, 247
displacement solutions, m™ layer, 248
attenuation vectors, 248
propagation vectors, 248
wave number, complex, 248, 252
notation, multilayered viscoelastic media, 246—7
displacement amplitude response, numerical results
normally incident homogeneous SII wave,
near-elastic, low-loss, moderate-loss
layers, 257
normally incident inhomogeneous SII wave,
near-elastic, low-loss, moderate-loss layers, 258
incident homogenous and inhomogeneous SII
waves, low-loss layer, 260
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reflected SII wave in half space, solution for
multiple layers, 251
single layer, 254
surface amplitude, complex, solution for
multiple layers, 251-2
single layer, 254
viscoelastic material parameters, m™ layer, 252, 255-6
wave number, complex, m'" layer, 248
incident general SII wave, viscoelastic boundary
apparent attenuation, 133
apparent phase velocity, 132
boundary-condition equations, 108, 133
Generalized Snell’s Law, 132-3
incident wave, specification of
amplitude, complex, 130
angle of incidence, 130
attenuation vector 130, 132,
degree of inhomogeneity, 130
propagation vector, 130, 132
energy flux due to wave interaction, mean, 135-8
energy dissipation rate due to interaction, mean, 140
energy interaction coefficients, incident, reflected,
transmitted waves, 13841
moderate loss (sediment) boundary, incident
homogeneous SII wave, numerical results
amplitude reflection, transmission coefficients, 148
directions of propagation, attenuation, and energy
flux vectors, 145
emergence angles, 1467
energy reflection, transmission, interaction
coefficients, 148
energy speeds, 146
inhomogeneity, transmitted SII, 146
material parameters, 145
maximum attenuation, transmitted SII, 147
phase speeds, 146
phase coefficients, reflection, transmission, 148
reciprocal Q, transmitted SII, 147
SII” transition window, defined, 147
moderate loss (sediment) boundary, incident
inhomogeneous SII wave, numerical results
amplitude reflection, transmission coefficients, 154
directions of propagation, attenuation, and energy
flux vectors, 152
emergence angles, 152-3
energy reflection, transmission, interaction
coefficients, 154
energy speeds, 152
inhomogeneity, reflected, transmitted SII, 152
material parameters, 145
maximum attenuation, reflected, transmitted SII, 153
phase coefficients, reflection, transmission, 154
phase speeds, 152
reciprocal Q, reflected, transmitted SII, 153
reflected, transmitted SII waves
complex amplitude equations, 133
critical angles, conditions for, 135
directions of propagation and attenuation vectors, 174
energy reflection, transmission coefficients, 138-9
homogeneity, inhomogeneity, conditions for, 134
wave number, complex, 131
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incident general SII wave, viscoelastic free surface,
2034
see also incident general SII wave, viscoelastic
boundary
identities
displacement-potential, 280
P, SI, SII waves, general, 62-3
vector, 279-80
inhomogeneity, degree of
see angle between propagation and attenuation
vectors
inhomogeneous wave, defined, 34
see also general P; general Type-I S; general Type-I1
S; Rayleigh-Type; Love-Type
irrotational displacement field, 33

kinetic energy density, 27-30
kinetic energy density, mean
general waves
P, 50, 69, 71, 78
Type-1 S, 50, 69, 71, 78
Type-1I S, 50, 70-1, 78
homogeneous waves
P, 67,71
S, 67,71
Kronecker delta, 20

Lamé’s parameters, complex, 245
Lamé parameters, equal, characteristics of
general P waves, 82—4
general SI waves, 82—4
general SII waves, 82—4
Rayleigh-Type surface waves, 219-24
linear momentum, conservation law, 15, 23
linear S wave, 45
see also general Type-11 S wave, particle motion
linear superposition, 2—3
linear viscoelasticity
see one-dimensional viscoelasticity;
three-dimensional viscoelasticity
linear viscoelastic models
see viscoelastic models
Love, Augustus Edward Hough (1863-1940), 262
Love-Type surface wave
absorption coefficient, 264, 266—7, 270-1
analytic solution
viscoelastic media, 2634, 267-70
elastic media, 270
attenuation vectors, 2634
boundary conditions, 263
dispersion defined, 269
displacement solution m™ layer, assumed, 2623
notation, multilayered viscoelastic media, 246—7, 262
numerical model, viscoelastic layer
absorption coefficient, normalized, 267-9, 271
absorption curves, 272, 275
amplitude distribution curves, 274, 277
dispersion curves, 271, 273,
material parameters, 272
modes, fundamental, 1% higher, 271-7
wave speed, normalized, 267-9, 217
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Love-Type surface wave (cont.)
period equation
elastic media, 269
viscoelastic media, 268
phase velocity magnitude, phase speed, 264,
267,269
physical displacements in layer, half space, 266, 269
propagation vectors, 263—4
Standard Linear layer over Maxwell half space, 275-7
wave number, complex, 264, 267-8
low-loss viscoelastic media, defined, 62
see also physical characteristics general P, SI, SIT
waves in low-loss viscoelastic media
LV (linear viscoelastic) media
see one-dimensional viscoelasticity;
three-dimensional viscoelasticity

material parameters
see three-dimensional viscoelasticity
Maxwell model, 8-10, 13-14
Love-Type surface wave, 275-7
Wave speed, reciprocal Q for P, SI, SII waves, 96
see also compliance; modulus; creep function;
relaxation function; Generalized Maxwell
model
mechanical energy-balance equations, 27-8
moderate-loss viscoelastic boundary
material parameters, water-saturated sediments,
144-5
modulus, complex, defined 4
bulk, 24, 59
elastic, 14, 17
Generalized Maxwell, 12, 14
Generalized Voight, 12, 14
Maxwell, 10, 14
real, 17
relaxed elastic, 11, 84
shear, 24, 59
Standard Linear, 11, 14, 84
Viscous, 9, 14, 15
Voight, 10, 14
Young’s, 24
multilayered viscoelastic media
specification of, notation, 2467
Voight layers, 253
elastic layers, 2534
see also incident general SII wave, multilayered
viscoelastic media; Love-Type surface wave

ocean-solid-Earth boundary
material parameters, 165
amplitude reflection coefficients, 166—7
phase shifts, 1667
see also incident general P wave
one-dimensional viscoelasticity, 1-18
constitutive equations, 2—5
compliance, complex, 4
creep function, 2-3
energy in harmonic oscillation, 5-7
fractional energy loss per cycle, 6
maximum potential energy, 6
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potential energy, time rate of change of, 6
rate of dissipated energy, 6
reciprocal quality factor, 67
equation of motion, 16
absorption coefficient, 17
phase speed, 17
steady-state solution, 16
damping ratio, 7
models
elastic, 7-8, 13-14
Generalized Maxwell, 8, 12-14
Generalized Voight, 8, 12-14
Maxwell, 8, 10, 13-14
Standard Linear, 8, 11, 13-14
Viscous, 8, 13-4
Voight, 8, 10, 13-4
modulus, complex, 4
phase angle, 5
relaxation function, 2-3

P transition window, 182, 185
see also transition window, defined
P’ transition window, 1567
see also transition window, defined
P wave
see general P wave; homogeneous P wave
particle motion
Love-Type surface wave, 266—7, 269-70
P wave
homogeneous, 40
inhomogeneous, 3840, 64-6, 76
Rayleigh-Type surface wave, 215-17, 222-4,226-32,
234-9,288-91
Type-1 S wave
homogeneous, 44-5
inhomogeneous, 434, 65-6, 77
Type-1I S wave, 45-6, 48, 102
period equation, 267-8
see also Love-Type surface wave
phase coefficients, reflection, transmission (phase shifts),
148, 154, 162, 164, 1667, 189, 191, 200, 202
phase shift, measured reflection coefficient,
water-stainless steel boundary, 164
phase speed
general P wave, 601, 63—4
general SI wave, 601, 63—4
general SII wave, 60—1, 634
homogeneous waves
one-dimensional wave, 17
P, 37, 58, 68
S, 37, 58, 68
Love-Type wave, 264, 267, 269
Rayleigh-Type wave, 207, 217, 224-5
reflected, transmitted waves for incident
P, 157
Type-1S, 183
Type-IT S, 146, 152
phase terms, vertical and radial displacement
components, general waves
P, 89,91
Type-1S, 89, 91
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phase velocity
general waves
P, 34
Type-1S, 34
Type-1I S, 34
homogeneous waves
P, 37
S, 37
physical characteristics general P, SI, SII waves in
low-loss viscoelastic media, 75-82
attenuations, maximum, 76
energy fluxes, mean, 77
error percentages, maximum attenuations, phase
speeds, 80-2
kinetic energy densities, mean, 78
low-loss media, defined, 62, 75
particle motions, P, Type-I S, 76-7
phase speeds, 756
potential energy densities
maximum, 78
mean, 78
rates of energy dissipation per unit volume, mean, 78
reciprocal quality factors, 78-9
total energy densities, mean, 78
see also general P; general Type-1 S; general Type-11 S
physical displacement field
Love-Type surface wave, 266, 269—70
one dimensional wave, 167
P wave
general, 38-9, 86-8
homogeneous, 88
Rayleigh-Type surface wave, 21215
S wave
homogeneous, 89
Type-1 S, general, 43, 87-9
Type-11 S, general 45-6
viscoelastic continuum, 23, 28-9
physical models, one-dimensional viscoelasticity, 7—-14
physical stress tensor, 49-50
Pierre Shale
material parameters, 182
potential energy density, 27-30
potential energy density, mean
general waves
P, 51,701, 78
Type-1S, 51, 70-1, 78
Type-1I S, 51, 70-1, 78
homogeneous waves
P, 51,67-8, 71
S, 51,67-8,71
potential energy density per cycle, maximum
general waves
P, 56, 70, 78
Type-1 S, 56, 70, 78
Type-11 8, 56, 70, 78
homogeneous waves
P, 68
S, 68
principal value
square root of, defined, 101
cube root of, defined, 285
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propagation vectors
general P, Type-1 S, and Type-1I S waves, 33-7
incident, reflected, transmitted waves for incident
general
P, 1004, 124-5, 156, 1934
Type-1 S, 1004, 109-10, 112-3, 172
Type-1I S, 1004, 130-2, 145, 152, 203, 247
Love-Type surface wave, 263
Rayleigh-Type surface wave, 207, 211-2, 220-2

Q (quality factor)
see reciprocal quality factor

Rayleigh equation,
see Rayleigh-Type surface wave
Rayleigh, John Strutt, 3rd Baron Rayleigh
(1842-1919), 206
Rayleigh-Type surface wave
absorption coefficient, 2101, 214, 218, 227-8
analytic solution, 206—10
attenuation vectors, component solutions 207, 212
boundary condition equations, 207-8
displacement potential, component solutions, 206—7
equal complex Lamé parameters, viscoelastic media
219-24
absorption coefficient, 220
acute angles, attenuation, propagation vectors,
vertical, horizontal, 2201
attenuation vectors, 220
displacement, horizontal, vertical, 2224
particle motion orbit, 2224
propagation vectors, 220
Rayleigh equation, real coefficients, 219
Rayleigh equation, roots, real, 219
velocity, magnitude (speed), 220
volumetric strain, 2234
numerical characteristics, surface, depth
absorption coefficient ratio, 228
amplitude distribution curves, horizontal, vertical
2314
axes ratio curves, particle motion ellipse, 231,
235-6
material parameters, 2257
maximum displacement ratio curves, radial,
vertical, 229-30
tilt curves, particle motion ellipse, 229, 237-9
volumetric strain distribution curves, 2401
wave speed ratio, 228
particle motion, elliptical orbit
amplitude distributions, normalized, 214,
229-30
axis ratio, 216
direction, prograde, retrograde, 215-17, 2234,
290
displacement grid, fixed time, 2434
elastic media, 216-17
ellipticity, 215-17, 291
tilt, major axis, 215-17, 224, 227-9, 237-9, 291
viscoelastic media, 215-17
physical displacement, 212-15
propagation vectors, component solutions 207, 212
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Rayleigh-Type surface wave (cont.)
Rayleigh equation, complex coefficients, 208-9,
284-7
Rayleigh equation, roots
conditions for, 209-10, 286
elastic media, 209-10
viscoelastic media, 209
viscoelastic media, equal Lame parameters, 219
velocity, magnitude (speed), 21011, 220, 227-8
volumetric strain, 217-19, 224, 240-1
Rayleigh window
see transition windows, defined
reciprocal quality factor (1/Q)
general waves
P, 56, 70, 74, 78, 83
Type-1 S, 56, 70, 72-3, 79, 83, 85
Type-IL S, 56, 71-3, 79, 83, 85
homogeneous waves
P, 57-8, 74
S, 57-8, 72-3
one dimensional model, defined, 6
elastic, 14
Generalized Maxwell, 12, 14
Generalized Voight, 12, 14
Maxwell, 10, 14
Standard linear, 11, 14
viscous, , 14
Voight, 10, 14
reciprocal Q
see reciprocal quality factor
reflected viscoelastic waves
see incident general P; incident general
Type I-S; incident general Type-11 S
refracted (transmitted) viscoelastic waves
see incident general P; incident general Type I-S;
incident general Type II S
relaxation function, defined, 2
elastic, 8
Generalized Maxwell, 12, 13
Maxwell, 10, 13
Standard Linear, 11, 13
tensorial, 19-20
viscous, 9, 13
Voight, 10, 13
relaxed elastic modulus, 11
Riemann-Stieltjes integral, convolution, 2-3, 20, 279

scalar displacement potential, 323

see also general P wave; Rayleigh-Type surface

wave

scalar displacement potential identities, 280
scalar triple product, 279
sediments, water-saturated, 1445

see also moderate-loss viscoelastic boundary
separation of variables, method of, 279-84
shear modulus, complex, 24, 58-9

see also modulus
SI” transition window, 156, 159-63, 168

see also transition window, defined
SI wave

see general Type-I S wave

SII’ transition window, 147, 149-50
see also transition window, defined
SII wave
see general Type-II S wave
simultaneous measurements, displacement and
volumetric strain, 93—-6
single-boundary reflection—refraction problems
framework, 98-105
Snell’s Law
see Generalized Snell’s Law
spring, 7-8
squared complex Rayleigh equation, roots,
284-5
stainless steel, material parameters, 157
Standard Linear model, 8-11, 13-4
Love-Type surface wave, 275-7
P, SI, SII waves, 84—6
SII wave incident on layer, 261
see also compliance; modulus; creep function;
relaxation function
steady-state motion,
one-dimensional viscoelasticity 167
HILV continuum, 234
steady-state viscoelastic radiation field, 49, 50
stored energy, 56, 9, 12, 27, 29, 55
see also potential energy density, mean; potential
energy density per cycle, maximum
strain tensor, 19, 21-2, 108
stress—strain notation, three-dimensional
viscoelasticity, 20-3
stress tensor, 19, 21, 108, 170
physical, 49-50
surface waves
see Love-Type; Rayleigh-Type
SH wave, elastic, 253
SV wave, elastic, 37, 121, 129
S wave
see general Type-1 S; general Type-II S;
homogeneous S

tensorial creep function, 20
tensorial relaxation function, 19-20
three-dimensional viscoelasticity
constitutive equations, 19-20, 24
correspondence principle, 25-6
energy, harmonic oscillation
energy balance, 26-9
energy intensity (flux), 27-9
kinetic energy density, 27-9
potential energy density, 27-9
rate of energy dissipated per unit
volume, 27-9
equation of motion, 235
solutions, 32—7
See also Helmholtz equation; scalar displacement
potential; vector displacement potential
material parameters
bulk modulus, complex, 24
density, 23
Lame parameters, complex, 24
Poisson’s ratio, complex, 24
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reciprocal quality factors, homogeneous P wave;
homogeneous S wave, 57-9
shear modulus, complex, 24
velocities, complex, 33
wave speeds, homogeneous P wave;
homogeneous S wave, 57-9
Young’s modulus, complex, 24
stress—strain notation, 20-3
viscoelastic waves
see general P; general Type-1 S; general Type-II S;
Love-Type; Rayleigh-Type
total energy density, mean
general waves
P, 52,70-1,78
Type-1 S, 52, 70-1, 78
Type-1I S, 52, 70-1, 78
homogeneous waves
P, 52,67-8, 71
S, 52,67-8, 71
transition window, defined, 147
P, 182, 185
P’, 156-7
ST, 156, 15963, 168
SII’, 147, 149-50
transmitted (refracted) viscoelastic waves
see incident general P; incident general Type I-S;
incident general Type II S
Type-1 S wave, (SI wave)
see general Type-1 S wave
Type-II S wave, (SII wave)
see general Type-II S wave

vector, complex, 41-3, 45, 101-2
velocity, complex, 16
velocity field, complex, 38, 42
vector displacement potential, 32—4
general Type-I S wave, 41-3,
1002
general Type-1I S wave, 41-2
see also general Type-I S wave; general
Type-1I S wave
vector displacement potential identities, 280
vector quadruple product, 280
vector identities, 27980
vector triple product, 280
velocity
see phase velocity; energy velocity
viscoelastic material parameters
see three-dimensional viscoelasticity
viscoelastic models
elastic, 7-8, 134
Generalized Maxwell, 9, 114
Generalized Voight, 9, 11-4
Maxwell, 9-10, 13-4
Standard Linear, 9-11, 134
viscoelastic, general, 2, 4, 19-20, 24
viscous, 8-9, 13-4
Voight, 9-10, 134

viscoelastic waves, defined
general waves, 34
homogenous waves, 34
inhomogeneous waves, 34
see also general P; general Type-I S; general
Type-11 S; Love-Type; Rayleigh-Type
viscoelastic wave propagation theory, experimental
evidence, 163-5
viscoelasticity
see one-dimensional viscoelasticity;
three-dimensional viscoelasticity
viscous dashpots, 7-12
viscous model, 8-9, 13-14
see also compliance; modulus; creep function;
relaxation function; Generalized Voight model
Voight model, 8-10, 13—14
incident SII waves, multiple layers, 253
period equation, Love-type surface wave, 269
see also compliance; modulus; creep function;
relaxation function; Generalized Voight model
volumetric strain, defined, 33
amplitude reflection coefficient, free surface
incident general P wave, 196, 199
incident general SI wave, 181, 188
general P wave, 38, 92-3
maximum per cycle, 94-5
phase reflection coefficient (phase shift), free surface
incident general P wave, 196, 200
incident general SI wave, 181, 189
Rayleigh-Type surface wave, 217-19, 224,
240-1

water-stainless-steel boundary, material
parameters, 157
wave number, complex
general P, SI, SII waves, 32, 36, 59
homogeneous P, S waves, 37, 97,99
incident general waves
P, 105, 131, 194
SI, 105, 110, 173
SII, 105, 130-1
Love-Type surface wave, 264
one dimensional wave, 16
Rayleigh-Type surface wave, 2101
reflected, transmitted waves, 105, 112-13, 118, 126,
132, 174, 194, 204
see also Generalized Snell’s Law
wave propagation
see viscoelastic waves
wave speed
see phase speed
wave vector, complex
P wave, general, 38, 100
S wave, general, 41, 100
WAVES (computer code), 143, 156, 198
welded boundary, 107, 112, 124-5, 130-5

Young’s modulus, 24





