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Biot’s theory for wave propagation in saturated porous solid is modified to study the propagation
of thermoelastic waves in poroelastic medium. Propagation of plane harmonic waves is considered
in isotropic poroelastic medium. Relations are derived among the wave-induced temperature in
the medium and the displacements of fluid and solid particles. Christoffel equations obtained are
modified with the thermal as well as thermoelastic coupling parameters. These equations explain
the existence and propagation of four waves in the medium. Three of the waves are attenuating
longitudinal waves and one is a non-attenuating transverse wave. Thermal properties of the medium
have no effect on the transverse wave. The velocities and attenuation of the longitudinal waves are
computed for a numerical model of liquid-saturated sandstone. Their variations with thermal as
well as poroelastic parameters are exhibited through numerical examples.

1. Introduction

The co-existence of porosity and thermoelasticity
is a common happening in crustal and reservoir
rocks in the earth. Such co-existence might be
playing a crucial role in non-destructive evaluation
(NDE) of composite materials and structures. The
studies of fluid transport through porous media
(Bear et al 1992; Levy et al 1995) considered
such a co-existence and derived the fundamental
equations for microscopic dynamism. Macroscopic
models are obtained by the volume averaging of
relevant microscopic equations. Beyond doubt, the
phenomenon of wave propagation in such a medium
may be an interesting and useful study.

The full-dynamic theory for wave propagation
in fluid-saturated porous media was developed by
Biot (1956a). Biot used Lagrange’s equations to
derive a set of coupled differential equations gover-
ning the motions of solid and fluid phases. Biot
(1962a) extended the acoustic propagation theory
in the wider context of the mechanics of porous
media. Biot (1962b) developed new features of
the extended theory, in more detail. During the
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last about two decades, the Biot’s theories are
verified extensively (Lakes et al 1983; Kelder and
Smeulders 1997; Gurevich et al 1999) through a
large number of experimental studies conducted by
various researchers.

Thermoelasticity deals with the dynamical sys-
tems whose interactions with surroundings include
not only mechanical work and external work but
also exchange of heat. Starting with Biot (1956b),
the theory of thermoelasticity has established well
(Nowacki 1975) with time. Biot (1956b) explained
thermoelasticity by deriving dilatation based on
the thermodynamics of irreversible process and
coupling it with elastic deformation. But the
diffusion type heat equation used in this study
predicted infinite speed for propagation of ther-
mal signals. Lord and Shulman (1967) defined the
generalised theory of thermoelasticity in which a
hyperbolic equation of heat conduction with a
relaxation time ensured the finite speed for ther-
mal signals. Using two relaxation times, Green and
Lindsay (1972) developed another generalized the-
ory of thermoelasticity. A comprehensive review of
the earlier research works on thermoelasticity is
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available in a study by Chandrasekhariah (1986).
The wave propagation problems in thermoelas-
tic materials are studied by many more authors
(e.g., McCarthy 1972; Chadwick 1979; Dhaliwal
and Sheriff 1980; Sharma and Sidhu 1986; Sharma
et al 2000). In a recent study, the present author
(Sharma 2006) derived a mathematical model for
the wave propagation in generalized thermoelastic
anisotropic medium.

It is a wonderful coincidence that Biot presented
the theories of both thermoelasticity and poroelas-
ticity, in the same year of 1956. Indeed Biot (1956b)
was very much aware of the isomorphism between
mechanics of porous media and thermoelastic
continua. Another paper (Biot 1964) shows that
theory of porous media applies immediately to
thermoelasticity. The temperature replaces the
fluid pressure and the entropy displacement is used
instead of relative fluid displacement. This was
an important analogy that was used by some
authors to translate the results from thermoelasti-
city in solving the problems of poroelasticity. Some
of such studies on isotropic propagation are dis-
cussed in Norris (1992). Sharma (2006) extended
such a correspondence for three-dimensional wave
propagation in general anisotropic media.

Experimental study of Gurevich et al (1999)
confirms that the Biot’s theory of poroelasticity
is adequate to describe the behaviour of porous
materials. Such a study refreshes the importance
of Biot’s theory in poroelasticity. In the present
paper, Biot’s theory is modified to show the exis-
tence of three longitudinal and one transverse
waves in an isotropic thermoelastic porous solid
saturated with a non-viscous fluid. Relations are
derived among the temperature of the medium
and the displacements of fluid and solid particles.
Numerical examples are discussed to analyze the
velocities and attenuation of the three longitudinal
waves.

2. Basic equations
2.1 Thermoelastic porous medium

Consider a thermally conducting isotropic porous
solid saturated with a non-viscous fluid. The
stresses (Tij) in porous aggregate are obtained from
the stresses in solid matrix (¢;;) and fluid pressure
(pg) through the relations

Tij = 0y + a(=ps)dij, (1)

where « is Biot’s parameter to represent bulk cou-
pling between fluid and solid phases. §;; is the
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Kronecker symbol. In an isotropic fluid-saturated
porous solid, o;; and p; in isothermal conditions
are defined as:

Oij = Mg rlij + (Wi + uj),

—py = aMuy i, + Muwy, i, (2)

where A, p are isothermal Lame’s constants for
porous solid and M is an elastic parameter for
isotropic bulk coupling of fluid and solid parti-
cles. w;, the components of the averaged fluid
motion relative to solid frame, are defined as
w; = f(U; — u;) where f is the porosity of solid. u;
and U; are displacement components in solid and
fluid phases, respectively. Indices can take the val-
ues 1, 2 and 3. Summation convention is valid for
repeated indices. The comma (,) before an index
represents partial space differentiation and dot over
a variable represents partial time derivative.

Following Bear et al (1992) and Levy et al
(1995), the constitutive relations for effective
stresses in the solid and fluid parts of isotropic ther-
mally conducting fluid-saturated porous medium
are written as follows:

Oi; = My 0i5+p(w; j+u;)—Bs (T — Tp) 65, (3)
—pf = OéM'LLk,k -+ M’wk,k — ﬂf(T — To)éij, (4.)

where ,, By are the coefficients of thermal stress
for solid and fluid, respectively. It is assumed that
both the constituents of porous aggregate have the
same constant temperature (7}) in the undisturbed
state.

Differential equations for thermoelastic motion
in terms of stresses (7;;), fluid pressure (p;) and
temperature (7) in the deformed medium are
written as:

Tijj = PUi + ppw,
(=pys)i = pyii; + quivg,
KTJJ — pCE(T + TQT)

= ToBlro(ily; + W5 )+, +w; ], (5)

where 3 = B + afB¢. p and py are the densities of
porous aggregate and pore fluid, respectively. The
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parameter g represents inertial coupling between
pore-fluid and solid matrix of porous aggregate.

In terms of wu;, w; and T, the differential
equations (5) are expressed as

()\ +u+ OZ2M)U]€,¢]¢ + HU; gk — pul
+ aMuwy, g — pgiw; — BT; = 0,

aMuy 1, — pri; + Mwy i, — qo; — BT, = 0,

BTo[(t5 + Toil ;) + (W + Tty ;)]

—[KT;; — pC’e(T + TOT)] =0. (6)

To seek harmonic solution of (6) for the propaga-
tion of plane waves, we assume

{ujij>T Ty} = {Sj>Fj>F} exp {1 (prry — t)(},
7

where w is angular frequency and (p1,p2,p3) is
slowness vector. In terms of the phase velocity V,
slowness is written as (py, ps, p3) = N/V. The row
matrix N = (n,n9,n3) represents the direction
of phase propagation. The vectors (57, 52, S3) and
(Fy, Fy, F3) define, respectively, the polarizations
for the motions of the solid and fluid particles in
the porous medium. Substituting (7) in (6), yields
seven equations to be solved into two subsystems.
One of them,

T="1Ty+ G(nkuk + nkwk)a

G wlyV BT
K —prC.V?’

T=Ty+ — (8)
— 10 wa

relates the temperature (7") and particle displace-
ments in the medium. The other subsystem is
expressed as:

AS +BF =0,
A=\+p+ad M)NIN + (u— p'VHI,

B =o' MN'N — p; VI,
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CS+DF =0,
C = (aM — gV*)N'N — p; V"1,
D= (M —gV*)N'N — ¢V°I, 9)

where o' = a — B/Bs, p' = p— ps(B/Bs): pp =
pr—a(B/B), g =TorB6s /(K —prC.V?). The Iis
identity matrix of order three and N7 denotes the
transpose of row matrix N. Assuming the matrix
D to be non-singular, the latter system is further
solved into a relation

_ 2
_OéM (g+pf)v NTN S,

(10)

Py T
F= |2 (—T+N'N
q( ) M — (g4 q)V?

and an eigensystem

[aNTN + b(I - N"N)JS =0, (11)

where

a=\+2u+adM—p'V?

aM — (g+ py)V?

_ /M_ /V2
(CY Iof ) M—(g+q)V2 )

2
b:u—<—p pf)v?
q

The expression (10) relates the displacements
(u and w) of two constituent phases in porous
aggregate. The eigensystem (11) explains the prop-
agation phenomenon in the medium and may be
called the generalized Christoffel equations for
thermoelastic wave propagation in a porous solid
saturated with a non-viscous fluid.

Non-trivial solution for Christoffel equations
(11) is ensured by vanishing the determinant (ba?)
of the coefficient matrix aN*N + b(I — N”N). For
b =0, we get a relation

3 i
V= \ (0 —p%/q)’

with polarization S normal to propagation direc-
tion N. Hence this defines the phase velocity of a

(12)

(13)
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non-attenuating transverse wave in the medium. It
may be noted that velocity expression (13) is same
as that obtained in Biot’s theory. This implies that
thermoelastic coupling have no effect on the prop-
agation of transverse (say, S) waves in the porous
medium. The other relation, a = 0, is solved into

(pspf = POV + [(A+ 20 + ad’ M)q
— (pro’ + pp) M + p'MV?
— (A +2u)M —g[(p" — p)V*

— (A +2u+adM -’ M)V?] =0 (14)

In this case, the polarizations S become paral-
lel to phase direction N. This implies that above
equation represents the propagation of longitudi-
nal waves. For 8 =0, we get g =0, p' = p, p} =
ps, @ = a, then equation (14) becomes a quadratic
equation in V? and two of its roots define the
velocities of two longitudinal waves in isotropic
poroelastic solid. These velocities are same as those
obtained for P; and P, waves in Biot’s theory.
Then from equations (6), the thermal signal and
mechanical disturbance are no longer coupled. On
the other hand, for K # prC.V?, the equation (14)
is solved into a cubic equation in V2. This cubic
equation is written as:

C()VG + 01V4 + C'QVQ + 03 - 0, (15)

where

Co = pCet(psp; — P'a),
Cy = pCer[(Hq — (pso/ + pra) M + p' M]

= K(psps — 0'a) + TorBBs (0" — pp),
Cy=—K[Hq— (psa’ + pra) M + p' M]

= prCe(A +2u)M — Ty 3B (H — o' M),

Cs = (A+2u)K M, (16)

and H = A\+2u+aa’ M. Three roots of cubic equa-
tion (15) explain the existence and propagation of
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three longitudinal waves in thermoelastic porous
solid. The relaxation time parameter 7 is a fre-
quency dependent complex number. This implies
that the roots of equation (15) are complex and
hence the longitudinal waves in the medium are
attenuating waves.

2.2 Special case

Real value of inertial coupling ¢ represents
the absence of viscosity in pore fluid and hence the
absence of dissipation in porous aggregate. For the
presence of dissipation, ¢ is to be replaced with
g+1(y/wx). The ratio of viscosity (y) to permeabi-
lity (x) explains the Darcy’s law for fluid—solid cou-
pling in low-frequency range that ensures Poiseuille
flow in pores. For higher frequencies, a correction
factor is applied to the viscosity v (Deresiewicz and
Rice 1962).

2.3 Propagation and attenuation

We have four waves propagating in a generali-
zed thermoelastic saturated porous solid. Three of
these are attenuating longitudinal waves and one
is a non-attenuating transverse wave. For real vec-
tor N = (ny, ng, n3), even the complex value of
V provides the same directions for propagation
and attenuation of the longitudinal waves. Hence,
all the four waves become homogeneous waves.
The complex phase velocity (V) of each longitu-
dinal wave is resolved into propagation velocity v
and attenuation coefficient Q~!. For a longitudinal
wave with complex velocity V' = Vi + V7, define
v(=VE+V3)/Vg and Q' (= —-2V;/Vg) as its
phase velocity and attenuation coefficient, respec-
tively. In the descending order of phase velocity
v, the three longitudinal waves in thermoelastic
porous medium are identified as L;, L, and Ls
waves. The vector N with complex components will
represent the propagation of inhomogeneous waves
in the medium. In that case, the complex slowness
vector will be specified as (Sharma 2005)

A

=2 +1a4,
v

<lZ

(17)

for given (real) propagation direction n and atten-
uation direction a.

3. Numerical examples

The velocities and attenuation of the three
longitudinal waves are calculated from their com-
plex velocities obtained as roots of cubic equa-
tion (15). This equation is not a simple one to be
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Figure 1.
initial temperature (7o) and relaxation time (7o).

solved for closed form solutions. The coefficients
of this equation are large expressions involving the
contribution of various thermal/elastic/pore para-
meters. So the effect of these parameters on the
velocities and attenuation may only be analyzed
in a particular model of the medium. A liquid-
saturated reservoir rock (North-sea Sandstone) is
chosen for the numerical model of non-dissipative
porous medium. The values for the elastic and
dynamical constants for the porous rock are taken
from the anisotropic constants in Rasolofosaon
and Zinszner (2002). These are given by,
A=3.7GPa, u=79GPa, M =6GPa, a=0.4,
f=0.16 and p:2216kg/m3. The saturating
fluid (say, liquid) is assumed with density
ps = 950kg/m’® and ¢ = 1.05 p;/f. Numerical val-
ues C, =1040Jkg '/K and K = 170Wm '/K
define the thermoelastic character of the porous
aggregate. The parameters T, and 7 may also
have their effect on the wave propagation in the
medium. Define relaxation time 7 = 74(1 + 1), so
that dimensionless parameter n = (w7y)~* repre-
sents dissipation in thermoelastic medium. It has
been noted that for 8 =0, only three waves will
be propagating in the medium and thermal sig-
nal decouples from mechanical disturbance. This
implies that the propagation of L; wave in the
medium is linked directly to thermal stresses [,
and By of the two constituents in the medium. For
the present study, it is assumed that 3, = 24;.

T (K)

Variations of phase velocities and attenuation coefficients in liquid-saturated sandstone with thermal stress (8y),

3.1 Velocities and attenuations

The above numerical values are used to compute
the phase velocities and attenuation of the three
longitudinal waves in the medium. The lone trans-
verse wave in the medium is unaffected by the
thermal parameters and propagate with a con-
stant velocity of 1.95km/s. For the (isothermal)
poroelastic solid with above given numerical val-
ues, the velocities of two longitudinal (P, P;)
waves are found to be 3.1km/s and 0.97km/s.
These waves are non-attenuating and the horizon-
tal lines of big dots in the velocity plots (in figures 1
and 2) represent these velocities. Figure 1 exhibits
the variations in phase velocities (v) and attenu-
ation coefficients (Q~') of the longitudinal waves
with the values of (;/u, To and 75. It may be
observed that the velocities of L; and L, waves
increase with the increase in thermal stresses (i.e.,
B¢, Bs) and/or initial temperature (7). But, the
velocity of L; wave decreases with the increase
of these thermal parameters. Ls wave is the most
attenuated wave whereas attenuation of L, wave
is very small. Similarly, the plots of first two
columns in this figure imply that changes in 3y
and Ty have nearly same effects on wave propa-
gation in the medium considered. The velocities
decrease with the increase in relaxation time 7.
For larger values of relaxation time, thermal para-
meters may not affect the velocities of L; and L,
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Figure 2. Variations of phase velocities and attenuation coefficients in liquid-saturated sandstone with thermal dissipation
(n), specific heat (C.) and thermal conductivity (K).
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Figure 3. Variations of phase velocities and attenuation coefficients in liquid-saturated sandstone with poroelastic para-
meters (o, M, f).

waves. These two waves may have larger attenua- In another numerical example, the fixed values
tion for smaller relaxation time. The attenuation fB;/u = 0.3 x 107?/K, T, = 300K and 75 = 10703
of L3 waves increases sharply with the increase are used to compute the effects of n, C, and K
of 7. on velocities and attenuation. Figure 2 shows the
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variations in velocities and attenuation of longi-
tudinal waves with the variations in these three
parameters. As expected, the first column plots
show that a change in n has no effect on the velo-
cities. Though L, wave is nearly an unattenuated
wave, attenuation of all the three waves do increase
with the increase in 7. The increase in specific heat
C. decreases the velocities of all the three waves.
With the increase in C,, the attenuation of Lo
wave decreases but that of Ls; wave increases. The
increase in thermal conductivity K have nearly no
effect on the propagation of L; wave but it causes
a little increase in the velocity and attenuation of
L, wave. With the increase of thermal conductivity
K, velocity of L; wave increases but its attenuation
decreases. The effects of changes in thermal para-
meters C, and K on the propagation of Ly and Lj
waves are nearly reverse to each other.

In third numerical example, thermal properties
are defined with their fixed values used in figures 1
and 2. Variations in the porous character of the
medium is represented with the variable values for
«, M and porosity f. The resulting effects on
velocities and attenuation of longitudinal waves are
presented in figure 3. Again, the big-dot plots rep-
resent the velocities of Py and P, waves in isother-
mal poroelastic medium. As expected, a change in
the value of o does not have any effect on attenu-
ation of all the waves. Similarly, the velocity of Lj
wave is unaffected with the change in «a. Also, the
thermal effects on velocities are unchanged with
the change in «. But, the same is not true for
changes in M and f. Thermal effect on velocities
of L, and L, may decrease with the increase of M
and/or f. Velocity of Ls wave may increase with
the increase in M and/or f. The attenuation of
two slower (Lo, L3) waves are very much affected
with the changes in M and f. The changes in M
and f have nearly similar effects on velocities and
attenuation of the longitudinal waves.

4. Conclusions

The presented work is an effort to construct a
mathematical model for the propagation of ther-
moelastic waves in a saturated porous solid. For
isothermal propagation, the derived mathematical
model is reducible to Biot’s theory (1962a, b). The
thermal properties do not affect the propagation of
transverse waves in porous medium. The analogy
between thermoelastic and poroelastic propaga-
tions may indicate the convergence/superposition
of both the diffusive (L, and L3) waves into one.
But, no such possibility is observed and three dif-
ferent longitudinal waves propagate in the medium.
The thermal effect on the wave propagation may
vary with the changes in the pore characteristics
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of the porous medium. The thermal effects on the
wave propagation may be independent of the fluid—
solid coupling in porous aggregate when the ther-
mal conductivities of both the constituents are
nearly same. Researchers in this field may use the
analytical expressions derived in this work in their
simulation studies. These expressions may provide
a base for further modifications to get more realis-
tic models for thermoelastic propagation in rocks
and composites. The propagation theory proposed
along with relevant sets of boundary conditions,
may be able to provide more accurate solutions to
the NDE problems involving wave propagation in
thermoelastic porous solids. When supported with
a real/synthetic data, the derived model can be
used for a variety of geophysical problems. Few of
them may be explained as follows:

e The advancement in knowing the structure of the
earth consists of more accurate determination
of seismic velocities and attenuation. This is
particularly true in exploration industry and in
the investigation of tectonic stress and failure
where small scale fracturing and flow of fluid into
the fractures are important. For example, the
decrease of seismic velocities with temperature is
used through time-lapse survey to trace the flow
path taken by the injected steam in a reservoir
(Paulsson et al 1994).

e Fluid-saturated rocks exhibit attenuation and
velocity dispersion that is not observed in dry
rocks. These effects are ascribed to the com-
plex nature of crack/pore structure of rocks and
to the schemes of fluid occupying and flowing
within the pore structure. Along with the vis-
cosity of pore-fluid, the thermal dissipation may
also be one of the main causes of attenuation of
elastic waves in reservoir rocks and other porous
materials.

e The characterization of residual stresses in the
reservoirs, earth masses and composite materials
could be possible through analyzing the velocity
variations in them. Otherwise, the stress is diffi-
cult to measure, in-situ, even in the most acces-
sible parts of the crust. The prediction of these
residual stresses always require a more realistic
approach for seismic velocity analysis appropri-
ate for rock physics applications (Dutta 2002).
A thermoelastic propagation relating the rock
(elastic/thermal/pore) properties of subsurface
formations to the seismic velocities may be a
much effective approach for this purpose.

e Seismic data from sedimentary regions often
exhibit more intrinsic attenuation that cannot
be explained using existing theoretical models
(Pride et al 2004). This requires more realis-
tic models to explain the attenuation loss as
determined from seismograms. It is expected
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that thermoelastic propagation models may be
able to explain the increased attenuation in such
regions.

This wave propagation study is an attempt
to explore the role of subsurface features (poro-
sity, pore pressure, fluid-solid coupling, thermal
parameters) in the propagation of seismic waves.
Oceans cover more than two-third of earth’s crust
and water-saturated porous medium can be a much
realistic seismic model for oceanic bed. At the
ocean bottom, lithosphere is formed by upwelling
of hot material at ridges which spreads around and
cools with time. Seismological observations provide
evidences for thermal-mechanical processes that
control the formation and evolution of thermoelas-
tic lithosphere below oceans. Hence, the ultimate
applications of this study are geophysical whether
for the exploration of the oceanic crust, struc-
tural engineering or to hydrocarbon/geothermal
processes.

References

Bear J, Sorek S, Ben-Dor G and Mazor G 1992 Displacement
waves in saturated thermoelastic porous media, 1. Basic
equations; Fluid Dyn. Res. 9 155-164.

Biot M A 1956a The theory of propagation of elastic
waves in a fluid-saturated porous solid, I. Low-frequency
range II. Higher frequency range; J. Acoust. Soc. Am. 28
168-191.

Biot M A 1956b Thermoelasticity and irreversible thermo-
dynamics; J. Appl. Phys. 27 240-253.

Biot M A 1962a Mechanics of deformation and acoustic
propagation in porous media; J. Appl. Phys. 33
1482-1498.

Biot M A 1962b Generalized theory of acoustic propaga-
tion in porous dissipative media; J. Acoust. Soc. Am. 34
1254-1264.

Biot M A 1964 Theory of buckling of a porous slab and its
thermoelastic analogy; J. Appl. Mech. 27 194-198.

Chadwick P 1979 Basic properties of plane harmonic
waves in a prestressed heat-conducting elastic material;
J. Therm. Stresses 2 193-214.

Chandrasekhariah D S 1986 Thermoelasticity with second
sound; Appl. Mech. Rev. 39 355-376.

Deresiewicz H and Rice J T 1962 The effect of boundaries
on wave propagation in a liquid-filled porous solid: III.

Reflection of plane waves at a free plane boundary (gen-
eral case); Bull. Seismol. Soc. Am. 52 595-625.

Dhaliwal R S and Sheriff H H 1980 Generalized thermoelas-
ticity for anisotropic media; Quart. Appl. Maths. 38 1-8.

Dutta N C 2002 Geopressure prediction using seismic data:
current status and road ahead; Geophysics 67 2012-2041.

Green A E and Lindsay K A 1972 Thermoelasticity; J. Elas-
ticity 2 1-7.

Gurevich B, Kelder O and Smeulders D M J 1999 Validation
of the slow compressional wave in porous media: Com-
parison of experiments and numerical simulations; Trans.
Porous Media 36 149-160.

Kelder O and Smeulders D M J 1997 Observations of the
Biot slow wave in water saturated Nivelsteiner sandstone;
Geophysics 62 1794-1796.

Lakes R, Yoon H S and Katz J L. 1983 Slow compressional
wave propagation in wet human and bovine cortical bone;
Science 220 513-515.

Levy A, Sorek S, Ben-Dor G and Bear J 1995 Evolution of
the balance equations in saturated thermoelastic porous
media following abrupt simultaneous changes in pressure
and temperature; Trans. Porous Media 21 241-268.

Lord H W and Shulman Y 1967 The generalised dynamic
theory of thermoelasticity; J. Mech. Phys. Solids 15
299-3009.

McCarthy M F 1972 Wave propagation in generalised ther-
moelasticity; Int. J. Engg. Sci. 10 593-602.

Norris A 1992 On the correspondence between poroelasticity
and thermoelasticity; J. Appl. Phys. 71 1138-1141.

Nowacki W 1975 Dynamic Problems in Thermoelasticity;
Noordhoff Leyden, The Netherlands.

Paulsson B N P, Meredith J A, Wang Z and Fairborn W
1994 The Steepbank crosswell seismic project: Reservoir
definition and evaluation of steamflood technology and
Alberta tar sands; The Leading Edge 13 T37-747.

Pride S R, Berryman J G and Harris J M 2004 Seismic
attenuation due to wave-induced flow; J. Geophys. Res.
109 B01201.

Rasolofosaon P N J and Zinszner B E 2002 Compar-
ison between permeability anisotropy and elasticity
anisotropy of reservoir rocks; Geophysics 67 230-240.

Sharma J N and Sidhu R S 1986 On the propagation of plane
harmonic waves in anisotropic generalised thermoelastic-
ity; Int. J. Engg. Sci. 24 1511-1516.

Sharma J N, Singh D and Kumar R 2000 Generalised
thermoelastic waves in homogeneous isotropic plates;
J. Acoust. Soc. Am. 108 948-951.

Sharma M D 2005 Anisotropic propagation of inhomoge-
neous waves in dissipative poroelastic solids; Geophys.
J. Int. 163 981-990.

Sharma M D 2006 Wave propagation in anisotropic gen-
eralized thermoelastic medium; J. Therm. Stresses 29
329-342.

MS received 29 January 2008; revised 30 July 2008; accepted 30 July 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


