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ABSTRACT

The Lord-Shulman thermoporoelasticity theory couples
the Biot and hyperbolic heat equations to describe wave
propagation, modeling explicitly the effects of heat and fluid
flows. We have extended the theory to the case of double
porosity by taking into account the local heat flow (LHF)
and local fluid flow (LFF) due to wave propagation. The
plane-wave analysis finds the presence of the classical P
and S waves and three slow P waves, namely, the slow (Biot)
P1, the slow (Biot) P2, and a thermal slow P wave (or T
wave). The frequency-dependent attenuation curves find that
these slow waves manifest as Zener-like relaxation peaks,
which are loosely related to the LFF, Biot, and LHF loss
mechanisms. The viscosity and thermoelasticity properties
can lead to the diffusive behavior of the three slow P modes.
However, the S wave is considered to be independent of
fluid and temperature influence. We examine the effect of
thermophysical properties (e.g., thermal conductivity and re-
laxation time) on the wave velocity and attenuation of differ-
ent modes. It is confirmed that the T wave is prone to be
observed in media with high thermal conductivities and high
homogeneity at high frequencies. Our double-porosity ther-
moelastic model reasonably explains laboratory measure-
ments and well-log data from ultradeep fractured
carbonates at high temperatures.

INTRODUCTION

The theory of thermoporoelasticity incorporates the equation of
heat conduction into Biot’s poroelasticity, coupling elastic deforma-
tions with temperature. The study of wave propagation in a thermo-
poroelastic medium has many applications in geophysics, such as

geothermal exploration (e.g., Kana et al., 2015; Zhang et al., 2019),
seismic attenuation (e.g., Armstrong, 1984; Pride et al., 2004), and
seismicity (Rutqvist et al., 2013). In particular, the exploration and
development of ultradeep hydrocarbon resources in Western China
are usually associated with high-temperature environments (Fu,
2017). Wave propagation in such media involves the interaction
among elastic deformation, heat flow, and fluid flow, and thus in-
duces diffusive waves with frequency-dependent phase velocity and
attenuation.
Classical thermoelasticity couples the heat flow and elastic de-

formation (Biot, 1956; Deresiewicz, 1957) but gives infinite slow
P-wave (T-wave mode) velocities, especially at high frequencies
(Savage, 1966; Achenbach, 1984). Lord and Shulman (1967) intro-
duce thermal relaxation time to change the parabolic heat equation
into hyperbolicity, which is consistent with the Maxwell-type
mechanical model. Consequently, finite T-wave velocities are ob-
tained. Therefore, the Lord-Shulman (LS) thermoelasticity has been
extensively used for numerical simulations to investigate the effect
of thermophysical properties on wave propagation in nonporous
media (Carcione et al., 2018; Wei et al., 2020; Hou et al., 2021),
predicting a classical P wave, a slow P diffusive wave (T mode),
and an S wave. These two P-wave modes are similar to those of
classical poroelasticity, with the difference that the thermal wave
is related to heat (not fluid flow in poroelasticity). This latter mode
is diffusive at low frequencies.
The LS thermoelasticity has been extended to the porous case,

i.e., the so-called thermoporoelasticity, also predicting the classical
Biot slow wave related to fluid flow (Noda, 1990; Sharma, 2008;
Carcione et al., 2019; Baldonedo et al., 2020). The classical P-wave
velocity is higher than the uncoupled case (isothermal case), but the
S wave does not change with temperature (homogeneous media).
With the Fourier pseudospectral method for numerical simulations,
Carcione et al. (2019) show that the Boit mode to thermal mode
conversion leads to mesoscopic energy attenuation. Wei et al.
(2020) develop a frequency-domain Green’s function as a displace-
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ment-temperature solution of thermoporoelasticity to investigate the
effect of fluid viscosity and thermophysical properties.
Ba et al. (2011) combine the Biot theory of poroelasticity and

Rayleigh’s theory (BR) to develop a double-porosity theory. There
are two types of pores that show an embedded relationship. The BR
theory also can take into account the presence of two fluids (Ba
et al., 2012). Zhang et al. (2021) apply the BR double-porosity
theory to simulate wave propagation in infinituple-porosity media
at multiple scales using the differential effective medium theory. In
this work, we combine the LS and BR equations to obtain a ther-
moporoelasticity theory for double-porosity media. The proposed
LS-BR theory predicts the fast P and S waves, as well as three slow
modes: slow (Biot) P1, slow (Biot) P2, and thermal P (or T mode).
The LS-BR theory can predict positive dispersions and quality fac-
tors, unlike the theories of Iesan and Quintanilla (2014) and Kumar
et al. (2017).
The temperature dependence of dispersion and attenuation of

elastic waves is essential to the study of the thermal effects in
fluid-saturated rocks (Noda, 1990; Norris, 1994). Spencer (2013)
analyzes this behavior in Ells River bitumen sands, showing that
the P-wave moduli and attenuation vary by three orders of magni-
tude in frequency when increasing the temperature from 5°C to 48°
C. Qi et al. (2021) show that different saturating fluids present dif-
ferent trends for the temperature- and frequency-dependent velocity
and attenuation from 0°C to 50°C in carbonates. The proposed LS-
BR model considers the thermal effects on the fluids and frame and
their mutual interaction. We first investigate the effect of thermo-
physical properties (e.g., thermal conductivity and relaxation time)
on the velocity and attenuation of various P modes. Then, we apply
the LS-BR model to laboratory measurements and well-log data
from ultradeep fractured carbonates at high temperatures.

EQUATIONS OF MOTION

Ba et al. (2011) propose a double-porosity medium for describing
a material consisting of a solid skeleton and two fluid phases and
explicitly determine the model parameters (six stiffness and five
density coefficients) by using “Gedanken” experiments similar to
the Johnson (1986). Based on the double-porosity model, we extend
the thermoporoelasticity theory (single porosity) (Carcione et al.,
2019) to include secondary pores and investigate how temperature
affects attenuation.
Let us denote the displacement components of the frame by ui

and the displacement components of the double-porosity system
(host medium and inclusions) by UðmÞ

i (m = 1, 2). The strain com-
ponents of the frame and fluid can be defined, respectively, as

eij ¼
1

2
ð∂jui þ ∂iujÞδij; ξðmÞ

ij ¼ 1

2
ð∂jUðmÞ

i þ ∂iU
ðmÞ
j Þδij;

(1)

where ∂i is the partial derivative with respect to the spatial variable
xi and δij is the Kronecker delta function. The dilatations are

e ¼ eii ¼ ∂iui; ξm ¼ ξðmÞ
ii ¼ ∂iU

ðmÞ
i ; (2)

where the Einstein summation of repeated indices is assumed.
Based on the heat transfer in the solid and fluid (Nield and Bejan,

2006), the thermal expansion coefficient of both phases can be in-
troduced to include the inertial and the nonlinear advection terms in

the temperature equation (Carcione et al., 2019). The law of heat
conduction for single-porosity media is

kΔT ¼ ρCeðṪ þ τ0T̈Þ þ T0βðėþ τ0ëþ ẇi;i þ τ0ẅi;iÞ þ q;

(3)

where k is the coefficient of heat conduction (or thermal conduc-
tivity), Δ is the Laplacian operator, T is the increment of temper-
ature above a reference absolute temperature T0 for the state of zero
stress and strain, Ce is the specific heat capacity, τ0 is the relaxation
time, a dot above a variable denotes time differentiation, w is the
fluid filtration, q is a heat source, and

β ¼ βs þ
�
1 −

Kb

Ks

�
βf; (4)

where βs and βf are the coefficients of thermal stress (Carcione
et al., 2019) for the solid and fluid, respectively, and other properties
are given in Appendix A. It should be stressed that the relaxation
time is crucial in the LS thermoelastic equations, but with few stud-
ies reported in the literature. It is the time taken for the acceleration
of heat flow through the medium. Such a relaxation process pre-
vents the instantaneous establishment of a temperature gradient
in the medium. The existence of such a relaxation time has been
attributed to the Maxwell-type mechanical model (Francis, 1972).
Extending equation 3 for heat conduction in double-porosity me-

dia, we have

kΔT ¼ ρCeð _T þ τ0T̈Þ þ T0βð_eþ τ0ë

þ
X
m

ð _wðmÞ
i;i þ τðmÞ

0 ẅðmÞ
i;i ÞÞ þ q; (5)

where the filtration of fluid m (Biot, 1962) is
wðmÞ
i ¼ ϕmðUðmÞ

i − uiÞ, ϕm denotes the porosities of the host
medium (m = 1) and inclusions (m = 2), and τðmÞ

0 is the thermal
relaxation time of phase m. The composite density is
ρ ¼ ð1 − ϕÞρs þ ρfϕ with ρs and ρf being the solid and fluid den-
sities, respectively. In general, the pores within a representative vol-
ume are saturated by the same fluid, so we can assume that
τð1Þ0 ¼ τð2Þ0 ¼···¼ τðmÞ

0 ¼ τ0. Thus, equation 5 reduces to

kΔT ¼ ρCeð _T þ τ0T̈Þ þ T0βð_eþ τ0ë

þ
X
m

ð _wðmÞ
i;i þ τ0ẅ

ðmÞ
i;i ÞÞ þ q: (6)

Because equation 6 involves only the volumetric strain and does
not introduce shear strain, the S wave is not affected by temperature
under the LS-BR theoretical framework. As shown by Ba et al.
(2011), the constitutive relation of the double-porosity medium
without local fluid flow (LFF) for the solid σij and fluid τðmÞ is

σij ¼ ðAeþ
X
m

QmξmÞδij þ 2μeij; τðmÞ ¼ Qmeþ Rmξm;

(7)

where the stiffness coefficients (A, Q1, Q2, R1, and R2) are given in
Appendix A and μ is the shear modulus. If the thermal effects are
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considered, as in Carcione et al. (2019), we have the extended con-
stitutive relations:

σij ¼ ðAeþ
X
m

Qmξm − ðβ − βfÞTÞδij þ 2μeij;

τðmÞ ¼ Qmeþ Rmξm − βfT: (8)

We use a scalar ς to describe the fluid variation during the LFF
process,

ς ¼ 1

ϕ1

�
1 −

R3
0

R3

�
; (9)

where R0 is the inclusion radius and R is the dynamic radius of the
fluid sphere. Because of the conservation of fluid mass, we have (Ba
et al., 2011)

ϕ1ðϕ2ςÞ þ ϕ2ð−ϕ1ςÞ ¼ 0: (10)

According to the kinetic energy function (Ba et al., 2011: equa-
tion 22), the kinetic energy can be expressed as

T 0 ¼ 1

2
ρ00

X
i

_u2i þ
X
m

ρ0m
X
i

_ui _U
ðmÞ
i

þ 1

2

X
m

ρmm

X
i

ð _UðmÞ
i Þ2 − 1

6

R2
0ϕ

2
1ϕ2ϕ20

ϕ10

ρf _ς
2; (11)

where the density coefficients are

ρ00 ¼ ð1 − ϕÞρs − ρfϕ1ð1 − τ1Þ; ρ0m ¼ ρfϕmð1 − τmÞ;
ρmm ¼ ρfϕmτm; ρ ¼ ð1 − ϕÞρs þ ρfϕ; (12)

where the total porosity ϕ ¼ ϕ1 þ ϕ2 and ϕm ¼ υmϕm0, with υm
being the volume fraction of phase m and ϕm0 being the porosity
in each phase, and τm ¼ 0.5ðð1=ϕmÞ þ 1Þ is the tortuosity.
Based on the frictional dissipation mechanism between the fluid

and the frame, the dissipation function is similar to equations 30 and
33 of Ba et al. (2011):

D ¼ −
1

2

X
m

ϕmϕm0

η

χm
_wðmÞ · _wðmÞ þ 1

6

�
η

χ1

�
R2
0ϕ

2
1ϕ2ϕ20 _ς

2:

(13)

Following Ba et al. (2011, 2012, 2013), we take partial deriva-
tives of equations 11 and 13 with respect to the particle velocities of
the solid and two fluid phases, and we introduce the constitutive
relation (equation 8) into the momentum conservation (equation 11).
According to the strain-displacement relations, the equation of mo-
tion is as follows:

μui;jjþðAþμÞuj;ijþQ1ðUð1Þ
j;ijþϕ2ςÞþQ2ðUð2Þ

j;ij−ϕ1ςÞþðβ−βfÞT;i

¼ρ00üiþ
X
m

ðρ0mÜðmÞ
i þbmðu̇i−U̇ðmÞ

i ÞÞ;

Q1uj;ijþR1ðUð1Þ
j;ijþϕ2ςÞþ

ϕ1

ϕ
βfT;i

¼ρ01üiþρ11Ü
ð1Þ
i −b1ðu̇i−U̇ð1Þ

i Þ;

Q2uj;ijþR2ðUð2Þ
i;i −ϕ1ςÞþ

ϕ2

ϕ
βfT;i

¼ρ02üiþρ22Ü
ð2Þ
i −b2ðu̇i−U̇ð2Þ

i Þ;
kTi;i¼ρCeðṪþτ0T̈ÞþT0β½ð1−ϕÞðu̇i;iþτ0üi;iÞ
þ
X
m

ϕmðU̇ðmÞ
i;i þτ0Ü

ðmÞ
i;i Þ�;

ϕ2ðQ1ui;iþR1ðUð1Þ
i;i þϕ2ςÞÞ−ϕ1ðQ2ui;iþR2ðUð2Þ

i;i −ϕ1ςÞÞ

¼1

3
R2
0ϕ

2
1ϕ2ϕ20

�
−
ρf
ϕ10

ς̈þ η

χ1
ς̇

�
; (14)

where, following the Darcy law, η and χm represent fluid viscosity
and skeleton permeability, respectively, and b1 and b2 are dissipa-
tion parameters given by

bm ¼ −ϕmϕm0

η

χm
: (15)

Equation 14 describes wave dispersion and attenuation in noniso-
thermal double-porosity media. It has 20 unknowns, i.e., five stiff-
nesses (A, Qm, and Rm), five density coefficients (ρ00, ρ0m, and
ρmm), two porosities ϕm, Darcy friction coefficients bm, and thermal
properties (k, τ0, T0, β, βs, and βf).
The proposed model is a straightforward extension of the double-

porosity model (Ba et al., 2011) and the thermoporoelasticity model
(Carcione et al., 2019). If ϕ2 ¼ 0, ς ¼ 0, and Q2, R2, ρ02, ρ22, and
b2 of the second type of pores are all zero, equation 14 reduces to
the thermoporoelasticity equations (Carcione et al., 2019):

μui;jj þ ðAþ μÞuj;ij þQ1U
ð1Þ
j;ij þ ðβ − βfÞT;i

¼ ρ 0
00üi þ ρ01Ü

ð1Þ
i þ b 0

1ðu̇i − U̇ð1Þ
i Þ;

Q1uj;ij þ R1U
ð1Þ
j;ij þ βfT;i ¼ ρ01üi þ ρ11Ü

ð1Þ
i − b 0

1ðu̇i − U̇ð1Þ
i Þ;

kTi;i ¼ ρCeðṪ þ τ0T̈Þ þ T0βðu̇i;i þ τ0üi;i þ ẇð1Þ
i;i þ τ0ẅ

ð1Þ
i;i Þ;
(16)

where ρ 0
00 ¼ ρ00 − ρ01 and b 0

1 ¼ b1=ϕ1, although with a different
notation (Carcione et al., 2019; Wei et al., 2020):

A¼λþMðα�−ϕ1Þ2; Q1¼ϕðα�−ϕ1ÞM; R1¼ϕ2
1M; (17)

where these properties are given in Appendix A. If T = 0 and τ0 ¼ 0,
equation 14 reduces to the double-porosity equation of Ba et al.
(2011):
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μui;jj þ ðAþ μÞuj;ij þQ1ðUð1Þ
j;ij þϕ2ςÞ þQ2ðUð2Þ

j;ij −ϕ1ςÞ
¼ ρ00üi þ

X
m

ðρ0mÜðmÞ
i þ bmðu̇i − U̇ðmÞ

i ÞÞ;

Q1uj;ij þR1ðUð1Þ
j;ij þϕ2ςÞ ¼ ρ01üi þ ρ11Ü

ð1Þ
i − b1ðu̇i − U̇ð1Þ

i Þ;
Q2uj;ij þR2ðUð2Þ

j;ij −ϕ1ςÞ ¼ ρ02üi þ ρ22Ü
ð2Þ
i − b2ðu̇i − U̇ð2Þ

i Þ;
ϕ2ðQ1ui;i þR1ðUð1Þ

i;i þϕ2ςÞÞ−ϕ1ðQ2ui;i þR2ðUð2Þ
i;i −ϕ1ςÞÞ

¼ 1

3
R2
0ϕ

2
1ϕ2ϕ20

�
ρf
ϕ10

ς̈þ η

χ1
ς̇

�
: (18)

PLANE-WAVE ANALYSIS

We examine the characteristics of elastic waves in the double-
porosity thermoelastic medium by the following time-harmonic
plane wave:

ui ¼ Bsie
iωðt− li

vc
xjÞ; UðmÞ

i ¼ Cmdie
iω

�
t− li

vc
xj

�
;

T ¼ De
iω

�
t− li

vc
xj

�
; ς ¼ Ee

iω

�
t− li

vc
xj

�
; (19)

where si and di are the polarizations of the solid and fluid particles,
respectively; B, Cm, D, and E are the amplitudes; ω is the angular
frequency; t is the time; vc is the complex velocity; lj and xj denote
the wave directions and the position component, respectively;
and i ¼ ffiffiffiffiffiffi

−1
p

.

Dispersion relations for frequency-dependent velocity
and attenuation

Given equations 14 and 19, we have

��ðb1þb2Þi
ω

−ρ00

�
v2cþμþðAþμÞljli

�
Bsj

þ
X
m

��
−
bmi
ω

−ρ0m

�
v2cþQmljli

�
Cmdj

−
�ðβ−βfÞi

ω
vcDþðQ2ϕ1−Q1ϕ2ÞE

�
li¼0;

��
−b1

i

ω
−ρ01

�
v2cþQ1ljli�Bsjþ

��
b1

i

ω
−ρ11

�
v2cþR1ljli

�
C1dj

þ
�
−
ϕ1

ϕ
βf

i

ω
vcDþR1ϕ2E

�
li¼0;

��
−b2

i

ω
−ρ02

�
v2cþQ2ljli�Bsjþ

��
b2

i

ω
−ρ22

�
v2cþR2ljli

�
C2dj

−
�
ϕ2

ϕ
βf

i

ω
vcDþR2ϕ1E

�
li¼0;

T0βðτ0iω3þω2Þ
�
ð1−ϕÞBsiþ

X
m

ϕmCmdi

�
vcli

þ½ρCeðiωþτ0ω
3Þvcþkω2�D¼0;

ðϕ2Q1−ϕ1Q2ÞBþR1ϕ2C1−R2ϕ1C2

¼
�
1

3
R2
0ϕ

2
1ϕ2ϕ20

�
ρf
ϕ10

iω−
η

χ1
ω2

�
−ðϕ2

2R1þϕ2
1R2Þ

�
ET0: (20)

For S waves, the resulting dispersion relation is the case when
sili ¼ dili ¼ 0, and

μ

�
1

vc

�
2

¼ρ00−
iðb1þb2Þ

ω
−

�
ρ01þ ib1

ω

�

ρ11−
ib1
ω

2

−

�
ρ02þ ib2

ω

�

ρ22−
ib2
ω

2

:

(21)

The S-wave complex velocity is not affected by the thermal prop-
erties.
For P waves, we have sili ¼ dili ¼ 1, and the longitudinal wave

solutions can be expressed as a cubic equation in v2c:

								

a11v2c þ b11 a12v2c þ b12 a13v2c þ b13 a14vc
a21v2c þ b21 a22v2c þ b22 a23v2c þ b23 a24vc
a31v2c þ b31 a32v2c þ b32 a33v2c þ b33 a34vc

a41vc a42vc a43vc a44v2c þ b44

								
¼ 0;

(22a)

where

a11¼ðb1þb2Þi=ω−ρ00; b11¼½Aþ2μþiðQ2ϕ1−Q1ϕ2Þx1�ω2;

a12¼−b1i=ω−ρ01; b12¼½Q1þiðQ2ϕ1−Q1ϕ2Þx2�ω2;

a13¼−b2i=ω−ρ02; b13¼½Q2þiðQ2ϕ1−Q1ϕ2Þx3�ω2;

a14¼−ðβ−βfÞi=ω;a21¼−b1i=ω−ρ01;

b21¼½Q1−iR1ϕ2x1�ω2;

a22¼b1i=ω−ρ11; b22¼½R1−iR1ϕ2x2�ω2;a23¼0;

b23¼−iR1ϕ2x3ω2;a24¼−
ϕ1βfi

ϕω
;

a31¼−b2i=ω−ρ02; b31¼½Q2þiR2ϕ1x1�ω2;

a32¼0; b32¼iR2ϕ1x2ω2;a33¼b2i=ω−ρ22;

b33¼½R2þiR2ϕ1x3�ω2;a34¼−
ϕ2βfi

ϕω
;

a41¼T0βð1−ϕÞðτ0iω3þω2Þ; a42¼T0βϕ1ðτ0iω3þω2Þ;
a43¼T0βϕ2ðτ0iω3þω2Þ; a44¼ρCeðiω−τ0ω2Þ;
b44¼kω2; (22b)

where

x1 ¼ iðϕ2Q1 − ϕ1Q2Þ=Z; x2 ¼ iϕ2R1=Z; x3 ¼ −iϕ1R2=Z;

Z ¼ −
1

3
ωϕ2

1ϕ2ϕ20R2
0ðiη=κ1 þ ωρ=ϕ10Þ − ðϕ2

2R1 þ ϕ2
1R2Þ:
(22c)

Following Carcione (2014), we obtain the phase velocity, attenua-
tion factor, and quality factor as follows:
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vp¼
�
Re

�
1

vc

��
−1
; α¼−ωIm

�
1

vc

�
; Q¼ πf

αvp
¼ ReðvcÞ
2ImðvcÞ

;

(23)

where f ¼ ω=ð2πÞ is the frequency.

Examples

Examples for two different cases are calculated based on the
material properties shown in Table 1. The equivalent skeleton
moduli of two types of pores used for Figures 1 and 2 result from
the same material properties of Ba et al. (2011) for weakly cemented
sandstones. We follow Pride and Berryman (2003) to calculate the
frame bulk modulus. We assign the volume ratios of two types of
pores as largely different values (0.962 and 0.037, respectively) for
such unconsolidated sandstones, with an attempt to neglect the in-
teraction between two different inclusions. Figures 3–5 show two
different sets of thermophysical properties (Carcione et al., 2019) to
highlight the thermal effect on the elastic properties of viscoelastic
porous media. Case 1 considers a typical water-saturated sandstone,
whereas case 2 refers specifically to hypothetical material with high
thermal conductivities and small relaxation time with an attempt to
move the thermal attenuation peak into the frequency band of seis-
mic data.
The propagation characteristics of elastic waves in porous media

are usually affected by the coupling effect between temperature and
deformation, such as tectonic seepage (Hamza and Chen, 2006) and
gas mining (Wu, 2013), leading to a nonisothermal state generally.

Therefore, we investigate the dispersion and attenuation properties
with different ambient temperatures (T0 = 300°K, 350°K, and 400°
K). Figure 1 compares the results to those of Ba et al. (2011) dou-
ble-porosity model (gray cross in Figure 1 by ignoring T0 and
T = 0). We see that the proposed LS-BR theory predicts three P
waves and one T wave. The dispersion curve of the fast P wave
has three inflection points, namely three attenuation peaks in Fig-
ure 1a and 1b. The strongest attenuation peak appears at low
frequencies (101–102 Hz), corresponding to the mesoscopic energy
loss caused by LFF. The higher frequencies (104–105 Hz) show the
effect of Biot’s friction (Biot, 1962). The weakest relaxation peak at
ultrasonic frequencies corresponds to the thermal attenuation. The
P-wave velocity significantly increases by increasing ambient tem-
perature (Figure 1a and 1c). The LFF attenuation peak and its char-
acteristics are almost unaffected by the high ambient temperature
(Figure 1b). However, the local heat flow (LHF) affects the Biot-
and the thermal-wave attenuation peaks, although the thermal-wave
attenuation peak slightly increases. Considering the thermal effect,
the Biot peak moves to low frequencies. The effect of temperature
on the P2 wave is not significant because of the small number of
cracks (υ2 = 0.037). Interestingly, the T wave shows decreasing
phase velocity with increasing ambient temperature (Figure 2),
i.e., an opposite trend compared with that of the P-wave mode.
The aforementioned two P-wave modes are similar to those of

classical poroelasticity in that these modes propagate with slow
velocities and are diffusive at low frequencies, but they become
a high-speed weakly attenuated wave-like mode at high frequen-
cies. From the point of view of physical nature, the slow P wave

Table 1. Medium properties.

Properties Values for Figures 1 and 2 Values for Figures 3–5

Grain bulk modulus Ks (GPa) 38 35

Shear modulus μs (GPa) 44 —
Density ρs (kg/m3) 2650 2650

Frame bulk modulus Km (GPa) — 1.7

Shear modulus μm (GPa) — 1.885

Porosity of pore 1 ϕ1 0.1 0.1

Volume fraction of pore 1 υ1 0.963 0.0, 0.1, and 0.2

Permeability of pore 1 χ1 (D) 0.01 0.01

Porosity of pore 1 ϕ2 0.3 0.3

Volume fraction of pore 2 υ2 0.037 1.0, 0.9, and 0.8

Permeability of pore 2 χ2 (D) 1 1

Fluid density ρf (kg/m3) 1040 1000

Bulk modulus Kf (GPa) 2.5 2.4

Viscosity η (Pa·s) 0.005 0.001

Thermoelasticity coefficient βf (kg/[m·s2·°K]) 40,000 40,000

Bulk specific heat capacity Ce (m2/[s2·°K]) 0.38 0.38

Thermoelasticity coefficient β (kg/[m·s2·°K]) 120,000 120,000

Absolute temperature T0 (°K) 300 300

Case 1 Case 2

Thermal conductivity k (m·kg/[s3·°K]) 1 10.5 4.5×106

Relaxation time τ0 (s) 1.5×10−8 1.5×10−8 1.5×10−2
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(Biot wave) is characteristic of global or macroscopic fluid flow
driven by inertial forces in porous media (Müller et al., 2010; Deng
and Morozov, 2019), whereas the thermal wave (T mode) is a global
or macroscopic thermal diffusion propagation related to heat (not
fluid flow).
Next, we follow Carcione et al. (2019) to consider two different

cases to highlight the thermal effect on the elastic properties. Case 1
indicates a typical water-saturated sandstone, whereas case 2 refers
specifically to a hypothetical material with high thermal conduc-
tivity and small relaxation time for moving the thermal attenuation
peak into the frequency band of seismic data. In these models, the
background is characterized by large pores (i.e., stiff pores) with the
permeability χ2 = 1 D, whereas the embedded microcracks
(i.e., compliant pores) have low porosities with the permeability
χ1 = 0.01 D. The models reduce to a single-porosity thermoelastic
system (Carcione et al., 2019) if the embedded cracks are removed.
With all other parameters remaining the same, we consider different
volume combinations of pores 1 and 2 to test the influence of vol-
ume fractions on the dispersion and attenuation of elastic waves.
Figures 3 and 4 show the frequency-dependent phase velocities

and attenuation factors of fast P, slow P2, and thermal P waves for
the double-porosity (0.1 and 0.3) model with different volume frac-
tions of pores 1 and 2, compared with the single-porosity (0.3)
model (Carcione et al., 2019) for cases 1 and 2, respectively. Fig-
ure 5 compares the frequency-dependent phase velocities and at-
tenuation factors of slow P1 waves for the double-porosity (0.1
and 0.3) models of cases 1 and 2. The P-wave velocity gradually
increases with decreasing porosities (Ba et al., 2012). When the

rock contains only background pores (υ1 = 0% and υ2 = 100%),
the results predicted by equation 17 are the same as those of Car-
cione et al. (2019). In the case of double-porosity cases (υ1≠ 0%),
the local flow losses appear, leading to two slow P waves (see Fig-
ure 3c–3f) and complex fast P anelasticity. For example, Figures 3a
and 4a show two inflection points in a fast-P dispersion curve,
which correspond to Biot and thermal attenuation peaks with their
locations depending on the petrophysical and thermophysical prop-
erties of rocks.

Figure 1. (a, c, and e) Phase velocity and (b, d, and f) attenuation as
a function of frequency for (a and b) fast P wave, (c and d) slow P
wave (P1), and (e and f) slow P wave (P2), compared with Ba et al.
(2011) double-porosity model. The properties are listed in Table 1.

Figure 2. (a) Phase velocity and (b) attenuation factor as a function
of frequency for thermal wave. The properties are listed in Table 1.

Figure 3. Comparison of the (a, c, and e) frequency-dependent
phase velocities and (b, d, and f) attenuation factors for (a and b) fast
P, (c and d) slow P2, and (e and f) thermal P waves between the
double-porosity (0.1 and 0.3) model, with different volume frac-
tions of pores 1 and 2, and the single-porosity (0.3) model (Carcione
et al., 2019) for case 1. The properties are given in Table 1.
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Figure 3 shows that, for a given total porosity, the P-wave velocity
does not decrease monotonically with increasing volume fractions in
background pores. The fast-P velocity decreases initially followed by
an increase with increasing crack contents, whereas the correspond-
ing Biot attenuation peak increases gradually. Although the volume
ratio of two types of pores affects the dispersion and attenuation of
waves, it is very limited, especially for the two slow P and T waves
(see Figures 3–5). Figure 4 shows the results for case 2 with similar
trends to those in case 1, except that the T wave exhibits a negative
velocity dispersion approximately 104 Hz, but it does not mean that it
violates the Kramers-Krönig relation. As discussed by Deng and Mo-
rozov (2018), there exist wave processes with negative phase velocity
dispersion but satisfy the Kramer-Krönig relations withQ−1 > 0, for
example, the surface waves in seismology (Aki and Richards, 2002).
Frequency intervals of negative velocity dispersion also were ob-
served by Winkler (1983) and theoretically predicted for cracked
porous media by Jakobsen and Chapman (2009), and laboratory mea-
surements on trabecular bone by Waters and Hoffmeister (2005).
Furthermore, we focus on the effects of thermal conductivity and

relaxation time on wave properties. Thermal conductivity is one of
the most important factors influencing wave propagation. Its values
depend on the mineral composition of rocks and pore fillings. The
relaxation time is related to the time of heat flow and determines the
thermodynamic behavior of a substance in a nonstatic temperature
field (Lotfy and Othman, 2011; Zhao and Lyu, 2015), especially in
a high-temperature environment. The parameters used for the tests

are listed in Table 1, and the pore system consists of 10% pore 1 and
90% pore 2.
Figure 6 shows that, with increasing thermal conductivities, the

fast P dispersion and the corresponding thermal attenuation increase
from 106 Hz, but almost remain unchanged below this frequency. In

Figure 4. Comparison of the (a, c, and e) frequency-dependent
phase velocities and (b, d, and f) attenuation factors for (a and b) fast
P, (c and d) slow P2, and (e and f) thermal P waves between the
double-porosity (0.1 and 0.3) model, with different volume frac-
tions of pores 1 and 2, and the single-porosity (0.3) model (Carcione
et al., 2019) for case 2. The properties are given in Table 1.

Figure 5. Comparison of the (a and c) frequency-dependent phase
velocities and (b and d) attenuation factors of slow P1 waves for the
double-porosity (0.1 and 0.3) model with different volume fractions
of pores 1 and 2 for (a and b) case 1 and (c and d) case 2.

Figure 6. Comparison of the (a, c, e, and g) frequency-dependent
phase velocities and (b, d, f, and h) attenuation factors of (a and
b) fast P, (c and d) slow P1, (e and f) slow P2, and (g and h) thermal
P waves for different thermal conductivities. The properties are
listed in Table 1.
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general, the thermal conductivity is positively correlated with the
density of rocks (Gao et al., 2015). With increasing thermal con-
ductivities, the phase velocity and attenuation peak of the fast P
wave increase significantly. The slow P1 and P2 show a similar trend
to the fast P wave. It is worth noting that, in Figure 6e and 6f, the
diffusion frequency reduces and the corresponding attenuation peak
moves to low frequencies with increasing thermal conductivities,
possibly because of the decrease of viscosity.
Figure 7 shows the effect of relaxation time on individual wave

modes, with similar characteristics as shown in Figure 6 associated
with the effect of thermal conductivity. Classical thermoelasticity
based on Fourier heat conduction is equivalent to the LS thermoelas-
ticity with τ0 ¼ 0, which indicates that a temperature perturbation at a
given location can instantaneously be detected at some other location.
This results in an infinite T-wave speed. Intuitively, τ0 ¼ 0 is similar
to a material with superconductivity. The relaxation time in a homo-
geneous medium can be defined as k



CeV2 (Rudgers, 1990) or

1



2πfp (Wang and Santamarina, 2007), where V is the sound veloc-

ity and fp is the peak frequency of T wave. We see that it is propor-
tional to k, but inversely proportional to V2 and fp. Therefore,
Figures 6 and 7 show an opposite trend of variations in dispersion
and attenuation caused by thermal conductivity and relaxation time
relative to V and fp. With decreasing thermal conductivities, more
relaxation time is needed to reach the steady-state, leading to a reduc-
tion of attenuation. Thus, the T wave is prone to be observed in the
medium with high thermal conductivities at the high-frequency limit.
The presence of pore fluids significantly attenuates elastic waves in

the frequency band of seismic data, especially contributing to the dif-
fusive behavior of Biot waves, which is controlled by the viscosity of
pore fluids. Figure 8 shows the frequency-dependent velocity and
attenuation of these slow waves for three different fluids of hot water,
ambient water, and oil, with their viscosities being 0.0002, 0.001, and
0.005 Pa·s, respectively. To highlight the influence of fluid viscosities
on the local flow mechanism, we use the volume ratio of two types of

Figure 7. Comparison of the (a, c, e, and g) frequency-dependent
phase velocities and (b, d, f, and h) attenuation factors of (a and
b) fast P, (c and d) slow P1, (e and f) slow P2, and (g and h) thermal
P waves for different relaxation times. The properties are listed in
Table 1.

Figure 8. Comparison of the (a, c, e, and g) fre-
quency-dependent phase velocities and (b, d, f,
and h) attenuation factors of (a and b) fast P, (c
and d) slow P1, (e and f) slow P2, and (g and h) ther-
mal P waves for three pore fluids (hot water, am-
bient water, and oil) with different viscosities. The
plot in the upper-right corner is for an enlarged
view of the dashed box in (b). The properties
are listed in Table 1.
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pores: υ1 ¼ 0.963 and υ2 ¼ 0.037, as listed in Table 1 for Figures 1
and 2, but change the thermal conductivity to 5 m·kg/(s3·°K).
From Figure 8b, we see that the fast-P attenuation due to the LFF

presents three strong peaks which are concentrated around the band
of 101–103 and move toward low frequencies with increasing fluid
viscosities. As shown in the upper-right corner of Figure 8 for an
enlarged view, the second group of very weak attenuation peaks due
to Biot dissipation mechanism occurs around the band of 104–
106 Hz, only with the oil producing a peak-like attenuation. Because
the ratio of fluid viscosity to permeability controls the behavior of
Biot slow waves, the resulting attenuation peaks move toward high
frequencies with increasing fluid viscosities. Meanwhile, we see
that three different fluids have the same thermal peak induced
by the LHF, implying that viscosity has no effect on the dispersion
and attenuation of thermal waves that are controlled by thermophys-
ical properties (τ0 and k). It should be stressed that we use the same
relaxation time for the porous medium saturated with different flu-
ids, respectively. That is, the effect of viscosities on the equivalent
relaxation time of the medium is assumed too small to be ignored.
As expected by the proposed double-pore thermoelasticity

model, the S wave is independent of the LFF as well as the materi-
al’s thermal properties. Figure 9 shows that the Biot loss is the only
cause of S-wave attenuation. The influence of temperature on the S
wave will be considered in future work.

APPLICATIONS TO
EXPERIMENTAL AND LOGGING

DATA

In this section, we apply the proposed double-
porosity thermoelastic model to laboratory mea-
surements and well-log data. The rock samples
and logging data are from ultradeep carbonate
reservoirs in high-temperature environments.
In these samples, the background material is
characterized by large pores (i.e., stiff pores)
with the volume fraction υ2, whereas the em-
bedded microcracks (i.e., compliant pores) have
low porosities with the volume fraction υ1. Fig-
ure 10 shows the workflow with two-step proc-
esses to create the temperature-dependent fluid
model and the rock-skeleton model, respectively.
The former involves three temperature-depen-
dent fluid properties: ρfðTÞ, ηfðTÞ, and VfðTÞ
(for details, see Appendix B). The latter contains
two skeleton parameters: the microscopic pore
structure ϕ20ðTÞ and the frame elastic moduli
of the rock matrix. From these models, we can
obtain the P-wave velocity in the temperature
range of 0°C–300°C. We begin by estimating
the pressure-dependent frame elastic moduli of
the rock matrix. We calculate the temperature-de-
pendent microcrack porosity ϕ20. The fluid
parameters are given by equations B-1 and
B-2. In the next step, these parameters are incor-
porated into the five poroelasticity coefficients
(Appendix A), five density coefficients (equa-
tion 12), and two dissipation coefficients (equa-
tion 15). Then, these coefficients and

thermophysical properties are substituted into the LS-BR model
(equation 14) to obtain the temperature-dependent equations of mo-
tion. Finally, these equations are solved by plane-wave analysis to
obtain the frequency-dependent velocity and attenuation of water-
and oil-saturated rocks.

Experimental and logging data

As listed in Table 2 provided by Qi et al. (2021), the dolomite
sample from Northwest China mainly consists of dolomites with a

Figure 9. (a) Phase velocity and (b) attenuation factor of the S wave
as a function of frequency.

Figure 10. Workflow for the proposed double-porosity thermoelastic model applied to
experimental and logging data.

Table 2. Petrophysical properties of rock samples.

Sample Dolomite Carbonate

Porosity (%) 11.73 10.37

Permeability (mD) 0.138 1.430

Density (kg/m3) 2510.00 2525.00

WS20 VP (m/s) 5644.96 5754.17

WS140 VP (m/s) 5489.68 5630.58

OS20 VP (m/s) 5644.96 5726.02

OS140 VP (m/s) 5454.76 5600.75

4WS20 VP5 and WS140 VP: water-saturated P-wave velocities measured at 20°C and 140°C.
5OS20 VP and OS140 VP: oil-saturated P-wave velocities measured at 20°C and 140°C.
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small amount of clay, whereas the carbonate sample from western
Sichuan, China, is mainly composed of granular dolomites with dis-
solved pores. Both the samples are extracted from reservoirs at a
depth of more than 4.5 km, with an in-situ temperature of approx-
imately 140°C, and have similar mineral compositions, but they
present very different petrophysical properties. The microstructures
of the samples mainly include intergranular pores and microcracks
(grain contacts). As indicated by Qi et al. (2021), ultrasonic measure-
ments are performed with the central frequency of 1 MHz for all of
the samples subject to a confining pressure of 80 MPa whereas the
pore pressure is kept constant at 10 MPa. During the experiment,
waveforms are first recorded at 20°C, and then the temperature is
raised to 140°C and maintained for 30 min before the measurement
at 140°C. The measured P- and S-wave velocities are listed in Table 2.
Logging data are from a well located in Tarim Basin, Northwest

China, and correspond to Ordovician carbonate reservoirs (Qi,
2016) more than 7 km deep, with an in-situ temperature of approx-
imately 160°C. The ultradeep reservoirs develop karst caves, pores,
and microcracks caused by multistage strike-slip faulting and dis-
solution. As indicated by Wei et al. (2021), a carbonate sample ex-
tracted from the ultradeep reservoirs has 2.5% in porosity,
0.023 mD in permeability, and 2.66 g/cm3 in dry-rock density.
There are no attenuation data and only P-wave impedance and
VP/VS ratio are used in this study.

Pressure- and temperature-dependent dry-rock elastic
moduli

To interpret laboratory observations for the samples listed in Ta-
ble 2, we follow Qi et al. (2021) to build up the pressure- and tem-
perature-dependent empirical relations for the corresponding dry-
rock elastic moduli.
Measured by Qi et al. (2021) for the gas-saturated samples sub-

ject to a confining pressure of 80 MPa at ambient temperature, the
dry-rock bulk and shear moduli are (71.24, 34.61) GPa and (77.34,
30.79) GPa for the dolomite and carbonate samples, respectively. In
general, microcracks are assumed to be closed at high effective pres-

sure (David and Zimmerman, 2012). Because the microcrack poros-
ity is much smaller than the stiff background porosity, the total
porosity at high pressure provides a good approximation to the stiff
porosity (David and Zimmerman, 2012), and thus we can use the
measured dry-rock elastic moduli at high effective pressure to es-
timate the frame moduli of host material with stiff pores.
As reported by Qi et al. (2021), microcracks can be affected by

temperature variations, as shown in Figure 11 for the temperature-
dependent porosities of water- and oil-saturated samples subject to a
confining pressure of 80 MPa, whereas the pore pressure is kept
constant at 10 MPa. Because there are only two measured values,
we assume that the volume fraction of microcracks is linearly de-
pendent on the temperature. We obtain the following temperature-
dependence of microcrack porosity ϕ20:

ϕoil
20 ¼ 6.1594 × 10−6T þ 0.003884;

ϕwater
20 ¼ 1.00242 × 10−5T þ 0.00341; (24)

for the dolomite sample, and

ϕoil
20 ¼ 7.60875 × 10−6T þ 0.0033029;

ϕwater
20 ¼ 1.00241 × 10−5T þ 0.0032029; (25)

for the carbonate sample.
We see that the temperature-dependent porosities of microcracks

are different for different saturants, possibly because of the differ-
ential thermal properties of fluids. We use the Batzle-Wang (1992)
empirical equation to obtain the fluid properties (see Appendix B).

Comparison with experimental and logging data

Based on the grain bulk and shear moduli (Qi et al., 2021) and the
aforementioned dry-rock elastic moduli at high effective pressure, we
can calculate the stiffness coefficients by Appendix A. Because both
the samples listed in Table 2 mainly consist of dolomites, the ther-
mophysical properties can be considered as β = 150,000 kg/(m·s2·°
K), βf = 50,000 kg/(m·s2·°K), k = 3.62 m·kg/(s3·°K), and
Ce = 0.79 m2/(s2·°K). According to the petrophysical properties of
the two samples, we consider χ1 = 1.11×10−3 mD, χ2 = 1×10
−3 mD, and R0 = 2×10−4 m for both the samples. The aforementioned
stiffness coefficients, thermophysical properties, and pore-structure
parameters are substituted into the LS-BR model (equation 14) to
obtain the temperature-dependent equations of motion. Finally, these
equations are solved by plane-wave analyses to obtain the P-wave
velocity and attenuation of water- and oil-saturated rocks.
Figure 12 shows the theoretical predictions under water- and oil-

saturated conditions, respectively, which agree with experimental
measurements. We see that the properties of pore fluids significantly
affect the temperature dependence of P-wave velocities. It is worth
mentioning that the P-wave velocity increases slightly with increas-
ing temperature up to 50°C, but it decreases rapidly after 100°C. The
initial phase with the P-wave velocity undergoing a gradual increase
and then a rapid decrease seems very common for polymineralic
rocks with differentiated thermophysical properties (Li et al.,
2021). To distinguish between the primary and the secondary fluid
properties, we change the fluid viscosity, fluid density, and micro-
crack porosity (i.e., fluid content), respectively, to see how individ-
ual properties affect the P-wave velocity. Figure 13 shows that
increasing temperature reduces the viscosity and density, but it in-

Figure 11. Temperature-dependent microcrack porosities of
(a) water- and (b) oil-saturated samples subject to a confining pres-
sure of 80 MPa.
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creases the porosity. The microcrack closure seems to dominate the
effects among these properties, implying that we could estimate the
volume fraction of microcracks from observed data using the pro-
posed model.
According to the properties at sonic frequencies for logging data,

we follow Wei et al. (2021) to consider χ1 ¼ 1.11 × 10−2 mD,

χ2 ¼ 1 × 10−2 mD, ϕ20 ¼ 1%, and R0 ¼ 2.5 × 10−5 m. The petro-
physical properties and elastic parameters (P-wave impedance and
VP/VS ratio) are available in Wei et al. (2021), where variations in
porosity demonstrate a good agreement with the distribution of P-
wave impedances and VP/VS ratios. Figure 14a compares the pre-
dicted and logging P-wave velocities as a function of porosity for
different temperatures, with the resulting dissipation factors for dif-
ferent temperatures displayed in Figure 14b as a function of poros-
ity at sonic frequencies. As is expected, the P-wave velocity
decreases with increasing porosity or temperature. Temperature
gives a good constraint to the distribution of P-wave velocities.

CONCLUSION

We propose a double-porosity thermoelastic model to express the
combined effects of local and global fluid flows and thermal effects
on the wave velocity and attenuation. The isotropic medium con-
sists of microcracks embedded in the porous background medium.
Five waves propagate the classical P and S waves, the slow (Biot) P1

wave, the slow (Biot) P2 wave, and a thermal P wave. The thermal
wave of mode conversion causes additional energy dissipation,
other than that due to fluid flow. These slow waves present the fre-
quency-dependent attenuation that is related to the LFF, Biot, and
LHF loss mechanisms, depending on the crack densities, fluid vis-
cosities, and thermoelastic properties. Specifically, the viscosity/
permeability ratio determines the Biot slow wave (P1 and P2) behav-
ior, whereas the thermal conductivity/specific heat ratio determines
the thermal P-wave behavior. The proposed model allows for the
analysis of P wave anelasticity in real rocks including the thermal
effects with different frequencies at high temperature and pressure,
as shown by comparing the theoretical results with laboratory and
logging data.
The joint dispersion induced by the LFF and LHF occurs simul-

taneously in the nonisothermal thermoelastic media, but in different
frequency ranges with different magnitudes, depending on the pet-

Figure 12. Temperature-dependent P-wave velocities for (a) water-
and oil-saturated dolomite and (b) carbonate samples.

Figure 13. Comparison of temperature-dependent P-wave veloc-
ities induced by the change of different fluid properties: (a) fluid
viscosity, (b) fluid density, (c) and microcrack porosity.

Figure 14. (a) Comparison of the predicted and logging P-wave
velocities as a function of porosity for different temperatures, with
(b) the resulting dissipation factors at sonic frequencies.
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rophysical and thermophysical properties of rocks. The LFF and
LHF make the internal pressure and temperature of the system tend
to steady-state, respectively, which needs a criterion related to the
rock state to determine which is dominant. The analysis of this issue
has not yet been reported in the literature and could be an extended
research in the future. We study the propagation of waves in iso-
tropic thermoelastic media by only considering one mechanism
of compressional wave-heat interaction. Therefore, the S wave is
independent of the temperature effects. Theoretically, temperature
induces dilatations not shear, but grain-grain friction implies a
change in temperature. This can be implemented by including shear
strains into the heat equation, which is an extended research in the
future. Carbonate samples are often anisotropic because of oriented
fractures. The anisotropic double-porosity thermoelastic model
could be established by incorporating the LS heat equation into
an anisotropic double-porosity poroelastic model, which will be ad-
dressed in the near future.
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APPENDIX A

STIFFNESS COEFFICIENTS OF THE BR THEORY

The stiffness coefficients of the BR theory are related to the physi-
cal properties of the grains and fluids, given by (Ba et al., 2011)

Q1 ¼
α�ð1 − ϕ − Kb=KsÞϕ1Ks

α�
�
1 − ϕ − Kb

Ks

�
ϕ1Ks þ Ksðα�ϕ1þϕ2Þ

Kf

;

Q2 ¼
�
1 − ϕ − Kb

Ks

�
ϕ2Ks

1 − ϕ − Kb
Ks

þ Ksðα�ϕ1þϕ2Þ
Kf

;

R1 ¼
ðα�ϕ1 þ ϕ2Þϕ1Ks

α�
�
1 − ϕ − Kb

Ks

�
ϕ1Ks þ Ksðα�ϕ1þϕ2Þ

Kf

;

R2 ¼
ðα�ϕ1 þ ϕ2Þϕ2Ks

1 − ϕ − Kb
Ks

þ Ksðα�ϕ1þϕ2Þ
Kf

;

A ¼ ð1 − ϕÞKs −
2

3
N −

Ks

Kf
ðQ1 þQ2Þ; (A-1)

where α� ¼ ξ1=ξ2 andKs andKf are the grain and fluid bulk moduli,
respectively. The dry-rock modulusKb can be obtained from Qi et al.
(2021). The parameter ϕm is the porosity of the phase m.

APPENDIX B

BATZLE-WANG EMPIRICAL EQUATIONS

The properties of pore fluids, including density, viscosity, and
bulk modulus, are dependent on pressure and temperature. We
use the Batzle and Wang (1992) empirical equations to obtain
the properties at the temperature (T) and pore pressure (Pp).
The water density ρw is

ρw¼
ð−80T−3.3T2þ0.00175T3þ489Pp−2TPpþ0.016T2Pp−1.3×10−5T3Pp−0.333P2

p−0.002TP2
pÞ

1×106
:

(B-1a)

The sound speed of pure water Vw is

Vw ¼
X4
i¼0

X3
j¼0

ϖijTiP
j
p; (B-1b)

where ϖij are the constants given in Batzle and Wang (1992). The
water viscosity ηw is

ηw ¼ 0.1þ 0.333S

þ ð1.65þ 91.9S3Þe−½0.2ðS0.8−0.17Þ2þ0.45�T0.8

; (B-1c)

where S is the weight fraction (ppm) of sodium chloride.
The density of oil ρoil is

ρoil¼
ρ0þð0.00277Pp−1.71×10−7P3

pÞ×ðρ0−1.15Þ2þ3.49×10−4Pp

0.972þ3.81×10−4ðTþ17.78Þ1.178 ;

(B-2a)

where ρ0 describes the reference density of petroleum, measured at
the atmospheric pressure and 15.6°C.
The sound speed of oil Voil is

Voil ¼ 2096

�
ρ0

2.6 − ρ0

�
0.5

− 3.7T þ 4.64Pp

þ 0.0115½4.12ð1.08ρ−10 − 1Þ0.5�TPp: (B-2b)

Finally, the oil viscosity ηoil is

ηoil ¼ ð100.505×105.692−2.863=ρ0×ð17.8þTÞ−1.163 − 1Þ þ 0.145Pp

× 1018.6×0.1lgη0þðlgη0þ2Þ−0.1−0.985; (B-2c)

where η0 is the viscosity measured at the atmospheric pressure.

REFERENCES

Achenbach, J. D., 1984, Wave propagation in elastic solids: North Holland.
Aki, K., and P. G. Richards, 2002, Quantitative seismology, 2nd ed.: Uni-

versity Science Books.
Armstrong, B. H., 1984, Models for thermoelastic in heterogeneous solids

attenuation of waves: Geophysics, 49, 1032–1040, doi: 10.1190/1
.1441718.

12 Li et al.

http://dx.doi.org/10.1190/1.1441718
http://dx.doi.org/10.1190/1.1441718
http://dx.doi.org/10.1190/1.1441718


Ba, J., H. Cao, J. M. Carcione, G. Tang, X. Yan, W. Sun, and J. Nie, 2013,
Multiscale rock-physics templates for gas detection in carbonate reser-
voirs: Journal of Applied Geophysics, 93, 77–82, doi: 10.1016/j
.jappgeo.2013.03.011.

Ba, J., J. M. Carcione, H. Cao, Q. Z. Du, Z. Y. Yuan, and M. H. Lu, 2012,
Velocity dispersion and attenuation of P waves in partially-saturated
rocks: Wave propagation equations in double-porosity medium: Chinese
Journal of Geophysics (in Chinese), 55, 219–231, doi: 10.6038/j.issn
.0001-5733.2012.01.021.

Ba, J., J. M. Carcione, and J. X. Nie, 2011, Biot-Rayleigh theory of wave
propagation in double-porosity media: Journal of Geophysical Research:
Solid Earth, 116, B06202, doi: 10.1029/2010JB008185.

Baldonedo, J., N. Bazarra, J. R. Fernández, and R. Quintanilla, 2020, An a
priori error analysis of a Lord-Shulman poro-thermoelastic problem with
microtemperatures: Acta Mechanica, 231, 4055–4076, doi: 10.1007/
s00707-020-02738-z.

Batzle, M. L., and Z. Wang, 1992, Seismic properties of pore fluids: Geo-
physics, 57, 1396–1408, doi: 10.1190/1.1443207.

Biot, M. A., 1956, Theory of propagation of elastic waves in a saturated
porous solid. I. Low-frequency range: The Journal of the Acoustical So-
ciety of America, 28, 168–178, doi: 10.1121/1.1908239.

Biot, M. A., 1962, Mechanics of deformation and acoustic propagation in
porous media: Journal of Applied Physics, 33, 1482–1498, doi: 10.1063/
1.1728759.

Carcione, J. M., 2014, Wave fields in real media: Theory and numerical sim-
ulation of wave propagation in anisotropic, anelastic, porous and electro-
magnetic media, 3rd ed.: Elsevier.

Carcione, J. M., F. Cavallini, E. Wang, J. Ba, and L. Y. Fu, 2019, Physics and
simulation of wave propagation in linear thermoporoelastic media: Jour-
nal of Geophysical Research: Solid Earth, 124, 8147–8166, doi: 10.1029/
2019JB017851.

Carcione, J. M., Z. W. Wang, W. Ling, E. Salusti, J. Ba, and L. Y. Fu, 2018,
Simulation of wave propagation in linear thermoelastic media: Geophys-
ics, 84, no. 1, T1–T11, doi: 10.1190/geo2018-0448.1.

David, E. C., and R. W. Zimmerman, 2012, Pore structure model for elastic
wave velocities in 749 fluid-saturated sandstones: Journal of Geophysical
Research: Solid Earth, 117, 185–201, doi: 10.1029/2012JB009195.

Deng, W., and I. B. Morozov, 2018, Causality relations and mechanical in-
terpretation of band-limited seismic attenuation: Geophysical Journal
International, 215, 1622–1632, doi: 10.1093/gji/ggy354.

Deng, W., and I. B. Morozov, 2019, Macroscopic mechanical properties of
porous rock with one saturating fluid: Geophysics, 84, no. 6, MR223–
MR239, doi: 10.1190/geo2018-0602.1.

Deresiewicz, H., 1957, Plane waves in a thermoelastic solid: Journal of the
Acoustical Society of America, 29, 204–209, doi: 10.1121/1.1908832.

Francis, P. H., 1972, Thermo-mechanical effects in elastic wave propagation:
A survey: Journal of Sound and Vibration, 21, 181–192, doi: 10.1016/
0022-460X(72)90905-4.

Fu, L. Y., 2017, Deep-superdeep oil and gas geophysical exploration 111:
Program report jointly initiated by MOE and SAFEA, B18055, School of
Geosciences, China University of Petroleum (East China).

Gao, P., Y. Zhang, Z. Yu, J. Fang, and Q. Zhang, 2015, Correlation study of
shallow layer rock and soil thermal physical tests in laboratory and field:
Geothermics, 53, 508–516, doi: 10.1016/j.geothermics.2014.09.005.

Hamza, V. M., and D. Q. Chen, 2006, Structural seepage of fault aquifer
under non-isothermal condition a mechanism of thermal precursory
anomalies before earthquake: Recent Developments in World Seismol-
ogy, no. 7, 51–60.

Hou, W. T., L. Y. Fu, J. Wei, and Z. W. Wang, 2021, Characteristic analysis
of wave propagation in thermoelastic medium: Chinese Journal of Geo-
physics (in Chinese), 64, 1364–1374.

Iesan, D., and R. Quintanilla, 2014, On a theory of thermoelastic materials
with a double porosity structure: Journal of Thermal Stresses, 37, 1017–
1036, doi: 10.1080/01495739.2014.914776.

Jakobsen, M., and M. Chapman, 2009, Unified theory of global flow and
squirt flow in cracked porous media: Geophysics, 74, no. 2, WA65–
WA76, doi: 10.1190/1.3078404.

Johnson, D. L., 1986, Recent developments in the acoustic properties of
porous media, inD. Sette, ed., Frontiers in physical acoustics XCII: Elsev-
ier, 255–290.

Kana, J. D., N. Djongyang, D. Raïdandi, P. N. Nouck, and A. Dadjé, 2015, A
review of geophysical methods for geothermal exploration: Renewable and
Sustainable Energy Reviews, 44, 87–95, doi: 10.1016/j.rser.2014.12.026.

Kumar, R., R. Vohra, and M. G. Gorla, 2017, Variational principle and plane
wave propagation in thermoelastic medium with double porosity under
Lord-Shulman theory: Journal of Solid Mechanics, 9, 423–433.

Li, N. Q., L. Y. Fu, J. Yang, and T. Han, 2021, On three-stage temperature
dependence of elastic wave velocities for rocks: Journal of Geophysics
and Engineering, 18, 328–338, doi: 10.1093/jge/gxab017.

Lord, H., and Y. Shulman, 1967, A generalized dynamical theory of thermo-
elasticity: Journal of the Mechanics and Physics of Solids, 15, 299–309,
doi: 10.1016/0022-5096(67)90024-5.

Lotfy, K., and M. I. Othman, 2011, The effect of rotation on plane waves in
generalized thermo-microstretch elastic solid with one relaxation time for
a mode-I crack problem: Chinese Physics B, 20, 074601, doi: 10.1088/
1674-1056/20/7/074601.

Müller, T., B. Gurevich, and M. Lebedev, 2010, Seismic wave attenuation
and dispersion due to wave-induced flow at mesoscopic heterogeneities
— A review: Geophysics, 75, no. 5, 75A147–75A164, doi: 10.1190/1
.3463417.

Nield, D. A., and A. Bejan, 2006, Convection in porous media (vol. 3):
Springer.

Noda, N., 1990, Thermal stress problem in a fluid-filled porous circular cyl-
inder: Zeitschrift fur Angewandte Mathematik und Mechanik, 70, 543–
549, doi: 10.1002/zamm.19900701203.

Norris, A. N., 1994, Dynamic Green’s functions in anisotropic piezoelectric,
thermoelastic and poroelastic solids: Proceedings of the Royal Society of
London. Series A: Mathematical and Physical Sciences, 447, 175–188,
doi: 10.1098/rspa.1994.0134.

Pride, S. R., and J. G. Berryman, 2003, Linear dynamics of double-porosity
dual-permeability materials. I. Governing equations and acoustic attenu-
ation: Physical Review E, 68, 036603, doi: 10.1103/PhysRevE.68
.036603.

Pride, S. R., J. G. Berryman, and J. M. Harris, 2004, Seismic attenuation due
to wave-induced flow: Journal of Geophysical Research: Solid Earth, 109,
B01201, doi: 10.1029/2003JB002639.

Qi, H., J. Ba, and T. M. Müller, 2021, Temperature effect on the velocity-
porosity relationship in rocks: Journal of Geophysical Research: Solid
Earth, 126, e2019JB019317, doi: 10.1029/2019JB019317.

Qi, L. X., 2016, Oil and gas breakthrough in ultra-deep Ordovician carbon-
ate formations in Shuntuoguole uplift, Tarim Basin (in Chinese with En-
glish Abstract): China Petroleum Exploration, 21, 38–51.

Rudgers, A. J., 1990, Analysis of thermoacoustic wave propagation in elas-
tic media: The Journal of the Acoustical Society of America, 88, 1078–
1094, doi: 10.1121/1.399856.

Rutqvist, J., A. P. Rinaldi, F. Cappa, and G. J. Moridis, 2013, Modeling of
fault reactivation and induced seismicity during hydraulic fracturing of
shale-gas reservoirs: Journal of Petroleum Science and Engineering,
107, 31–44, doi: 10.1016/j.petrol.2013.04.023.

Savage, J. C., 1966, Thermoelastic attenuation of elastic waves by cracks:
Journal of Geophysical Research, 71, 3929–3938, doi: 10.1029/
JZ071i016p03929.

Sharma, M. D., 2008, Wave propagation in thermoelastic saturated porous
medium: Journal of Earth System Science, 117, 951–958, doi: 10.1007/
s12040-008-0080-4.

Spencer, J. W., Jr, 2013, Viscoelasticity of Ells River bitumen sand and 4D
monitoring of thermal enhanced oil recovery processes: Geophysics, 78,
no. 6, D419–D428, doi: 10.1190/geo2012-0535.1.

Wang, Y. H., and J. C. Santamarina, 2007, Attenuation in sand: An explor-
atory study on the small-strain behavior and the influence of moisture
condensation: Granular Matter, 9, 365–376, doi: 10.1007/s10035-007-
0050-6.

Waters, K. R., and B. K. Hoffmeister, 2005, Kramers-Krönig analysis of
attenuation and dispersion in trabecular bone: The Journal of the Acous-
tical Society of America, 118, 3912–3920, doi: 10.1121/1.2126934.

Wei, J., L. Y. Fu, Z. W. Wang, J. Ba, and J. M. Carcione, 2020, Green’s
function of the Lord-Shulman thermoporoelasticity theory: Geophysical
Journal International, 221, 1765–1776, doi: 10.1093/gji/ggaa100.

Wei, Y., J. Ba, J. M. Carcione, L. Y. Fu, M. Pang, and H. Qi, 2021, Temper-
ature, differential pressure, and porosity inversion for ultradeep carbonate
reservoirs based on 3D rock-physics templates: Geophysics, 86, no. 3,
M77–M89, doi: 10.1190/geo2020-0550.1.

Winkler, K. W., 1983, Frequency dependent ultrasonic properties of high-
porosity sandstones: Journal of Geophysical Research: Solid Earth, 88,
9493–9499, doi: 10.1029/JB088iB11p09493.

Wu, D., 2013, The research on rule of CH4/CO2 seepage-adsorption-desorp-
tion and CO2 displacement CH4 by injecting CO2 in residual coal seams
under the thermo-mechanical action: Doctoral dissertation, Liaoning
Technical University.

Zhang, L., J. Ba, and J. M. Carcione, 2021, Wave propagation in infinituple-
porosity media: Journal of Geophysical Research: Solid Earth, 126,
e2020JB021266, doi: 10.1029/2020JB021266.

Zhang, W., Z. Qu, T. Guo, and Z. Wang, 2019, Study of the enhanced geo-
thermal system (EGS) heat mining from variably fractured hot dry rock
under thermal stress: Renewable Energy, 143, 855–871, doi: 10.1016/j
.renene.2019.05.054.

Zhao, Z. Y., and Y. K. Lyu, 2015, Simultaneous inversion of two-parameters
from hyperbolic heating conduction equation: Journal of Tianjin Normal
University (Natural Science Edition), 35, 28–31+41.

Biographies and photographs of the authors are not available.

Double-porosity thermoelasticity 13

http://dx.doi.org/10.1016/j.jappgeo.2013.03.011
http://dx.doi.org/10.1016/j.jappgeo.2013.03.011
http://dx.doi.org/10.1016/j.jappgeo.2013.03.011
http://dx.doi.org/10.1016/j.jappgeo.2013.03.011
http://dx.doi.org/10.1016/j.jappgeo.2013.03.011
http://dx.doi.org/10.1016/j.jappgeo.2013.03.011
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.6038/j.issn.0001-5733.2012.01.021
http://dx.doi.org/10.1029/2010JB008185
http://dx.doi.org/10.1029/2010JB008185
http://dx.doi.org/10.1007/s00707-020-02738-z
http://dx.doi.org/10.1007/s00707-020-02738-z
http://dx.doi.org/10.1007/s00707-020-02738-z
http://dx.doi.org/10.1190/1.1443207
http://dx.doi.org/10.1190/1.1443207
http://dx.doi.org/10.1190/1.1443207
http://dx.doi.org/10.1121/1.1908239
http://dx.doi.org/10.1121/1.1908239
http://dx.doi.org/10.1121/1.1908239
http://dx.doi.org/10.1063/1.1728759
http://dx.doi.org/10.1063/1.1728759
http://dx.doi.org/10.1063/1.1728759
http://dx.doi.org/10.1063/1.1728759
http://dx.doi.org/10.1029/2019JB017851
http://dx.doi.org/10.1029/2019JB017851
http://dx.doi.org/10.1029/2019JB017851
http://dx.doi.org/10.1190/geo2018-0448.1
http://dx.doi.org/10.1190/geo2018-0448.1
http://dx.doi.org/10.1190/geo2018-0448.1
http://dx.doi.org/10.1029/2012JB009195
http://dx.doi.org/10.1029/2012JB009195
http://dx.doi.org/10.1093/gji/ggy354
http://dx.doi.org/10.1093/gji/ggy354
http://dx.doi.org/10.1190/geo2018-0602.1
http://dx.doi.org/10.1190/geo2018-0602.1
http://dx.doi.org/10.1190/geo2018-0602.1
http://dx.doi.org/10.1121/1.1908832
http://dx.doi.org/10.1121/1.1908832
http://dx.doi.org/10.1121/1.1908832
http://dx.doi.org/10.1016/0022-460X(72)90905-4
http://dx.doi.org/10.1016/0022-460X(72)90905-4
http://dx.doi.org/10.1016/0022-460X(72)90905-4
http://dx.doi.org/10.1016/j.geothermics.2014.09.005
http://dx.doi.org/10.1016/j.geothermics.2014.09.005
http://dx.doi.org/10.1016/j.geothermics.2014.09.005
http://dx.doi.org/10.1016/j.geothermics.2014.09.005
http://dx.doi.org/10.1016/j.geothermics.2014.09.005
http://dx.doi.org/10.1016/j.geothermics.2014.09.005
http://dx.doi.org/10.1080/01495739.2014.914776
http://dx.doi.org/10.1080/01495739.2014.914776
http://dx.doi.org/10.1080/01495739.2014.914776
http://dx.doi.org/10.1080/01495739.2014.914776
http://dx.doi.org/10.1190/1.3078404
http://dx.doi.org/10.1190/1.3078404
http://dx.doi.org/10.1190/1.3078404
http://dx.doi.org/10.1016/j.rser.2014.12.026
http://dx.doi.org/10.1016/j.rser.2014.12.026
http://dx.doi.org/10.1016/j.rser.2014.12.026
http://dx.doi.org/10.1016/j.rser.2014.12.026
http://dx.doi.org/10.1016/j.rser.2014.12.026
http://dx.doi.org/10.1016/j.rser.2014.12.026
http://dx.doi.org/10.1093/jge/gxab017
http://dx.doi.org/10.1093/jge/gxab017
http://dx.doi.org/10.1016/0022-5096(67)90024-5
http://dx.doi.org/10.1016/0022-5096(67)90024-5
http://dx.doi.org/10.1088/1674-1056/20/7/074601
http://dx.doi.org/10.1088/1674-1056/20/7/074601
http://dx.doi.org/10.1088/1674-1056/20/7/074601
http://dx.doi.org/10.1190/1.3463417
http://dx.doi.org/10.1190/1.3463417
http://dx.doi.org/10.1190/1.3463417
http://dx.doi.org/10.1002/zamm.19900701203
http://dx.doi.org/10.1002/zamm.19900701203
http://dx.doi.org/10.1002/zamm.19900701203
http://dx.doi.org/10.1098/rspa.1994.0134
http://dx.doi.org/10.1098/rspa.1994.0134
http://dx.doi.org/10.1098/rspa.1994.0134
http://dx.doi.org/10.1098/rspa.1994.0134
http://dx.doi.org/10.1103/PhysRevE.68.036603
http://dx.doi.org/10.1103/PhysRevE.68.036603
http://dx.doi.org/10.1103/PhysRevE.68.036603
http://dx.doi.org/10.1103/PhysRevE.68.036603
http://dx.doi.org/10.1029/2003JB002639
http://dx.doi.org/10.1029/2003JB002639
http://dx.doi.org/10.1029/2019JB019317
http://dx.doi.org/10.1029/2019JB019317
http://dx.doi.org/10.1121/1.399856
http://dx.doi.org/10.1121/1.399856
http://dx.doi.org/10.1121/1.399856
http://dx.doi.org/10.1016/j.petrol.2013.04.023
http://dx.doi.org/10.1016/j.petrol.2013.04.023
http://dx.doi.org/10.1016/j.petrol.2013.04.023
http://dx.doi.org/10.1016/j.petrol.2013.04.023
http://dx.doi.org/10.1016/j.petrol.2013.04.023
http://dx.doi.org/10.1016/j.petrol.2013.04.023
http://dx.doi.org/10.1029/JZ071i016p03929
http://dx.doi.org/10.1029/JZ071i016p03929
http://dx.doi.org/10.1029/JZ071i016p03929
http://dx.doi.org/10.1007/s12040-008-0080-4
http://dx.doi.org/10.1007/s12040-008-0080-4
http://dx.doi.org/10.1007/s12040-008-0080-4
http://dx.doi.org/10.1190/geo2012-0535.1
http://dx.doi.org/10.1190/geo2012-0535.1
http://dx.doi.org/10.1190/geo2012-0535.1
http://dx.doi.org/10.1007/s10035-007-0050-6
http://dx.doi.org/10.1007/s10035-007-0050-6
http://dx.doi.org/10.1007/s10035-007-0050-6
http://dx.doi.org/10.1121/1.2126934
http://dx.doi.org/10.1121/1.2126934
http://dx.doi.org/10.1121/1.2126934
http://dx.doi.org/10.1093/gji/ggaa100
http://dx.doi.org/10.1093/gji/ggaa100
http://dx.doi.org/10.1190/geo2020-0550.1
http://dx.doi.org/10.1190/geo2020-0550.1
http://dx.doi.org/10.1190/geo2020-0550.1
http://dx.doi.org/10.1029/JB088iB11p09493
http://dx.doi.org/10.1029/JB088iB11p09493
http://dx.doi.org/10.1029/2020JB021266
http://dx.doi.org/10.1029/2020JB021266
http://dx.doi.org/10.1016/j.renene.2019.05.054
http://dx.doi.org/10.1016/j.renene.2019.05.054
http://dx.doi.org/10.1016/j.renene.2019.05.054
http://dx.doi.org/10.1016/j.renene.2019.05.054
http://dx.doi.org/10.1016/j.renene.2019.05.054
http://dx.doi.org/10.1016/j.renene.2019.05.054


Queries
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