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Based on Carcione–Leclaire model, the time-splitting high-order staggered-grid finite-difference algorithm is pro-
posed and constructed for understanding wave propagation mechanisms in gas hydrate-bearing sediments. Three com-
pressional waves and two shear waves, as well as their energy distributions are investigated in detail. In particular, the
influences of the friction coefficient between solid grains and gas hydrate and the viscosity of pore fluid on wave propaga-
tion are analyzed. The results show that our proposed numerical simulation algorithm proposed in this paper can effectively
solve the problem of stiffness in the velocity–stress equations and suppress the grid dispersion, resulting in higher accuracy
compared with the result of the Fourier pseudospectral method used by Carcione. The excitation mechanisms of the five
wave modes are clearly revealed by the results of simulations. Besides, it is pointed that, the wave diffusion of the second
kind of compressional and shear waves is influenced by the friction coefficient between solid grains and gas hydrate, while
the diffusion of the third compressional wave is controlled by the fluid viscosity. Finally, two fluid–solid (gas-hydrate
formation) models are constructed to study the mode conversion of various waves. The results show that the reflection,
transmission, and transformation of various waves occur on the interface, forming a very complicated wave field, and the
energy distribution of various converted waves in different phases is different. It is demonstrated from our studies that,
the unconventional waves, such as the second and third kinds of compressional waves may be converted into conventional
waves on an interface. These propagation mechanisms provide a concrete wave attenuation explanation in inhomogeneous
media.

Keywords: gas hydrate-bearing sediments, Carcione–Leclaire model, time-splitting staggered-grid finite-
difference, slow-wave characteristics
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1. Introduction

Acoustic wave propagation in porous media, such as gas
bearing or oil bearing sediments encountered in petroleum
exploration, a kind medium with a single fluid filled in the
porous medium, has been studied extensively in the past three
decades. Boit was the first one to tackle the problems of
wave propagation in a single fluid filled porous medium.[1,2]

He deducted the equations of wave propagation in biphasic
porous media by using the Lagrange equation for the first time.
Biot theory predicts that there are two types of P-wave (fast
P-wave and slow P-wave) and one kind of S-wave in fluid-
saturated porous media. His work provided a theoretical foun-
dation for the acoustics of porous media. Plona[3] observed
the slow P-wave propagating in porous media in the labora-
tory, which greatly promoted the further research of the Biot
theory. In fact, there is more than one fluid in porous me-
dia. In order to be consistent with the actual situation, it is
necessary to establish an acoustic model where porous media
saturated with various fluids. The equivalent fluid theory is

used to study wave propagation in two-fluid saturated porous
media.[4,5] The improved parameters of liquid–liquid or gas–
liquid mixing are used to replace the corresponding parameters
in Biot theory. However, the inertial coupling between fluids
and between fluid and solid is not considered in this model.
Considering capillary pressure and inertial coupling between
different phases, Santos et al.[6] established the wave theory
of porous media saturated with two viscous immiscible flu-
ids by using the Lagrange equation. The theory predicts that
there are three compressional and one shear waves in two-fluid
saturated porous media. Three-phase porous media are com-
posed of a solid grain frame with a fluid and a solid coexist
in pores such as frozen food media and natural gas hydrate-
bearing sediments. Leclaire[7] proposed the percolation theory
based on Biot theory and analyzed the acoustic wave propaga-
tion in frozen porous media such as frozen soil or permafrost.
The theory predicts three compressional and two shear waves
produce when acoustic wave propagates in frozen porous me-
dia. However, Leclaire assumed that there was no direct con-
tact between solid grains and ice. On this basis, Carcione et

∗Project supported by the National Natural Science Foundation of China (Grant Nos. 11974018 and 11734017) and the Strategic Pilot and Technology Special
Fund of the Chinese Academy of Sciences, China (Grant No. XDA14020303).

†Corresponding author. E-mail: zhangxiumei@mail.ioa.ac.an
© 2021 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

024301-1

http://dx.doi.org/10.1088/1674-1056/abcf96
zhangxiumei@mail.ioa.ac.an
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 30, No. 2 (2021) 024301

al.[8] proposed Carcione–Leclaire model, considering there is
direct contact between solid grains and ice.

Gas hydrates are globally widespread in continental mar-
gin sediments and permafrost regions. The amount of gas
hydrates in gas hydrate-bearing sediments is enormous and
the amount of carbon in gas hydrates is twice that in other
fossil fuels. Thus, it is essential to study the characteris-
tics of gas hydrate-bearing sediments for its exploration and
development.[9–14] Gas hydrate-bearing sediments are multi-
phase porous media, composed of two solids (solid grain
frame and gas hydrate) and a fluid (usually it is water).[15,16]

The properties of natural gas hydrate are similar to ice. Based
on Carcione–Leclaire model, the characteristics of waves in
gas hydrate-bearing sediments are studied, and their applica-
tions on the inversion of the reservoir parameters are given,
which indicates that the model has great academic value and
practical application potential.[17–19] In the study of wave
propagation in three-phase porous media, Carcione et al.[8]

used the Fourier pseudospectral method to simulate the wave
field in frozen porous media. However, the acoustic field cal-
culated has numerical dispersion to some degree, which can
not clearly show the propagation and interaction of each wave.
The staggered-grid finite-difference algorithm with high preci-
sion, is widely used in wave field numerical simulation of elas-
tic medium, viscoelastic medium and biphasic medium.[20–22]

In previous work, researchers[23–25] simplified the gas hydrate-
bearing sediments into a two-phase porous media and sim-
ulated wave propagation of three kinds of waves with the
staggered-grid finite-difference algorithm. The results ob-
tained are of high accuracy. However, they can not accurately
describe the propagation of five waves in gas hydrate-bearing
sediments due to the simplification.

The above works show that many researchers have carried
out a lot of work, and have summarized many understand-
ings on wave propagation in gas hydrate-bearing sediments.
However, limited by the current calculation models and algo-
rithms, the propagation characteristics of wave modes in gas
hydrate-bearing sediments have not been clearly revealed. In
this paper, the staggered-grid finite-difference algorithm is in-
troduced to the further numerical simulation of the wave field
in gas hydrate-bearing sediments based on Cacione–Leclaire
model, where the time-splitting method[8,26] is used to solve
the stiffness problem in the first-order velocity–stress equa-
tions. The splitting method divides the equation into a stiff
part and a non-stiff part. The stiff part can be solved analyti-
cally, and the non-stiff part is solved using the staggered-grid
finite-difference algorithm. The simulation results illustrate
that the time-splitting staggered-grid finite-difference algo-
rithm can simulate the wave propagation process with higher-
precision and lower grid dispersion compared with those pre-
sented in Carcione’s work.[8] According to the snapshots and

waveforms obtained, the energy distribution and propagation
characteristics of the waves in gas hydrate-bearing sediments
are analyzed in detail. Furthermore, the effects of the fric-
tion coefficient between solid grains and hydrate and the vis-
cosity of pore fluid on wave propagation characteristics are
discussed. The results show that the friction coefficient be-
tween solid grains and gas hydrate and the viscosity of fluid are
the main factors determining the slow-wave attenuation. Fi-
nally, through the study of acoustic wave propagation in fluid–
solid models, the reflection, transmission and energy conver-
sion characteristics of different waves at the interface are given
in this paper.

2. Theory of acoustic wave propagation in multi-
phase porous media
Gas hydrate-bearing sediments are multi-phase porous

media composed of solid grains with solid particles and water
coexist in pores. Several assumptions are made for the model:
One is the components are respectively connected; the other
is the wavelengths are supposed to be greater than the mini-
mum length of homogenization. According to the Lagrange
equation, the equations of momentum conservation can be de-
ducted from Hamilton’s least-action principle.

In this section, according to Carcione–Leclaire three-
phase model theory,[8] based on Zhao’s work[26] for Biot’s
poroelastic equations, combined with the stress–strain re-
lations and the equations of momentum conservation, the
first-order velocity–stress wave equations for two-dimensional
(2D) wave propagation in gas hydrate-bearing sediments are
derived firstly, then the time-splitting high-order staggered-
grid finite-difference algorithm is extended to simulate the
wave field in gas hydrate-bearing sediments.

2.1. First-order velocity–stress equation

The stress–strain relations can be expressed as[8]

σ
(1)
i j = (K1θ1 +C12θ2 +C13θ3)δi j +2µ1d(1)

i j +µ13d(3)
i j , (1a)

σ
(2) =C12θ1 +K2θ2 +C23θ3, (1b)

σ
(3)
i j = (K3θ3 +C23θ2 +C13θ1)δi j +2µ3d(3)

i j +µ13d(1)
i j , (1c)

where σi j represent the stress components of the solids, σ de-
notes the stress component of the fluid, the subscripts 1, 2, and
3 refer to the solid grains, pore fluid, and gas hydrate, respec-
tively. K1, K2, and K3 are the bulk moduli, µ1, µ3, and µ13

refer to the shear moduli, C12 represents the grain–fluid elastic
coupling coefficient, C23 is the fluid–hydrate elastic coupling
coefficient, C13 denotes the grain-hydrate elastic coupling co-
efficient, di j and θm define the strain tensors, δ represents the
Kronecker’s symbol. θm = ε

(m)
ii , d(m)

i j = ε
(m)
i j −δi jθm/3.

The time derivative of Eq. (1) can be written as

∂σ
(1)
xx

∂ t
= (K1 +µ1)

∂v(1)x

∂x
+(K1−µ1)

∂v(1)z

∂ z
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+C12

(
∂v(2)x

∂x
+

∂v(2)z

∂ z

)
+

(
C13 +

1
2

µ13

)
∂v(3)x

∂x

+

(
C13−

1
2

µ13

)
∂v(3)z

∂ z
, (2a)

∂σ
(1)
zz

∂ t
= (K1 +µ1)

∂v(1)z

∂ z
+(K1−µ1)

∂v(1)x

∂x

+C12

(
∂v(2)x

∂x
+

∂v(2)z

∂ z

)
+

(
C13 +

1
2

µ13

)
∂v(3)z

∂ z

+

(
C13−

1
2

µ13

)
∂v(3)x

∂x
, (2b)

∂σ
(1)
xz

∂ t
= µ1

(
∂v(1)x

∂ z
+

∂v(1)z

∂x

)
+

1
2

µ13

(
∂v(3)x

∂ z
+

∂v(3)z

∂x

)
, (2c)

∂σ (2)

∂ t
= C12

(
∂v(1)x

∂x
+

∂v(1)z

∂ z

)
+K2

(
∂v(2)x

∂x
+

∂v(2)z

∂ z

)
+C23

(
∂v(3)x

∂x
+

∂v(3)z

∂ z

)
, (2d)

∂σ
(3)
xx

∂ t
= (K3 +µ3)

∂v(3)x

∂x
+(K3−µ3)

∂v(3)z

∂ z

+C23

(
∂v(2)x

∂x
+

∂v(2)z

∂ z

)
+

(
C13 +

1
2

µ13

)
∂v(1)x

∂x

+

(
C13−

1
2

µ13

)
∂v(1)z

∂ z
, (2e)

∂σ
(3)
zz

∂ t
= (K3 +µ3)

∂v(3)z

∂ z
+(K3−µ3)

∂v(3)x

∂x

+C23

(
∂v(2)x

∂x
+

∂v(2)z

∂ z

)
+

(
C13 +

1
2

µ13

)
∂v(1)z

∂ z

+

(
C13−

1
2

µ13

)
∂v(1)x

∂x
, (2f)

∂σ
(3)
xz

∂ t
= µ3

(
∂v(3)x

∂ z
+

∂v(3)z

∂x

)
+

1
2

µ13

(
∂v(1)x

∂ z
+

∂v(1)z

∂x

)
, (2g)

where v(m)
x and v(m)

z represent the particle velocity components
in x and z directions, respectively.

The equations of momentum conservation[8] can be ex-
pressed as

∂σ
(1)
xx

∂x
+

∂σ
(1)
xz

∂ z
= ρ11v̇(1)x +ρ12v̇(1)x +ρ13v̇(3)x

−b12(v
(2)
x − v(1)x )−b13(v

(3)
x − v(1)x ), (3a)

∂σ
(1)
zz

∂ z
+

∂σ
(1)
xz

∂x
= ρ11v̇(1)z +ρ12v̇(2)z +ρ13v̇(3)z

−b12(v
(2)
z − v(1)z )−b13(v

(3)
z − v(1)z ), (3b)

σ
(2)
,x = ρ12v̇(1)x +ρ22v̇(2)x +ρ23v̇(3)x

+b12(v
(2)
x − v(1)x )+b23(v

(2)
x − v(3)x ), (3c)

σ
(2)
,z = ρ12v̇(1)z +ρ22v̇(2)z +ρ23v̇(3)z

+b12(v
(2)
z − v(1)z )+b23(v

(2)
z − v(3)z ), (3d)

∂σ
(3)
xx

∂x
+

∂σ
(3)
xz

∂ z
= ρ13v̇(1)x +ρ23v̇(2)x +ρ33v̇(3)x

−b23(v
(2)
x − v(3)x )+b13(v

(3)
x − v(1)x ), (3e)

∂σ
(3)
zz

∂ z
+

∂σ
(3)
xz

∂x
= ρ13v̇(1)z +ρ23v̇(2)z +ρ33v̇(3)z

−b23(v
(2)
z − v(3)z )+b13(v

(3)
z − v(1)z ), (3f)

where ρ11, ρ22, and ρ33 refer to the mass densities of the ef-
fective solid grain, effective fluid, and effective hydrate respec-
tively, ρ12, ρ13, and ρ23 are the coupling mass densities, b12,
b13, and b23 denote the friction coefficients, v̇(m)

i is the time
derivative. Equation (3) can be rewritten as

𝑉̇ = 𝛾𝛱, (4)

where

𝑉 =
(

v(1)i , v(2)i , v(3)i

)T
, 𝛾 =

 ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33

−1

, 𝛱 =

(
σ
(1)
i j, j +b12(v

(2)
i − v(1)i )+b13(v

(3)
i − v(1)i ),σ

(2)
,i −b12(v

(2)
i − v(1)i )

−b23(v
(2)
i − v(3)i ),σ

(3)
i j, j +b23(v

(2)
i − v(3)i )−b13(v

(3)
i − v(1)i )

)
.

In this way, the following equations of momentum con-
servation are obtained, which are conducive to the establishing
of the following numerical simulation method:

v̇(1)i = γ11Π11 + γ12Π21 + γ13Π31, (5a)

v̇(2)i = γ21Π11 + γ22Π21 + γ23Π31, (5b)

v̇(3)i = γ31Π11 + γ32Π21 + γ33Π31, (5c)

where γi j and Πi j are the elements in the matrix 𝛾 and 𝛱 .
Equations (2) and (5) constitute the first-order velocity–

stress equations for 2D wave propagation in gas hydrate-
bearing sediments based on Carcione–Leclaire theory.

2.2. Algorithm implementation

The eigenvalues of the propagation matrix of the equation
of motion have negative real parts. Due to the friction coeffi-
cients, these eigenvalues are different greatly in magnitude.
Generally, the existence of the large and small eigenvalues of
the propagation matrix indicates that the equation system is
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stiff.[27] A partition method[8] is used to solve the problem of
stiffness. We obtain the analytical solution from the stiff part
as the initial value, and input it into the non-stiff part of the
velocity–stress equations. The staggered-grid finite-difference
method is used to solve these non-stiff equations.

The stiff part of the velocity-stress differential equations
can be written in the matrix form[8] as

𝑉̇ =𝐴𝑉 , (6)

where

A11 = b12 (γ12− γ11)+b13 (γ13− γ11) ,

A12 = b12 (γ11− γ12)+b23 (γ13− γ12) ,

A13 = b23 (γ12− γ13)+b13 (γ11− γ13) ,

A21 = b12 (γ22− γ12)+b13 (γ23− γ12) ,

A22 = b23 (γ23− γ22)+b12 (γ12− γ22) ,

A23 = b23 (γ22− γ23)+b13 (γ12− γ23) ,

A31 = b12 (γ23− γ13)+b13 (γ33− γ13) ,

A32 = b12 (γ13− γ23)+b23 (γ33− γ23) ,

A33 = b23 (γ23− γ33)+b13 (γ13− γ33) .

In the following discussion, the treatment for a porous
medium in Ref. [26] is used for our case. The analytical solu-

tion of Eq. (6) in the two-dimensional space is shown as fol-
lows:

𝑉 (t) = exp(𝐴∆t)𝑉 (t−1), (7)

where

exp(𝐴∆t)

= 𝐼3−
1− eζ1∆t

ζ1
𝐴+


(

1− eζ1∆t
)

1
ζ1 (ζ2−ζ1)

−

(
1− eζ2∆t

)
ζ1

ζ2 (ζ2−ζ1)


×𝐴 · (𝐴−ζ1𝐼3) ,

ξ1 =
1
2

[
tr(𝐴)−

√
[tr(𝐴)]2−4E

]
, ξ2 = tr(𝐴)−ξ1,

E = A13A21−A11A23−A13A31 +A23A31 +A11A33−A21A33.

ξ1 and ξ2 are eigenvalues of exp(𝑆t).
The non-stiff part of the velocity–stress differential equa-

tions can be written in a matrix form as

𝑉̇ = 𝛾𝐵, (8)

where 𝐵 = (σ
(1)
i j, j, σ

(2)
,i , σ

(3)
i j, j)

T.
An intermediate vector is defined as the input for the

staggered-grid finite-difference algorithm

𝑉 ′ = (v(1)
′

x , v(1)
′

z , v(2)
′

x , v(2)
′

z , v(3)
′

x , v(3)
′

z , σ
(1)
xx , σ

(1)
zz , σ

(1)
xz , σ

(2), σ
(3)
xx , σ

(3)
zz , σ

(3)
xz )T.

The 2D staggered-grid finite-difference form of the non-stiff part can be written as (take the solid grain frame as an example)

v(1)(n+1/2)
x(i+1/2, j) = v(1)

′
x +dt[γ11(Dxσ

(1)(n)
xx(i+1/2, j)+Dzσ

(1)(n)
xz(i+1/2, j))

+γ12Dxσ
(2)(n)
(i+1/2, j)+ γ13(Dxσ

(3)(n)
xx(i+1/2, j)+Dzσ

(3)(n)
xz(i+1/2, j))], (9a)

v(1)(n+1/2)
z(i, j+1/2) = v(1)

′
z +dt[γ11(Dxσ

(1)(n)
xz(i, j+1/2)+Dzσ

(1)(n)
zz(i, j+1/2))

+γ12Dzσ
(2)(n)
(i, j+1/2)+ γ13(Dxσ

(3)(n)
xz(i, j+1/2)+Dzσ

(3)(n)
zz(i, j+1/2))], (9b)

σ
(1)(n+1)
xx(i, j) = σ

(1)(n)
xx(i, j)+dt

[
(K1 +µ1)Dxv(1)(n+1/2)

x(i, j) +(K1−µ1)Dzv
(1)(n+1/2)
z(i, j) +C12(Dxv(2)(n+1/2)

x(i, j)

+Dzv
(2)(n+1/2)
z(i, j) )+

(
C13 +

1
2

µ13

)
Dxv(3)(n+1/2)

x(i, j) +

(
C13−

1
2

µ13

)
Dzv

(3)(n+1/2)
z(i, j)

]
, (9c)

σ
(1)(n+1)
zz(i, j) = σ

(1)(n)
zz(i, j) +dt

[
(K1 +µ1)Dzv

(1)(n+1/2)
z(i, j) +(K1−µ1)Dxv(1)(n+1/2)

x(i, j) +C12(Dxv(2)(n+1/2)
x(i, j)

+Dzv
(2)(n+1/2)
z(i, j) )+

(
C13 +

1
2

µ13

)
Dzv

(3)(n+1/2)
z(i, j) +

(
C13−

1
2

µ13

)
Dxv(3)(n+1/2)

x(i, j)

]
, (9d)

σ
(1)(n+1)
xz(i+1/2, j+1/2) = σ

(1)(n)
xz(i+1/2, j+1/2)+dt

[
µ1(Dxv(1)(n+1/2)

z(i+1/2, j+1/2)+Dzv
(1)(n+1/2)
x(i+1/2, j+1/2))

+
1
2

µ13(Dxv(3)(n+1/2)
z(i+1/2, j+1/2)+Dzv

(3)(n+1/2)
x(i+1/2, j+1/2))

]
, (9e)

where Dx and Dz represent the discretized differential operators, for example, for Dxσ
(1)
xx , is

Dxσ
(1)
xx(i+1/2, j) =

1
dx

L−1

∑
m=0

am

(
σ
(1)
xx(i+m+1, j)−σ

(1)
xx(i−m, j)

)
, (10)
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where L is the length of the difference operator. In this paper,
L is taken as 4. The staggered-grid finite-difference method
possesses an eighth-order accuracy in space. In the two-
dimensional (2D) case, the distribution of the field quanti-
ties and the medium physical parameters in the staggered-grid
finite-difference method is shown in Fig. 1.

↼i↪ j↽ σ(1)↪ σ(1)↪ σ(2)↪ σ(3)↪ σ(3)zzxxzzxx

xz

x x

z z z

x

xz↼i⇁/↪ j⇁/↽ σ(3)↪ σ(3) 

↼i⇁/↪ j↽ v(1)↪ v(2)↪ v(3) 

↼i↪ j⇁/↽ v(1)↪ v(2)↪ v(3) 

Fig. 1. Distribution of the field components and material parameters in
the staggered-grid finite-difference algorithm.

3. Numerical simulation
In this section, the time-splitting high-order staggered-

grid finite-difference algorithm’s effectiveness and accuracy
are verified and applied to the wave numerical simulation in
gas hydrate-bearing sediments. The energy distribution and
propagation characteristics of waves in gas hydrate-bearing
sediments are analyzed, and the excitation mechanisms of
waves are discussed. The effects of the friction coefficient
between solid grains and gas hydrate and the fluid viscosity
on wave propagation are studied. Finally, the acoustic wave
propagation in a double-layer model is studied. The reflection,
transmission, and energy conversion characteristics of differ-
ent waves at the interface are provided.

3.1. Algorithm verification

The source used in the simulation is a Ricker wavelet that
can be expressed as[24]

r(t) = [1−2(π f0t)2]exp[−(π f0t)2], (11)

where f0 is the dominant frequency.
The effectiveness of numerical simulation is verified by

comparing the result with that of the Fourier pseudospectral
method by Carcione et al.[8] In the comparison, the same
model and medium parameters given in Carcione and Seriani’s
work are employed except that the parameters of gas hydrate is
replaced by ice, The absorbing boundary condition proposed
by Collino et al.[28] is used to eliminate the influence of the
artificial boundary. In the numerical simulation, the grid size
of the model is 2500×2500, the space step in the x and z di-
rections are both 2 m, and the time step is 0.4 ms. The source
with the dominant frequency 12.5 Hz is located at the grid
point (1250, 1250), which is loaded on the stress components
of each phase:

σ
(1)
xx = σ

(1)
zz = σ

(1)
xz = φsr(t),

σ
(2) = φwr(t),

σ
(3)
xx = σ

(3)
zz = σ

(3)
xz = φir(t), (12)

where φs, φw, and φi are the volume fractions of the solid grain,
the pore fluid, and the ice, respectively.

As shown in Fig. 2, the snapshots of the solid–grain frame
vertical particle velocity component with the two algorithms
are compared, it is clear that the time-splitting staggered-grid
finite-difference algorithm can obtain a higher-precision sim-
ulation result with clearer waves. Moreover, there is no visi-
ble grid numerical dispersion. The result shows that the time-
splitting staggered-grid finite-difference algorithm is more ac-
curate in the numerical simulation of a three-phase porous me-
dia. We can use the algorithm to study the various excitation
mechanisms and propagation characteristics of different waves
in gas hydrate-bearing sediments.

(a) (b)

Fig. 2. Snapshots of the solid grain frame vertical particle velocity compo-
nent at 680 ms. (a) Carcione’s simulation result by using the pseudospectral
method[8]. (b) Simulation result of the staggered-grid finite-difference.

3.2. Homogeneous model

We consider wave propagation in a homogeneous gas
hydrate-bearing sediment model. In the two-dimensional
plane, the increasing x direction is horizontal to the right, and
the positive z direction is vertical downward. The mesh size of
the model is 800×800, the time and space steps are the same
as those used in Subsection 2.1, and the physical parameters
of the homogeneous medium model are given in Table 1. The
source is loaded on the horizontal velocity component of each
phase. The dominant frequency of the Ricker wavelet at the
grid point (400, 400) is 20 Hz.

Table 1. Physical parameters of different phases.

Parameter Value
Grain density (kg/m3) 2650
Fluid density (kg/m3) 1000

Hydrate density (kg/m3) 900
Grain bulk modulus (GPa) 38.7
Grain shear modulus (GPa) 39.6
Fluid bulk modulus (GPa) 2.25

Fluid saturation 0.5
Hydrate bulk modulus (GPa) 7.9
Hydrate shear modulus (GPa) 3.3

Grain frame permeability κso (m2) 1.07×10−13

Hydrate permeability κho (m2) 1×10−5

Refs. [8,29].
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3.2.1. Analysis of wave characteristics

Snapshots of the velocity components of the solid grain
frame, the pore fluid and the gas hydrate at 280 ms are shown
in Figs. 3(a)–3(f). In this case, five kinds of body waves can
be clearly observed for each phase, the three compressional
waves are labeled P1, P2, and P3, and the two shear waves
are labeled S1 and S2. It can be seen that when acoustic wave

propagates in gas hydrate-bearing sediments, the wave propa-

gation mechanism is controlled by the interaction of the solid

grains, the hydrate, and the pore fluid. Therefore, the gener-

ated five acoustic modes are more complex than those in the

homogeneous elastic medium with P1 and S1 modes only, and

it is desirable to study the features of five wave modes in vari-

ous cases.

(a)
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m
)

x (m)

(b)
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x (m)
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(f)

z
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m
)
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(e)

z
 (

m
)

x (m)

Fig. 3. Snapshots of the horizontal particle velocity component of (a) solid grain frame, (b) pore fluid, (c) gas hydrate, and the vertical particle velocity
component of (d) solid grain frame, (e) pore fluid, (f) gas hydrate at 280 ms.

Comparisons of normalized waveforms of the horizontal
velocity component of different phases are performed to in-
vestigate the excitation mechanisms of the waves in hydrate-
bearing sediments as indicated in Fig. 5. The model used is
consistent with that in Fig. 3, and the receiver is set at the
grid point (100, 780). The structure of the model is shown in
Fig. 4. The different figures correspond to comparisons be-
tween waveforms (a) the solid–grain frame and pore fluid, (b)
the solid–grain frame and gas hydrate, (c) the pore fluid and
gas hydrate. It is clear that P1 and S1 are the usual modes
as those in isotropic medium that propagate in the solid–grain
frame primarily, while P2 and S2 are mainly concentrated in
the gas hydrate, and the energy of P3 propagates mainly in the
pore fluid. As for the phase of movement of these wave modes,
P1 and S1 are all in phase in the three phases. The other wave
modes, however, show different appearances. Figure 5(a) re-
veals the motions of P3 in the solid frame particle and pore
fluid are of the opposite phase. Figure 5(b) shows P2 moves
in opposite phase in the solid grain frame particle and gas hy-
drate, and S2 has the same characteristic as P2. Additionally,
figure 5(c) reflects that the movements of the three slow waves

in the gas hydrate and the pore fluid are in phase.
As indicated from Figs. 3 and 5, the excitation mecha-

nisms of P1 and S1 are similar to that of fast P wave and S
wave in fluid saturated porous media, the propagation char-
acteristics of P2 and P3 are similar to the slow P wave. P2
is caused by the relative motion between solid–grains and gas
hydrate, P3 is caused by the relative motion between solid–
grains and pore fluid, and S2 is caused by the relative motion
between solid grains and gas hydrate.

z
 (

m
)

x (m)

Fig. 4. Sketch map of the homogeneous model. The source is denoted
by a black spot. The receiver is represented by a black triangle.
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Fig. 5. Waveform comparisons of the horizontal particle velocity component between different phases (normalized). (a) Solid grain frame and pore fluid. (b)
Solid grain frame and gas hydrate. (c) Pore fluid and gas hydrate.

3.2.2. Influence of the friction between solid grains and
gas hydrate

Investigations from Geurin and Goldberg[29] pointed out
that pore-scale friction between solid grains and gas hydrate
could be responsible for the shear energy dissipation, and it
is essential to study the influence of this friction on wave
modes. By combing the expressions for the friction coeffi-
cient between solid grains and pore fluid b12, the friction coef-
ficient between pore fluid and gas hydrate b23, and the drag
coefficients calculated by Berryman and Wang,[30] Geurin
and Goldberg[29] defined the friction coefficient between solid
grains and gas hydrate, which can be expressed as

b13 = b0
13 (φh(1−φ))2 , (13)

where b0
13 is the reference value of the friction coefficient be-

tween two solids, b0
13 = 2.2×108.[29]

Figure 6 shows snapshots of the horizontal particle veloc-
ity at 280 ms when the reference value of the friction coeffi-
cient b0

13 = 2.2× 108, where panels 6(a)–6(c) corresponds to
the solid–grain frame, pore fluid, and gas hydrate respectively.
The model used is consistent with that in Fig. 3. According to
the excitation mechanisms, P2 and S2 are caused by the rela-
tive motion between solid grains and gas hydrate. When the
friction coefficient b13 exists, P2 and S2 attenuate. Therefore,
P2 and S2 cannot be observed, and the wave energy in the gas
hydrate degenerates to that in the solid–grain frame (as indi-
cated in Figs. 6(a) and 6(c)).

(a) (b) (c)
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m
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Fig. 6. Snapshots of the horizontal particle velocity component when b0
13 = 2.2×108 at 280 ms. (a) Solid grain frame. (b) Pore fluid. (c) Gas hydrate.
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Fig. 7. Waveforms of the horizontal velocity component of each phase when b13 = 0 and b0
13 = 2.2×1010. (a) Solid grain frame. (b) Pore fluid. (c) Gas hydrate.

Figure 7 reflects waveform comparisons of the horizon-

tal particle velocity of three phases in cases b0
13 = 0 and

b0
13 = 2.2× 108. The structure of the model consists with

Fig. 4. For the case of P1 and S1, it is clear that the nonzero

friction coefficient b13 decreases their amplitude slightly in the

solid–grain frame (as shown in Fig. 7(a)), and increases their
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amplitude in the fluid and gas hydrate obviously (as indicated
in Figs. 7(b) and 7(c)). For the cases of P2, S2, and P3, the
nonzero b13 attenuates the amplitude of P2 and S2 to a large
extent, but increases the velocity of P3 slightly.

As presented by others,[18,29] velocity and attenuation of
wave modes generated in gas hydrate-bearing sediments are
frequency dependent. In order to show the influence of b13 on
modes at the seismic frequency and the sonic log frequency,
we also investigate the case with a higher dominant frequency
of the source, where f0 is 10 kHz. The waveform comparisons
of the horizontal particle velocity of three phases are given in
Fig. 8 with the same source-receiver spacing as in Fig. 7. For
the cases of P1, S1, and P3, nonzero friction coefficient b13

decreases their amplitude slightly in the solid–grain frame and
pore fluid (Figs. 8(a) and 8(b)), and increases their amplitude
in the gas hydrate obviously (Fig. 8(c)). For the cases of P2

and S2, it is clear that the friction coefficient b13 makes P2

and S2 attenuate and the attenuation is smaller than that at low

frequency in Fig. 7. Therefore, the attenuation of P2 and S2

is more sensitive to b13 at low frequency. Furthermore, The

attenuation of P2 and S2 in different phases is obtained by cal-

culation. b13 attenuates P2 by 79.48 percent and attenuates S2

by 90.44 percent in the solid–grain frame (Fig. 8(a)). In the

pore fluid, the attenuation is 78.28 percent for P2 and 90.33

percent for S2 (Fig. 8(b)). The amplitude of P2 decreases by

42.97 percent while that of S2 reduces 73.48 percent in the gas

hydrate (Fig. 8(c)). By comparisons, it is obvious that the at-

tenuation of P2 and S2 in the solid–grain frame and pore fluid

is greater than that in the gas hydrate in the presence of b13.

Moreover, the attenuation effect of b13 on S2 is more obvious

than that on P2.
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Fig. 8. Waveforms of the horizontal velocity component of each phase when b0
13 = 0 and b0

13 = 2.2×1010 in high frequency. (a) Solid grain frame. (b) Pore
fluid. (c) Gas hydrate.

Thus, the amplitude of P2 and S2 is obvious when the

friction between solid grains and hydrate is negligible. More-

over, in high frequency range, the attenuation of P2 and S2 is

less sensitive to b13 than in low frequency range.

3.2.3. Influence of the fluid viscosity

In fact, most pore fluids are viscous. The fluid viscos-

ity affects slow-wave propagation in gas hydrate-bearing sed-

iments. The influence of fluid viscosity on waves is analyzed.

Referring to the previous literature,[8,29] the viscosity of pore

fluid has the value of 1.8× 10−3 Pa·s. Snapshots of the hor-
izontal particle velocity component of the solid–grain frame,
pore fluid and gas hydrate are shown in Figs. 9(a)–9(c). The
model used is consistent with that in Fig. 3. According to the
excitation mechanisms, P3 is caused by the relative motion
between solid grains and pore fluid. When the pore fluid is
viscous, P3 attenuate. Therefore, P3 can not be observed nor-
mally in real reservoirs for most situations. The wave energy
in the pore fluid becomes the same as that in the solid–grain
frame when P3 attenuate completely (Figs. 9(a) and 9(b)).
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Fig. 9. Snapshots of the horizontal particle velocity component when the fluid viscosity ηw = 1.8×10−3 Pa·s at 280 ms. (a) Solid grain frame. (b) Pore fluid.
(c) Gas hydrate.
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Fig. 10. The horizontal velocity component of each phase when ηw = 0 and ηw = 1.8×10−3 Pa·s. (a) Solid grain frame. (b) Pore fluid. (c) Gas hydrate.

Figures 10(a)–10(c) show waveform comparisons of the
horizontal particle velocity of each phase in cases ηw = 0 and
ηw = 1.8×10−3 Pa·s. The structure of the model is the same
as Fig. 4. For the cases of P1 and S1, the nonzero fluid viscos-
ity ηw makes the wave energy in the fluid degenerates to that
in the solid grain frame, resulting in an increase of their ampli-
tude in the pore fluid (Fig. 10(b)). For the cases of P2, S2, and
P3, nonzero ηw attenuates the amplitude of P3 completely but
decreases the velocity of P2 slightly. We have also calculated
cases with other viscosity values and frequencies, the results
are the same as those given in the paper. Hence, figures 9 and
10 reflect that the amplitude of P3 is significant when the pore
fluid is non-viscous.

Because of the existence of the friction coefficient b13 and
the fluid viscosity ηw, it is difficult to observe three slow waves
generally in a seismic frequency range, but they carry out a
part of energy in practice. Therefore, the influence of slow
waves should be considered when processing actual seismic
data.

3.3. Horizontal layered medium model

Seismic surveys are commonly used to identify the lo-
cations of gas hydrate in marine sediments, however, energy
conversions among different modes on the fluid–solid (gas-
hydrate formation) interface are not clear, which hinder the
applications of seismic information in the exploration and
production of gas-hydrate reservoir. Thus, it is essential to
analyze the reflection, transmission, and conversion at the
interfaces.[31,32] As a result, wave propagation in a fluid–solid
layer model is studied. The mesh has 800×800 grid points,
the source is placed at the grid (400, 350) with a dominant
frequency 20 Hz. The time and space steps are the same
as those mentioned in Subsection 2.1. The structure of the
model is shown in Fig. 11, where the upper half-space is filled
with water (gas-hydrate formation), and the lower half-space
is gas-hydrate formation (water). The physical parameters
of the model are shown in Table 1. Moreover, the average
method is used to calculate the parameters of the fluid–solid
interface.[33,34]

Figures 12(a)–12(c) show snapshots of the horizontal par-
ticle velocity component of the solid–grain frame, pore fluid
and gas hydrate at 400 ms, respectively. The upper half-space
is filled with water, and the lower half-space is gas-hydrate for-
mation. The boundary between the upper and lower half-space
is denoted by a white line. When the direct P wave (P) excited
in the fluid propagates to the interface, reflected, transmitted
and various converted waves are produced, including reflected
P (RP), transmitted P1 (TP1), transmitted S1 converted by P
(TPS1), transmitted P2 converted by P (TPP2), and transmit-
ted S2 converted by P (TPS2), transmitted P3 converted by P
(TPP3), transmitted P2 converted by RP (TRPP2), transmitted
S2 converted by RP (TRPS2), and transmitted P3 converted
by RP (TRPP3). Moreover, when the P wave propagates to
the interface, the incident angle is 0. The incident angle of
P increases with the increase of time. When the incident an-
gle is equal to the critical angle of the P wave, transmitted
P1 propagates along the interface. It produces P head wave
(TP1P head wave) in the upper half-space and S1 head wave
in the lower half-space (TP1S1 head wave) with lower veloc-
ity. Similarly, critically transmitted S1 also produces a head
wave (TS1P head wave) in the upper half-space. Furthermore,
the transmitted and converted P2 and S2 waves are clearer in
the gas hydrate, while the transmitted and converted P3 waves
are more obvious in the pore fluid, which indicates that waves
formed by transmission and conversion at the interface have
different energy in different media.

x (m)

z
 (

m
)

Fig. 11. Sketch map of the fluid-solid model. The source is denoted by a
black spot.
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Fig. 12. Snapshots of the horizontal particle velocity component at 400 ms. (a) Solid grain frame. (b) Pore fluid. (c) Gas hydrate.
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Fig. 13. Snapshots of the solid grain frame horizontal particle velocity com-
ponent at 320 ms.

Figure 13 reflects snapshot of the horizontal particle ve-
locity component of the solid grain frame at 320 ms. The up-
per half-space gas-hydrate formation, and the lower half-space
is is filled with water. Various direct and reflected waves exist
in gas-hydrate formation. Besides, when the waves propagate
to the interface, the unconventional compressional waves are
converted into conventional compressional wave on the inter-
face.

Therefore, fluid–solid models based on Carcione–
Leclaire theory have complicated wave field information. The
incident wave can produce a variety of reflected, transmitted
and converted waves at the interface. The analysis on the in-
teractions of these waves has important values for the applica-
tions of seismic in marine area and borehole acoustic during
the identification and evaluation of gas hydrate.

4. Conclusion and perspectives
In this paper, based on Carcione–Leclaire three-phase

model, the time-splitting staggered-grid finite-difference algo-
rithm is proposed for wave simulation in gas hydrate-bearing
sediments. The acoustic wave propagation mechanisms in gas
hydrate-bearing sediments are investigated. The findings are
the followings:

(i) The numerical algorithm has been proposed and it
can be used effectively in solving the stiffness problem in the

velocity–stress equations and greatly suppress the grid disper-

sion. The simulations can clearly show the propagation pro-

cess of three compressional waves and two shear waves in

gas hydrate-bearing sediments, proving that the algorithm is

highly-precise for wave field numerical simulation than the

Fourier pseudospectral method.

(ii) The analysis of different modes of wave propagation

in hydrate-bearing sediments shows that P1 and S1 are equiv-

alent to the conventional compressional and shear waves as

are shown in isotropic elastic medium, while P2, S2, and P3,

are three slow waves, similar to the slow-wave in Biot theory.

P2 and S2 are caused by the relative motion between solid

grains and gas hydrate, while P3, by the relative motion be-

tween solid grains and pore fluid. Besides, P1 and S1 propa-

gate in the solid–grain frame primarily, P2 and S2 propagate

mainly in the gas hydrate, while P3 propagate mainly in the

fluid.

(iii) The friction coefficient b13 and fluid viscosity ηw

have a certain influence on the propagation of slow waves. The

amplitude of P2 and S2 is obvious when the friction between

solid grains and gas hydrate is negligible, and the attenuation

of P2 and S2 is more sensitive to b13 at low frequency. More-

over, the amplitude of P3 is significant when the pore fluid is

non-viscous. The wave diffusions of P2 and S2 are influenced

by the friction coefficient b13 while the diffusion of P3 is con-

trolled by the fluid viscosity ηw. Thus, it is difficult to observe

slow waves in seismic frequency band in actual situations.

(iv) By using the double-layer models, it is shown that

reflected, transmitted and converted waves are generated at

the interface, forming very rich wave fields. Besides, the en-

ergy distribution of various waves is different in each phase.

The study of various waves in double-layer models is of great

significance to the analysis of the characteristics of waves in

gas hydrate-bearing sediments. This proposed work can en-

rich our understanding of the physical process of wave propa-

gation in multi-phased media such as the gas hydrate-bearing

sediments.
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