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ABSTRACT
Seismoelectric coupling in an electric isotropic and elastic anisotropic medium is de-
veloped using a primary–secondary formulation. The anisotropy is of vertical trans-
verse isotropic type and concerns only the poroelastic parameters. Based on our finite
difference time domain algorithm,we solve the seismoelectric response to an explosive
source. The seismic wavefields are computed as the primary field. The electric field
is then obtained as a secondary field by solving the Poisson equation for the electric
potential. To test our numerical algorithm, we compared our seismoelectric numer-
ical results with analytical results obtained from Pride’s equation. The comparison
shows that the numerical solution gives a good approximation to the analytical so-
lution. We then simulate the seismoelectric wavefields in different models. Simulated
results show that four types of seismic waves are generated in anisotropic poroelastic
medium. These are the fast and slow longitudinal waves and two separable transverse
waves. All of these seismic waves generate coseismic electric fields in a homogenous
anisotropic poroelastic medium. The tortuosity has an effect on the propagation of
the slow longitudinal wave. The snapshot of the slow longitudinal wave has an oval
shape when the tortuosity is anisotropic, whereas it has a circular shape when the
tortuosity is isotropic. In terms of the Thomsen parameters, the radiation anisotropy
of the fast longitudinal wave is more sensitive to the value of ε, while the radiation
anisotropy of the transverse wave is more sensitive to the value of δ.

Key words: Poroelastic medium, Seismoelectric coupling, Thomsen parameters, Ver-
tical transverse isotropy.

INTRODUCTION

Seismic waves can be converted into electromagnetic (EM)
fields, and vice versa, in a porous medium due to the elec-
trokinetic effect (Ivanov, 1939; Martner and Sparks, 1959;
Schoemaker et al., 2012). The mutual conversion between the
seismic waves and EM fields can be referred to as ’seismo-
electric’ coupling phenomena, which has been validated by
field and laboratory experiments (Zhu et al., 1999; Garam-

[Correction added on 26 June 2020, after first online publication: The
symbol for porosity has been corrected to � in this version.]
∗E-mail: wangyibo@mail.iggcas.ac.cn

bois and Dietrich, 2001; Bordes et al., 2006; Thompson et al.,
2007; Zhu et al., 2008; Schakel et al., 2011a,b, 2012; Zhu and
Toksӧz, 2013).

A set of governing equations that describe the prop-
agation of seismoelectric waves has been derived by Pride
(1994). The governing equations consist of coupling between
Maxwell’s equation that describe the propagation and diffu-
sion of electromagnetic fields and Biot’s equation that describe
the propagation of seismic waves in poroelastic medium (Biot,
1956a, 1956b). An alternative electrokinetic formulation that
describes the wave propagation in unsaturated porous media
has been proposed by Revil and Linde (2006) and Revil and
Mahardika (2013).

1927© 2020 European Association of Geoscientists & Engineers
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Two types of coupled seismoelectric signals have become
the topic of research. The first one is the coseismic EM field
that travels at the same speed as seismic wave (Haartsen and
Pride, 1997; Gao andHu, 2010). The coseismic signal is gener-
ated by the seismic signal while it travels through the medium.
The second one is referred to as seismoelectric interface re-
sponse, which is generated by mechanic waves when it en-
counters an interface between two different porous media or
an interface that separates a porous medium and another kind
of medium (e.g. a fluid) (Mikhailov et al., 1997; White and
Zhou, 2006).

Numerical modelling and laboratory experiments have
been carried out to investigate the seismoelectric signals in
different media. Green’s functions have been derived for a ho-
mogenous space (Pride and Haartsen, 1996; Slob and Mulder,
2016), horizontally stratified medium (Haartsen and Pride,
1997; Garambois and Dietrich, 2002, Gao and Hu, 2009) and
in a homogeneous half space with excitation by a finite fault
(Ren et al., 2011, 2016). Gao et al. (2017a,b) developed ana-
lytical formulation of quasi-static seismoelectric signals.Mod-
elling 2D seismoelectric waves with finite difference frequency
domain algorithm has been derived by Gao et al. (2018). Seis-
moelectric couplings in a poroelastic medium containing two
immiscible fluid phases has been analysed by Jardani and Re-
vil (2015). Haines and Pride (2006) derived quasi-static elec-
tromagnetic approximation of Pride’s equation by ignoring
the electro-osmotic feedback and simulated the seismoelectric
signals on a grid. Finite element modelling of seismoelectric
waves has been performed by Zyserman et al. (2010). Zhu and
Toksoz (2015) carried out laboratory experiments on porous
samples to analyse the effect of anisotropic permeability on
the coupling coefficient.

All of the numerical simulations that have been published
before are analytical or deal only with isotropic media. How-
ever, a vertical transverse isotropic (VTI) medium is generally
considered to be common for shale formations and layered
media (Thomsen, 1986; Tsvankin, 1996, 1997; Pooladi et al.,
2017). In order to study the seismoelectric response of an ac-
tual geological structure, especially the horizontal thin bed se-
quence, it is necessary to perform a numerical simulation in
the VTI medium and analyse the effect of medium anisotropy
on the propagation of seismoelectric waves.

In this paper, we derive seismoelectric coupling equa-
tions for 2D VTI poroelastic media under the assumption that
the poroelastic medium is electrically isotropic but has elastic
anisotropy. We use the finite difference time domain (FDTD)
algorithm to compute the seismic waves in the first step by ig-
noring the converted electromagnetic wave’s influence on the

propagation of seismic signals. We then calculate the electric
signals resulting from the seismic signals by solving the Pois-
son equation of electric potential with a mechanical source
term and the coupling coefficient. We design several models
to simulate their seismoelectric response. We test our numer-
ical algorithm by comparing the numerical and analytical so-
lutions. Then we compute snapshots for different models and
analyse the effect of the medium anisotropy on the propaga-
tion of seismoelectric waves. Finally, we test the parallelizing
efficiency of our FDTD simulation code.

COUPLING EQUATIONS IN ANISOTROPIC
POROELASTIC MEDIUM

Pride (1994) has derived the full set of governing equations
for the coupled electromagnetic and seismic response in a ho-
mogeneous porous medium. In Pride’s model, both the solid
grains and all the macroscopic constitutive laws are assumed
to be isotropic, piezo or other anisotropic effects are ab-
sent (Pride, 1994; Slob and Mulder, 2016). Haines and Pride
(2006) made the quasi-static electromagnetic approximation
to the Pride’s model and obtained a set of reduced equa-
tions. Due to the presence of aligned microcracks, fractures
and tortuosity of the rocks, porous media often appear to
be anisotropic. In order to investigate the seismoelectric re-
sponse of such medium, we assume the porous medium to
be electrically isotropic but to have elastic anisotropy. Based
on previous achievements (Biot, 1955, 1956a,b, 1962; Car-
cione, 1995; Yang and Zhang, 2002; Haines and Pride, 2006;
Sharma, 2007; Slob andMulder, 2016; Gilbert and Shoushani,
2017), we develop the quasi-static electromagnetic coupling
equations describing the seismoelectric wave propagation in a
2D vertical transverse isotropic (VTI) medium, expressed as

∂v1

∂t
= ρ̃ f

ρρ̃ f − ρ2
f

(
∂T11

∂x1
+ ∂T12

∂x2

)
+ ρ f

ρρ̃ f − ρ2
f

η f

k1
w1

+ ρ f

ρρ̃ f − ρ2
f

∂P
∂x1

(1)

∂v2

∂t
= ρ̃ f

ρρ̃ f − ρ2
f

(
∂T12

∂x1
+ ∂T22

∂x2

)
+ ρ f

ρρ̃ f − ρ2
f

η f

k2
w2

+ ρ f

ρρ̃ f − ρ2
f

∂P
∂x2

(2)

∂w1

∂t
= − ρ f

ρρ̃ f − ρ2
f

(
∂T11

∂x1
+ ∂T12

∂x2

)
− ρ

ρρ̃ f − ρ2
f

η f

k1
w1

− ρ

ρρ̃ f − ρ2
f

∂P
∂x1

(3)
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∂w2

∂t
= − ρ f

ρρ̃ f − ρ2
f

(
∂T12

∂x1
+ ∂T22

∂x2

)
− ρ

ρρ̃ f − ρ2
f

η f

k2
w2

− ρ

ρρ̃ f − ρ2
f

∂P
∂x2

(4)

∂T11

∂t
= C̃11

∂v1

∂x1
+ C̃12

∂v2

∂x2
+C1

∂w1

∂x1
+C1

∂w2

∂x2
(5)

∂T22

∂t
= C̃12

∂v1

∂x1
+ C̃22

∂v2

∂x2
+C2

∂w1

∂x1
+C2

∂w2

∂x2
(6)

∂T12

∂t
= C̃66

∂v2

∂x1
+ C̃66

∂v1

∂x2
(7)

−∂P
∂t

= C1
∂v1

∂x1
+C2

∂v2

∂x2
+M

∂w1

∂x1
+M

∂w2

∂x2
(8)

∇ · (σ∇ϕ) = ∂

∂xi

(
η f Li

ki

)
wi (9)

E1 = − ∂ϕ

∂x1
(10)

E2 = − ∂ϕ

∂x2
, (11)

where ρ f is themass density of the fluid; ρ is the saturated rock
density, given by ρ = (1 − �)ρs + �ρ f , in which ρs represents
the density of the solid, � represents the porosity; ρ̃ f is the
effective density of the fluid, given by ρ̃ f = T ·ρ f

�
, in which T is

the tortuosity; when the tortuosity is anisotropic, the value of
the ρ̃ f will be different in vertical and horizontal directions; wi

represents the relative velocity (fluid relative to the solid) vec-
tor component (i= 1,2), given by wi = �(v f

i − vi), in which vi

and v
f
i represent the velocity vector components in the solid

and fluid, respectively; η f is the fluid viscosity; L is the static
coupling coefficient, given by L = −μ�ε0εRF

T ·η f , in which μ is zeta

potential, ε0 is free-space electric permittivity, εRF is relative
permittivity of fluid; Ei is the vector component of the electric
field; ϕ is electric potential; σ is conductivity of the porous
medium; Ti j is the bulk stress tensor component (j = 1, 2);
P is the acoustic pressure; M and Ci denote the stiffness pa-
rameters of the porous solid, given by M = k f

�(1+λ) , where λ

is given by λ = k f (1−�)ks−k fr
�+k2s

; kf , ks, kfr denote moduli of the
fluid, framework of grains and skeleton grains, respectively. A
vector component of the static permeability is denoted by ki;
subscript number i denotes the vertical direction when i = 1,
and denotes the horizontal direction when i = 2.

C̃11, C̃22, C̃12, C̃66 are undrained elastic components,
the relations with drained elastic components are given by
(Carcione, 1995)

C̃11 = C11 + α1 C1 (12)

C̃22 = C22 + α2 C2 (13)

C̃12 = C12 + α1 α2 M (14)

C̃66 = C66. (15)

The relationship between the stiffness parameters are
given by (Carcione, 1995)

C1 = α1M (16)

C2 = α2M, (17)

where the effective coefficients are given by (Carcione, 1995)

α1 = 1 − C11 + 2C12

3ks
(18)

α2 = 1 − C22 + 2C12

3ks
. (19)

Equations (1)–(11) are the coupling equations under the
quasi-static electric approximation that are used to simulate
the seismoelectric response in a 2D VTI medium. It can be
seen from these coupling equations that the particle velocities
are related to elastic components of stiffness tensor C11, C22,
C12 ,C66. The stiffness tensor of 3D VTI medium is given by⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

C11 C12 C12 0 0 0
C12 C22 C22 − 2C44 0 0 0
C12 C22 − 2C44 C22 0 0 0
0 0 0 C44 0 0
0 0 0 0 C66 0
0 0 0 0 0 C66

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (20)

According to the previous research results (Thomsen,
1986), the anisotropic parameters are used to describe the
anisotropy of the elastic medium, which are given by

ε = C22 −C11

2C11
, γ = C44 −C66

2C66
,

δ = (C12 +C66)
2 − (C11 −C66)

2

2C11 (C11 −C66)
,

α =
√
C11

ρ
, β =

√
C66

ρ
, (21)

[Corrections made on 8 June 2020, after first online
publication: The denominator for and the numerator for in
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Equation (21) were previously incorrect and these have now
been updated in this version.]

where α and β are the phase velocity of the longitudinal and
transverse waves in the direction of the axis of the symmetry.
In a 2D VTI medium, formula (20) can be converted into the
following form:⎡
⎢⎣
C11 C12 0
C12 C22 0
0 0 C66

⎤
⎥⎦ . (22)

NUMERICAL IMPLEMENTATION

Finite-difference methods are one of the numerical mod-
elling techniques for solving partial differential equations. In
this numerical modelling scheme, we use first-order central-
difference approximation (Yee, 1966; Virieux, 1984) to the
space and time partial derivatives. We use sponge layer ab-
sorbing boundary conditions to suppress the reflections of the
seismoelectric waves from the boundaries (Petropoulos et al.,
1998). The finite difference time domain (FDTD) seismo-
electric coupling equations are obtained from equations (1)–
(11) by approximating all derivatives based on the following
principle:

∂ f
∂x

(x) ≈ f
(
x+ �x

2

) − f
(
x− �x

2

)
�x

. (23)

Following equation (23), the final FDTD discretizing
form are given by

v1 (x1, x2, t + �t ) = v1 (x1, x2, t )

+ �t
�x

×
[

ρ̃ f

ρρ̃ f − ρ2
f

(
T11

(
x1 + �x

2
, x2, t + �t

2

)

−T11

(
x1 − �x

2
, x2, t + �t

2

)
+ T12

(
x1, x2 + �x

2
, t + �t

2

)

− T12

(
x1, x2 − �x

2
, t + �t

2

))
+ ρ f

ρρ̃ f − ρ2
f(

P
(
x1 + �x

2
, x2, t + �t

2

)
− P

(
x1 − �x

2
, x2, t + �t

2

)) ]

+�t
ρ f

ρρ̃ f − ρ2
f

η f

k1
w1 (x1, x2, t ) (24)

v2 (x1, x2, t + �t ) = v2 (x1, x2, t )

+ �t
�x

×
[

ρ̃ f

ρρ̃ f − ρ2
f

(
T12

(
x1 + �x

2
, x2, t + �t

2

)

−T12

(
x1 − �x

2
, x2, t + �t

2

)
+ T22

(
x1, x2 + �x

2
, t + �t

2

)

− T22

(
x1, x2 − �x

2
, t + �t

2

))
+ ρ f

ρρ̃ f − ρ2
f(

P
(
x1, x2 + �x

2
, t + �t

2

)
− P

(
x1, x2 − �x

2
, t + �t

2

)) ]

+�t
ρ f

ρρ̃ f − ρ2
f

η f

k2
w2 (x1, x2, t ) (25)

w1 (x1, x2, t + �t ) = w1 (x1, x2, t )

− �t
�x

×
[

ρ f

ρρ̃ f − ρ2
f

(
T11

(
x1 + �x

2
, x2, t + �t

2

)

−T11

(
x1 − �x

2
, x2, t + �t

2

)
+ T12

(
x1, x2 + �x

2
, t + �t

2

)

− T12

(
x1, x2 − �x

2
, t + �t

2

))
+ ρ

ρρ̃ f − ρ2
f(

P
(
x1 + �x

2
, x2, t + �t

2

)
− P

(
x1 − �x

2
, x2, t + �t

2

)) ]

−�t
ρ

ρρ̃ f − ρ2
f

η f

k1
w1 (x1, x2, t ) (26)

w2 (x1, x2, t + �t ) = w2 (x1, x2, t )

− �t
�x

×
[

ρ f

ρρ̃ f − ρ2
f

(
T12

(
x1 + �x

2
, x2, t + �t

2

)

−T12

(
x1 − �x

2
, x2, t + �t

2

)
+ T22

(
x1, x2 + �x

2
, t + �t

2

)

− T22

(
x1, x2 − �x

2
, t + �t

2

))
+ ρ

ρρ̃ f − ρ2
f(

P
(
x1, x2 + �x

2
, t + �t

2

)
− P

(
x1, x2 − �x

2
, t + �t

2

)) ]

−�t
ρ

ρρ̃ f − ρ2
f

η f

k2
w2 (x1, x2, t ) (27)

T11 (x1, x2, t + �t ) = T11 (x1, x2, t )

+ �t
�x

×
[
C̃11 (x1, x2)

[
v1

(
x1 + �x

2
, x2, t + �t

2

)

− v1

(
x1 − �x

2
,x2, t + �t

2

)]

+ C̃12 (x1, x2)
[
v2

(
x1, x2 + �x

2
, t + �t

2

)

− v2

(
x1, x2 − �x

2
, t + �t

2

)]

+C1 (x1, x2)
[
w1

(
x1 + �x

2
, x2, t + �t

2

)
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− w1

(
x1 − �x

2
, x2, t + �t

2

)]

+C1 (x1, x2)
[
w2

(
x1, x2 + �x

2
, t + �t

2

)

− w2

(
x1, x2 − �x

2
, t + �t

2

)]]
(28)

T22 (x1, x2, t + �t ) = T22 (x1,x2, t )

+ �t
�x

×
[
C̃12 (x1, x2)

[
v1

(
x1 + �x

2
, x2, t + �t

2

)

− v1

(
x1 − �x

2
, x2, t + �t

2

)]

+ C̃22 (x1, x2)
[
v2

(
x1, x2 + �x

2
, t + �t

2

)

− v2

(
x1, x2 − �x

2
, t + �t

2

)]

+C2 (x1, x2)
[
w1

(
x1 + �x

2
, x2, t + �t

2

)

− w1

(
x1 − �x

2
, x2, t + �t

2

)]

+C2 (x1, x2)
[
w2

(
x1, x2 + �x

2
, t + �t

2

)

− w2

(
x1, x2 − �x

2
, t + �t

2

)]]
(29)

T12 (x1, x2, t + �t ) = T12(x1,x2, t )

+ �t
�x

×
[
C̃66(x1, x2)

[
v2

(
x1 + �x

2
, x2, t + �t

2

)

− v2

(
x1 − �x

2
, x2, t + �t

2

)]

+ C̃66(x1, x2)
[
v1

(
x1, x2 + �x

2
, t + �t

2

)

− v1

(
x1, x2 − �x

2
, t + �t

2

)]]
(30)

P (x1, x2, t + �t ) = P (x1,x2, t )

− �t
�x

×
[
C1 (x1,x2)

[
v1

(
x1 + �x

2
, x2, t + �t

2

)

− v1

(
x1 − �x

2
, x2, t + �t

2

)]

+C2 (x1, x2)
[
v2

(
x1, x2 + �x

2
, t + �t

2

)

− v2

(
x1, x2 − �x

2
, t + �t

2

)]

+M(x1, x2)
[
w1

(
x1 + �x

2
, x2, t + �t

2

)

− w1

(
x1 − �x

2
, x2, t + �t

2

)]

+ M(x1,x2)
[
w2

(
x1, x2 + �x

2
, t + �t

2

)

− w2

(
x1, x2 − �x

2
, t + �t

2

)]]
(31)

ϕ (x1, x2, t ) = 1
4

[
ϕ

(
x1 + �x

2
,x2, t

)

+ϕ

(
x1 − �x

2
, x2, t

)
+ ϕ

(
x1 , x2 + �x

2
, t

)

+ϕ

(
x1 , x2 − �x

2
, t

)
− �x · L1η f

k1σ[
w1

(
x1 + �x

2
,x2, t

)
−w1

(
x1 − �x

2
, x2, t

)]

− �x
L2η f

k2σ

[
w2

(
x1, x2 + �x

2
, t

)

− w2

(
x1, x2 − �x

2
, t

)]]
(32)

E1 (x1, x2, t ) = −ϕ
(
x1 + �x

2 ,x2, t
) − ϕ

(
x1 − �x

2 , x2, t
)

�x
(33)

E2 (x1, x2, t ) = −ϕ
(
x1, x2 + �x

2 , t
) − ϕ

(
x1, x2 − �x

2 , t
)

�x
.

(34)

In equations (24)–(34), �x and �t are the spatial and
time steps used to approximate spatial and time derivatives
according to equation (23). Based on the above FDTD dis-
cretized equations, we parallelize the modelling program by
using Open MP to improve the computation efficiency.

NUMERICAL RESULTS

Verification of algorithm

In order to validate the correctness of our numerical modelling
algorithm, in the first step,we set the Thomsen anisotropic pa-
rameters as ε = 0, γ = 0, δ = 0 to model an isotropic medium.
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Figure 1 Configuration of the receiver and source location.

We use the 2D equivalent of the 3D analytical solution from
Slob and Mulder (2016) to test our modelling code. We use
a 1 kHz Ricker wavelet as the source time function and
2000 × 2000 grid points with grid spacing of 0.05 m in both
directions, and the time step is 0.01 milliseconds. We put an
explosive source at the centre of simulation model and receive
the signal at a receiver R. The coordinates of the receiver and
source are shown in Fig. 1.

In all examples we model the waves and fields in homo-
geneous media.We use Model A from Table 1 to test the code.
The comparison of the finite difference time domain (FDTD)
results with the analytical results are shown in Fig. 2. As we
can see from comparison results, the FDTD numerical solu-
tion has a good match with the analytical solution. We also
calculate the relative errors in each field at the maximum am-
plitude. The relative errors of the numerical solution of the

V1, V2,W1,W2, E1, E2 to the analytical solution are 0.31%,
0.32%, 0.35%, 0.38%, 0.22%, 0.22%, respectively.

Numerical examples

In this section, we compute the seismoelectric response to an
explosive source, including snapshots of solid velocity, rela-
tive velocity and electric field. We also use the Ricker wavelet
as the time source signature with centre frequency of 1 kHz.
The simulation dimension of the model is 2000 × 2000 grid
points with grid spacing of 0.05 m in both directions, and the
time step is 0.01 milliseconds. We arrange 1000 receivers in
the horizontal direction above the source, and the minimum
distance between the receivers and source location is 20 m.

First, we simulate Model A, whose parameters are shown
in Table 1. We show the computed snapshots at 12 millisec-
onds in Fig. 3. We observe that the explosive source excites
only the fast (Pf) and slow (PS) longitudinal waves in an
isotropic poroelastic medium. Both waves generate only the
coseismic electric signal. The fast longitudinal wave is sim-
ilar to the longitudinal wave that is generated in an elastic
medium. However, the slow longitudinal wave has different
characteristics depending on the fluid properties. The slow
longitudinal wave appears at the source in a static mode, as
shown in Fig. 3, in which EPf and EPS are the coseismic fields
inside the Pf and PS waves. This is because the slow longitudi-
nal wave propagates slowly under the effect of fluid viscosity.

Table 1 Model parameters used in numerical simulations

Parameter’s Symbol Model A Model B Model C Model D Model E Model F

σ (S m−1) 9.3 ×10−4 9.3 ×10−4 9.3 ×10−4 9.3 ×10−4 9.3 ×10−4 9.3 ×10−4

ρs (kg/m3) 2700 2700 2700 2700 2700 2700
ρ f (kg/m

3) 1000 1000 1000 1000 1000 1000
T1 3 3 3 3 3 3
T2 3 3 3 3 3 6
k1 (m2) 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12

k2 (m2) 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12 1.3 ×10−12 6.0 ×10−12

L1 (FV/(mPas)) 6.8 ×10−9 6.8 ×10−9 6.8 ×10−9 6.8 ×10−9 6.8 ×10−7 6.8 ×10−7

L2 (FV/(mPas)) 6.8 ×10−9 6.8 ×10−9 6.8 ×10−9 6.8 ×10−9 6.8 ×10−7 3.4 ×10−7

η f (Pas) 10−3 10−3 10−3 10−3 10−5 10−5

ks (GPa) 40 40 40 40 40 40
M 6.6 6.6 6.6 6.6 6.6 6.6
C11 (GPa) 21.35 21.35 21.35 21.35 21.35 21.35
C22 (GPa) 21.35 23.485 27.755 27.755 27.755 27.755
C12 (GPa) 3.35 5.3268 5.3268 0.9894 0.9894 0.9894
C66 (GPa) 9 7.2 7.2 7.2 7.2 7.2
ε 0 0.05 0.15 0.15 0.15 0.15
δ 0 −0.072 −0.072 −0.22 −0.22 −0.22
γ 0 0.125 0.125 0.125 0.125 0.125
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Figure 2 Comparison of seismoelectric waves between analytical solution and numerical solution: (a) solid velocity component on the vertical
direction, (b) solid velocity component on the horizontal direction, (c) relative velocity component on the vertical direction, (d) relative velocity
component on the horizontal direction, (e) electric field component on the vertical direction and (f) electric field component on the horizontal
direction.

In order to understand the propagation characteristics of
seismoelectric waves in the anisotropic poroelastic medium,
we analyse the effect of viscosity, solid frame anisotropy and
tortuosity on the propagation of seismoelectric waves, five
models (labelled B–F) with different parameters are presented
in Table 1.

The difference between Models B and A is that Model
A is isotropic, while B is anisotropic with non-zero Thomsen
parameters. As a consequence, the values of the elastic compo-
nents of the stiffness tensor are changed. Simulated results at
12milliseconds are shown in Fig. 4 . We observe that a trans-
verse wave (S) with SV mode is generated in this anisotropic

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 68, 1927–1943



1934 M. Tohti et al.

Figure 3 Seismoelectric snapshots of Model A showing solid velocity (top row), relative velocity (middle row) and electric field (bottom row).
The vertical components are shown in the left column and the horizontal components in the right column.
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Figure 4 Seismoelectric snapshots of Model B showing solid velocity (top row), relative velocity (middle row) and electric field (bottom row).
The vertical components are shown in the left column and the horizontal components in the right column.
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Figure 5 Seismoelectric snapshots of Model C showing solid velocity (top row), relative velocity (middle row) and electric field (bottom row).
The vertical components are shown in the left column and the horizontal components in the right column.
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Figure 6 Seismoelectric snapshots of Model D showing solid velocity (top row), relative velocity (middle row) and electric field (bottom row).
The vertical components are shown in the left column and the horizontal components in the right column.
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Figure 7 Seismoelectric snapshots of Model E showing solid velocity (top row), relative velocity (middle row) and electric field (bottom row).
The vertical components are shown in the left column and the horizontal components in the right column.
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Figure 8 Seismoelectric snapshots of Model F showing solid velocity (top row), relative velocity (middle row) and electric field (bottom row).
The vertical components are shown in the left column and the horizontal components in the right column.
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Table 2 Computational time for different model sizes and different number of threads

Model Size 1 Thread 2 Threads 4 Threads 8 Threads 16 Threads

2000×2000 15 min and 19 s 9 min and 53 s 5 min and 9 s 3 min and 33 s 2 min and 58 s
4000×4000 60 min and 18 s 40 min and 3 s 20 min and 17 s 14 min and 24 s 11 min and 19 s

medium in addition to the fast and slow longitudinal waves in
accordance with theory (Ben-Menahem and Sena, 1990; Ben-
Menahem et al., 1991). The coseismic electric field inside the
S wave is denoted by ES and its radiation pattern is that of the
S wave. The reason of why there is an electric field accompa-
nying the S wave is that the electric field is entirely determined
by the divergence of the relative velocity under the quasi-static
electric approximation. As soon as the seismic wave is present
in the relative velocity and has a non-zero divergence. Equa-
tions (5), (6) and (8) show that the divergence of the relative
velocity is determined by the divergence of the solid velocity
and the time derivative of stress/pressure.

In order to analyse the effect of solid frame anisotropy
on the propagation of seismoelectric waves, we simulate the
seismoelectric response inModel C. The value of Thomsen pa-
rameter ε is different inModel C compared toModel B, so that
we can analyse the effect of ε on the propagation of seismo-
electric waves. Simulated results at 12 milliseconds are shown
in Fig. 5. We observe from Fig 5 that the Pf waves of Model
C show more anisotropy effects than the Pf waves of Model
B. This result confirms that the value of Thomsen anisotropic
parameter ε contributes more to the anisotropic behaviour of
the Pf wave than of the S wave (Cai et al., 2013; Wang et al.,
2018).

In order to analyse the effect of δ on the propagation of
seismoelectric waves, we simulate the seismoelectric response
in Model D. The difference between Models D and C is that
the value of δ is different in Model D compared to Model C.
Simulated snapshots at 12milliseconds are shown in Fig. 6.We
observe that two types of transverse waves (S) are separated
from each other, in other words, S waves are split under the
effect of δ. From this we confirm that δ contributes more to
the anisotropy of the S wave than to the P wave (Cai et al.,
2013; Wang et al., 2018).

In order to analyse the effect of fluid viscosity on the
propagation of seismoelectric waves, we simulate the seismo-
electric response inModel E.The difference betweenModels E
and D is that the value of fluid viscosity is decreased in Model
E. Simulated results at 12 milliseconds are shown in Fig 7.We
observe that slow longitudinal wave (PS) and the associated
coseismic electric field (EPS ) do not appear at source location

in the static mode anymore, but propagate through the model,
in other words, the propagation speed of the slow longitudi-
nal wave increases with decreasing fluid viscosity. From this
we confirm that fluid viscosity has a large effect on the propa-
gation of slow longitudinal wave and the associated coseismic
electric field (EPS ).

Finally, we simulate the seismoelectric response in Model
F to analyse the effect of tortuosity on the propagation of
seismoelectric waves. The difference between Models F and
E is that the tortuosity is anisotropic in Model F. As a conse-
quence, the coupling coefficient is anisotropic as well because
it is inversely proportional to the tortuosity. As it can be seen
in Guo (2012) that there exists a correlation between tortu-
osity and permeability, therefore the permeability in Model F
is also anisotropic. We show the modelling results at 12 mil-
liseconds in Fig. 8. We observe the oval shape in the snapshot
of the slow longitudinal wave and its coseismic electric field
(EPS ), while they have circular shapes in the result of Model
E. From this we confirm that tortuosity has an effect on the
propagation of the slow longitudinal wave and its coseismic
electric field (Cai et al., 2013). In addition, we can observe
from Figs 7 and 8 that the solid and relative velocity fields
have opposite polarity, which also holds for the electric field
and relative velocity. We can explain these polarity reversal
from equations (1)–(4) and (9)–(11). Equations (1)–(4) show
that the solid and relative velocity fields have opposite signs.
The opposite sign of electric field and relative velocity field is
observable from equations (9)–(11).

Only coseismic electric fields can be generated in a ho-
mogeneous medium. In order to study the propagation char-
acteristics of interface responses in an anisotropic medium and
analyse its sensitivity to contrasts in directional properties of
the subsurface, we plan to simulate the wavefields in a layered
medium and show results in the future.

Parallelizing efficiency

Our FDTD simulation program is parallelized based on a
shared memory architecture using Open MP. We test the
performance of parallel computing by running simulations for
20 milliseconds in a model with constant grid sizes, but with

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 68, 1927–1943



Seismoelectric numerical simulation in 2D VTI medium 1941

Figure 9 Variation of computational time and speed-up with the num-
ber of threads for different model sizes: (a) computational time and
(b) speed-up.

varying the number of threads. The model size and number of
threads are illustrated in Table 2. Based on Table 2, we can ex-
amine the parallel performance by analysing the speed-up and
computational time as a function of the number of threads.

We show the parallel performance in Fig. 9. We observe
that the computational time decreases and speed-up increases
when the number of threads increases.

CONCLUSIONS

The coupling equations of seismoelectric waves in porous
mediumwith electric isotropy and elastic anisotropy are devel-
oped by using a primary-secondary formulation. Based on the
finite difference time domain (FDTD) algorithm, the propaga-
tion of seismoelectric waves are analysed in detail by comput-
ing snapshots. The simulation results show that four types of
waves are generated in an anisotropic poroelastic medium, the
fast longitudinal wave (Pf), slow longitudinal wave (PS) and
two split transverse waves. These four types of seismic waves
generate coseismic electric fields in a homogenous anisotropic
poroelastic medium. The fluid viscosity and medium tortuos-
ity have an effect on the propagation of the slow longitudinal
wave. The slow longitudinal wave propagates slowly under
the influence of fluid viscosity, and the propagation speed in-
creases with decreasing fluid viscosity. The snapshot shape of
the slow longitudinal wave appears as oval when the tortuos-
ity is anisotropic but circular when the tortuosity is isotropic.
The anisotropy of Pf and S waves is more sensitive to the val-
ues of ε and δ, respectively.
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