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In modelling elastic wave propagation in a porous medium, when the ratio between the fluid viscosity and the
medium permeability is comparatively large, the stiffness problem of Biot’s poroelastic equations will be encountered.
In the paper, a partition method is developed to solve the stiffness problem with a staggered high-order finite-difference.
The method splits the Biot equations into two systems. One is stiff, and solved analytically, the other is nonstiff,
and solved numerically by using a high-order staggered-grid finite-difference scheme. The time step is determined by
the staggered finite-difference algorithm in solving the nonstiff equations, thus a coarse time step may be employed.
Therefore, the computation efficiency and computational stability are improved greatly. Also a perfect by matched layer
technology is used in the split method as absorbing boundary conditions. The numerical results are compared with the
analytical results and those obtained from the conventional staggered-grid finite-difference method in a homogeneous
model, respectively. They are in good agreement with each other. Finally, a slightly more complex model is investigated
and compared with related equivalent model to illustrate the good performance of the staggered-grid finite-difference

scheme in the partition method.
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1. Introduction

Recently, the studies of the acoustic properties
of porous media in geophysics have received increas-
ing attention. Hydrocarbon reservoirs are compos-
ite multiphase media with gas or liquid or both con-
tained in pores of the porous media. It is well known
that understanding elastic wave propagation in such a
medium is of crucial importance in geophysical explo-
ration and reservoir engineering. Efforts have been
made to apply acoustic methods to evaluating and
characterizing hydrocarbon reservoirs and to moni-
toring reservoir production in enhancing oil recovery
processes. Numerical simulation has been combined
with the theory of elastic waves for Biot’s two-phase
model in understanding and interpreting the seismic
and borehole wave characteristics.!!' =5 Based on con-
tinuum mechanics and macroscopic constitutive equa-
tions, Biotl6=8) developed a theory of wave motion in
porous elastic solids with fluid-filled pores for the first

[9—11]

time. Many authors have made their contribu-

tions to Biot’s theory. Based on the theory, in ad-
dition to the regular P wave and S wave, a slow P
wave, which arises from the relative motion between
the solid and the fluid, may be present in a porous.
For a complex geological model, generally, it is
not possible to obtain analytical solutions to Biot’s
equations. We can use numerical methods to solve
the wave propagation problem in such a porous model.
There are three major methods used in modelling seis-
mic wave propagation, i.e. the finite difference (FD)
method, the finite element (FE) method including
a boundary element (BE) method, and the pseudo-
spectral (PS) method. FEach of these methods has
its own advantages and disadvantages, depending on
For the FD method,

there are also various technologies to conduct numer-

physical models of interests.

ical discretization, such as the Runge—Kutta, Lax—
Wendroff, and staggered FDs, and rotated staggered
FD methods.

In general, a dynamical equation system has the
form of S = US, where S is the wave field vector,
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U is the propagation matrix, and the dot represents
time differentiation. For Biot’s poroacoustic system,
all the eigenvalues of the propagation matrix have neg-
ative real part, and the matrix has a relatively large

(12 A stiff system of equations is one for

eigenvalue.
which the maximum eigenvalue of absolute amplitude
of the amplification matrix is enormous, so that either
the stability or the error bound or both can only be as-
sured by unreasonable restriction on a temporal step.
Thus an excessively small step requires too many it-
erative times in solving the numerical problem.['?l In
this way, the system of Biot’s poroacoustic differential
equations is stiff. As in poroacoustic case, the poroe-
lastic equations system is also stiff.'* Carcionel*?!
proposed a partition method in Biot’s poroacoustic
and poroelastic equations to solve the stiffness prob-
lem. The stiff part is solved analytically, and the non-
stiff part by Runge-Kutta (R-K) algorithm in time
domain and PS method in space domain.

In this paper, the partition method is employed to
settle the stiffness problem of Biot’s poroelastic equa-
tions. For the nonstiff set of equations, instead of
using the pseudo spectral method, we use the higher-
order stagger-grid FD method to obtain the numeri-
cal solutions. The reason why we do not use the PS
method as is done in Ref.[12,14] is because the PS
method generates strong artificial waves due to its in-
finitive differential operator for strong impedance con-
trast. More detailed studies on this issue are seen in
Ref.[4]. Also, based on our previous work,!*%1% a per-
fectly matched layer (PML) technology is used as ab-
sorbing boundary condition (ABC) to avoid artificial
reflections at the boundaries of the discrete model.

2. Biot’s dynamical equations

The dynamical equations describing wave propa-
gation in a heterogeneous porous medium are given
by Biot who considered the viscous coupling between
solid matrices and pore fluids, and energy dissipation
due to the relative motion between the solids and the
fluids.
neous, porous elastic medium fully saturated by one

For a statistically isotropic, locally homoge-

fluid, if the pores are connected with each other, and
only the problem is linear, Biot’s dynamical governing

equations arel”8!
by = by + [(A+ Q) — QE/6] 5y, (1a)
& =[(Q+ R)é — RE/ ), (1b)

Vol. 15
05 = Rio; — Rooyj5; + bRngf, (2a)
’sz = _R3UZJJ =+ Slo',’i + bSQ”qt;'v (2b)

where o;; is the stress tensor of the solid; o is the
stress of the fluid; e;; = [(Ou}/0x; + Ouj/0x;)/2] is
the strain tensor of the solid; ¢ = ¢V - (u® — ul)
is the dilatation for the relative motion between the
fluid and the solid; u® is the particle displacement vec-
tor of the solid; uf is the particle displacement vector
of the fluid; v} is the particle velocity components of
the solid; Uf is the particle-velocity components of the
fluid; p is the shear modulus of the dry porous ma-
trix of interest; e = Y e ¢ is the medium porosity;
d;; is the Kronecker’s delta function; A, () and R are
Biot’s elastic parameters; b is the damping coefficient
denoted by ¢?n/k; 1 is fluid viscosity; & is the perme-
ability of the porous medium. In the above equations,
the dots above the variables represent the derivative
with respect to time. The coefficients mentioned in
Egs.(1) and (2) are written as

Ry = pi2/(pls — p11p22),

Ry = paz/(piz — p11p22),

Ry = (p12 + p22)/(pT2 — pr1paz),

S1 = (p11 + p12)/ (P2 — p11p22),

Sa = (p11 + 2p12 + pa2)/ (P12 — pr1paz)-

The coeflicient p11, p12 and p2s have the following re-
lations:

pi1+ pi2 = (1 — @)ps, (3a)
p12 + p22 = ¢pr, (3b)

where ps and p¢ are the density of the solid material
and the fluid, respectively.

3. Stiffness problems

Carcione and Quiroga-Goode!™?! discussed the
eigenvalues of the propagation matrix of Biot’s poroa-
coustic equations in a low-frequency range. In their
work, it is shown that the eigenvalues come out of
complex conjugates. The eigenvalues of the propa-
gation matrix have negative real parts and are dif-
ferent greatly in magnitude due to the viscous term.
The presence of this large eigenvalue together with
small eigenvalues indicates that the problem is stiff.
For numerical stability, the domain of convergence of

the time integration scheme should include this large
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eigenvalue.['¥ For Biot’s equations, the stability con-
dition of the staggered-grid FD algorithm often used

17]
dtgh/\/v}ff—i-vg, (4)

where dt is the time step; h is the grid interval in

f
p

is the shear wave velocity. Equation (4) is obtained

isl

both the z- and z- axis; v, is the fast wave, and vy
by generalizing the stability condition for the elastic
FD scheme. However, a rigorous stability condition
for Biot’s equations in staggered grid FD algorithms
has not been obtained due to the complexity of dis-

persion equation. In the numerical modelling of wave

Uin+1/2 = ’U;n_l/2 + bRgdt’Uin_l/2 - Rth(SzU:z + Rldtéxan,
oI Y2 — =12 4 g Atefn /2 — Radtd,ol, + S1dtd.o™,
ol = o7 4 (A + Q)dts, v Y2 — Qdts, v t/2, (5¢

rT xrx

o™t =" +(Q + R)dtds,vE" /2 — Rdts,vint/2, (5d

In the above equations, the superscripts denote the
time step. §, is the derivative operator with respect
to z in the z- direction. For the case of plane wave
solution, the derivative operator, using finite differ-
ence method for computing the spatial derivatives, is
denoted by!!8l

. N—1
2i . 2m+1
Op = P E QA SN (kadx> ,

where dx is the spatial step, k. is the wave number
along the x-direction, N is the derivative operator
length, and a,,, are the weighted-derivative coefficients
which have different values for different N.[19]

The following matrix equation for the Eq.(5) is

obtained in matrix form:
Ytz — ivnel2 4 By, (6)

where

Vn+1/2 _ (U;n+1/2,’l};n+l/2 UnJrl

yYxx

UnJrl)T7

sn+1/2 ) fn+1/2 T
V":(v;"+/7vx"+/7o—;lz,o-")7

anl/Q — (U2n71/2jvimn71/2 o Un)T,

yYxar

and

1 bRsdt 00

01+4+bS5dt00
Blz 2 ’

0 0 10

0 0 01

propagation in porous media, Eq.(4) is valid when the
damping coeflicient b is small. However, when b is
relatively large, the simulation will be unstable, even
though Eq.(4) is satisfied. The key factor leading to
this problem is that the slow wave has very low ve-
locity, and even becomes static. In the following part,
we will perform the stability analysis, and then give
the stability condition required in the staggered FD
algorithm for modelling elastic wave propagation in
general porous elastic media.

For simplicity, in one dimension, Egs.(1) and (2)
in a staggered grid can be written as (u = 0 in one

dimension)

0 0 —Rydtd, R1dtd,
B 0 0 —R3dtd, S1dtd,
(A4 @Q)dtd, —Qdtd, 0 0
(Q + R)dtd, —Rdtd, 0 0
The above matrix equation can be written alterna-
tively as
Untt = sun, (7)
where
n+1 n+1/2
Un—i—l _ V Un _ V /
Vn+1/2 ’ v ’
and
By, B
g_ 2 D1 ’
I O

where matrix I is the identity matrix of 4 x 4 order,
and matrix O is the zero matrix of 4 x 4 order.
Usually, the stability analysis is related to the Von
Neumann stability criterion. Based on the von Neu-
mann condition, the eigenvalue of the matrix S should

not be larger than 1, i.e. the absolute eigenvalue is?"!

Al < 1. (8)

The formula for calculating the eigenvalues of the ma-
trix S can be written as

IS — AL | =0, 9)
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where I is the identity matrix of 8 x 8 order. Then

we have

M By — =0. (10)

The largest negative eigenvalue corresponds to the
slow wave for the case of the wave number k = 0.[12:14]

Thus when k, = 0, we have

al

For satisfying the stability condition given by Eq.(8),

1
A
)

)3 Ha + bS5dt) — )\] —0. (11

the following inequality should hold:

IV1+bS2dt] <1 or bSadt > —2.

Equation (12) implies that a small time step dt

(12)

should be used in order to keep the numerical solu-
tions stable. The larger the value of b is, the smaller
the value of dt should be.
of a reservoir rock is very small and the viscosity of

When the permeability

pore fluid is relatively large, especially for modelling
oil-bearing reservoirs, the numerical algorithm needs
a rather small d¢. This will occupy much computer
memory and take huge computation time and itera-

tions.

4. Implementation of the parti-

tion method

The problem introduced by the stiffness of Biot’s
poroelastic system is solved by using a partition

s(n+1/2)

method as was done by Carcione and Quiroga-
Goode."? The idea is to partition a stiff system into a
small stiff system and a large nonstiff system, so that
the two systems can be treated by two different meth-
ods, one is implicit, and the other is explicit. In this
work, we solve the former analytically, while for the
latter, we use the high-order stagger-grid finite differ-
ence method.[ In this case, the stiff equations are

5 = bR3v!,

f_ f
v; = bSav;.

(13a)
(13b)

For the above equations, we can obtain the analytical

solutions in two dimensions in an z-z plane, i.e.

o =0 + g_j[exp(bszt) — 1oz, (14)

s 0 Rs f

Uz = ’UZ + S—[exp(b52t) - 1]’02 ) (14b)
vg vff) exp(bSat), (14c)
vl = vl exp(bSat). (14d)

We define the following intermediate vector as the
input for an explicitly high-order staggered-grid FD in
an eighth-order accuracy in space and a second-order
accuracy in time, i.e.

’
S
x

’
S
z

! !
VI = (’U v ’Ui,’UZ ,O'mm,O'ZZ,U;EZ,U)T- (15)

For the two dimensional situation, in a staggered grid,
the nonstiff FD equations can be written as

a(i+1/25) = Vo ~ F2dtDe Ua(az(url/z j) ~ f2dtD- Uiz)(z+1/2 j) T HdtD, 0§1+1/2 J)? (162)
) Do - Do Dy (0
i((ﬂ_ig)ﬁ - ; R3dtD Us(sz)(1+1/2 J) R?’dtDzao(cz)(wrl/Z J) + 51dtDy UEHZI/? 7))’ (16¢)
vi(gji/jé) = Ui R3dtD, U;z)(1]+1/2) R3dtD:, Uizzzg+1/2) +51dtD, Ug ;+1/2)’ (16d)
and

1) =0y + Gat A+ QU 4 (A + QDo
_th( v gfg((erjr)l/2)+Dz i((?;r)l/2)), (17a)

) = 0y + A+ QD + (2t A+ QD
—Qut (Davy ) + DAL (17b)
US;ZFZBUQ j+1/2) = g(gz)(i+1/2,j+1/2) + pdt ( eV Z((?:ll//g)ﬁlﬂ) +D: ib()zg:l;r/g/jzrl/z)) (17¢)
Ty =0+ @+ Rt (Do + DY) - Rat (D™ + D). (1)
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In Eqgs.(16) and (17
time step and the subscripts denote the spatial indices.

), the superscripts represent the

The distributions of stress, particle velocity and ma-
terial parameters for staggered grid finite difference
algorithm are shown in Fig.1.

) (i+1/2,5)(i+1,7)

EID

(4,7 +1/2)(i+1/2,57+1/2)
’]4_1 (i+1,7+1)

-— dz/2 —»

O':vsz‘zz iXea
media parameters

Fig.1. The relative locations of physical variable compo-
nents in a staggered-grid formulation.

According to the staggered FD algorithm in time
and space domains, the formulations for the deriva-
tives of stress and particle velocity components, for
example, for D,o4, and D,vs, are

] N-1
(n) _ (n)
Doy ivay2,5) = a1z Z Gm [Uxx(z‘+m+1,j)
n=0
— o } (18a)
zx(i—m,j) |’

i1/ _ LN (n+1/2)

s(n+1/2) _ s(n+1/2
D:o.iiy' " =3 > am {“z(j,j+m+1/2>

n=0

_8(n+1/2) :|

2(ij—m—1/2) (18b)

where dz and dz are the space steps along the z-
and z- directions, respectively. In this paper, N is
taken as 4, namely, the staggered algorithm possesses
an eighth-order accuracy in space.

5. Numerical modelling and com-

parisons

In our work, the time function of the source is the
first derivative of a Gaussian function, i.e.

s(t) = (t — to)e [Polt=to)*, (19)
where fj is the dominant frequency, and tq is the cen-
tral time of the time function. A bulk source is used in
this paper. The source energy is partitioned linearly
between the solid and the fluid phases as is done in
Ref.[17].

The credibility of the numerical simulation by us-
ing our proposed method can be verified by compar-
ing the numerical results with the analytical solutions.
We use analytical solution derived by Dail?!) for Biot’s
equations in a homogeneous, poroelastic medium filled
with a fluid. The analytical solution does not take
into account the viscosity effect, i.e. the damping co-
efficient b is zero. The material properties and Biot’s
parameters are chosen as follows: the apparent density
p12 = —83kg/m?3; the solid density ps = 2500kg/m?;
the fluid density pr = 104kg/m?; the medium porosity
¢ = 0.2; the solid modulus Ky = 40 GPa; the matrix
bulk modulus K,, = 20 GPa; the fluid bulk modulus
K¢ = 2.5GPa; the viscosity n = 0.001 Nsm?; and the
permeability x = 6 x 10713 m?2. During the numerical
calculation, the size of the model is 600m by 600 m,
with dx = dz = 2m, respectively, and d¢ = 0.1ms. A
P-wave line source is located at the position (300m,
300m) with a dominant frequency of 50 Hz, and the
receiver is positioned at the position (220m, 220m).
The grid point number per minimum wavelength is 3
approximately, namely v /dx - frign ~ 3, where vy 18
the velocity of the slow wave, and fy;s is referred to
as the high frequency of the source. We can analyti-
cally calculate Ulg =4260m/s and vy = 1210m/s. The
solution at the receiver is calculated numerically and
analytically, separately, and the calculated results are
shown in Fig.2. From Fig.2, we see that the numeri-
cal solution coincides with the analytical solution very
well.

1.0

analytical
-------- numerical(dz = 2m)

o
S

|
@
o

Normalized amplitude
o

_1’00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Time/ms
Fig.2. Comparisons of the analytical solution and the nu-
merical solution in our proposed partition method. Wave-
forms for the vertical particle velocity component in the
solid are calculated; the numerical solution is shown by
a dotted line, and the analytical solution by a solid line,
with the viscosity being zero.

We also compare two numerical solutions, one by
using the non-partition (normal) staggered-grid FD,
and another by using the staggered-grid FD with the
partition method. In Fig.3, (a) is for the case of n = 0,
and (b) for n # 0. Biot’s parameters are the same as
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those used in Fig.2. The dominant frequency of the
source is 300 Hz. The space step dz = dz =0.2m, and
the time step dt = 0.01ms. The size of the model
is 60m by 60m. The source is located at the cen-
tre of the model, while the receiver is placed at the
position (38 m, 22m). Apparently, the two numerical
solutions match perfectly for both cases of n = 0 and

=
=

(a) —— conventional FD
.......... partition FD

o
o

(horizontal component)
|
o
o =

Solid particle velocity

|
oy
(=}
o

5 10 15 20
Time/ms

1 # 0. When the permeability of the porous media is
taken as 6 x 10~ m?, in the normal FD method oc-
curs a numerical instability. While the partitioned FD
method does a good job and effectively completes the
numerical simulation. Alternatively, we may use the
smaller time step in the normal FD method to avoid
the instability, but it will take more computing time.

conventional FD
partition FD

Solid particle velocity
(horizontal component)
=

0 5 10 15 20
Time/ms

Fig.3. Waveform comparison between the solutions obtained by using the conventional FD algorithm (solid line)
and the partition FD method (dotted line) with n = 0 (a) and n # 0 (b), respectively.

For observing the characteristics of the slow wave
propagating in a porous medium, we perform a mod-
elling test for a 2D homogeneous porous model. The
size of the model is 600m x 600m. A pure compres-
sional line source is placed at the centre of the model
with a dominant frequency 30 Hz. The space step is
2m for both z- and z-direction, respectively, and the
time step is 0.2ms. The porous model has the follow-
ing parameters: ps = 2500kg/m3, py = 1040kg/m?,
n = 0.001Nsm?, k = 6 x 107" m? ¢ = 0.2, v}
= 3200m/s, vs=1558m/s, vy = 1550m/s. In this

Solid particle velocity

case, the damping coefficient b has the value of 6.7
x 10°Ns/m?*. The apparent density p;2 can be ob-
tained by p12 = ¢pr(1 — ). « is the tortuosity which
is related to the porosity, i.e. a =14 r.(1 — ¢)/¢,
where r. is a constant with a value between 0 and 1.
And r. = 0.5 is used in numerical modelling, which
corresponds to spherical grains.?? The permeability
k is taken as being relatively large for the purpose of
observing the characteristics of slow waves. As can be
seen in Figs.4 and 5, the slow waves are diffusive and
appear as static modes at the source location.

Solid particle velocity

Fig.4. Snapshots of the horizontal components for solid particle-velocity at 0.03s (a), 0.04s (b), and 0.05s (c),

respectively. The amplitudes are scaled with respect to the absolute maximum value of the wave amplitude at

0.03s.
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Solid particle velocity

|
o
o

Solid particle velocity
|
=
=) <)

Fig.5. Snapshots of the horizontal components for fluid particle-velocity at 0.03s (a), 0.04s (b), and 0.05s (c),

respectively. The amplitudes are scaled with respect to the absolute maximum value of the wave amplitude at

0.03s.

The slow waves with their solid particle-velocity com-
ponents attenuate more rapidly than those with their
fluid particle velocity components.

In this numerical example, slow waves cannot
propagate properly because their velocities are nearly
zero. For most of situations, they cannot be observed
normally in typical oil bearing reservoirs. However,
they carry out part of energy and attenuate quickly.
What is more, when heterogeneous media are taken
into account, fast waves or shear waves can be con-
verted into slow waves at interfaces. These waves
should be taken into account in evaluating wave at-
tenuation.

In order to demonstrate the capability of our pro-
posed high-order staggered-grid FD in the partition
method, we consider a relatively complex model in
seismic exploration for performing a numerical test,
as seen in Fig.6. The width and the length of the
model are both 4km. A pure compressional line
source is located at the position (2km, 1km), with
a dominant frequency being 10 Hz. A receiver array is
placed across the source location and parallel to the
z-direction. The material parameters of the numerical
model are given in Table 1. For the parameters of the
discretization, dr = dz = 10m, and d¢ = 0.8 ms. The
common shot gathers, i.e. the waveforms collected by
these receivers with this single source, are given in
Fig.7.

Table 1. Parameters of layered medium model.

Parameter Layerl Layer2 Layer3
ps/kgm™3 2300 2500 2800
pe/kgm 3 1000 1000 1030

of /m.s=1 3000 3500 4100
vs/m-s1 1732 2021 2367
ve/m-s™1 1500 1500 1550
/% 35 18 10
/10713 m?2 6 4 1
n/Pa-s 0.001  0.002  0.005

Horizontal Distance/km
1 2 3 4

Depth/km
v

4

Fig.6. The 2D model with 4 km by 4 km in horizontal and
vertical directions, respectively in which there are three
layers. The source is located at the positions (2 km, 1km),
denoted by a white spot. The receiver array is located hor-
izontally across the source, denoted by a white line.
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Figure 7(a) is for the equivalent elastic case, while
Figs.7(b) and 7(c) are for the porous elastic (b # 0)
and porous elastic (b = 0) cases, respectively. Dur-
ing the numerical computation, based on our previ-
ous work, the PML method is applied as an absorb-
ing boundary condition to reduce spurious reflections
from the artificial boundaries.'®! For the given ma-
terial parameters, the conventional staggered-grid FD
scheme will be unstable unless the time step is taken
as being very small (not larger than 2.2 us, according
to the stability condition (12)).
tition method, for a large value b, we can choose a

By using the par-

coarse time step determined only by the numerical al-

Distance/km
0 05 10 15 20 25 3.0 35 4.0

gorithm that solves the nonstiff equations. In Fig.7, it
is seen that the common shot gathering of the equiv-
alent elastic model is almost the same as that of the
porous elastic model with b # 0, except that the re-
flected waves attenuate more rapidly for the latter
model than for the former model. In addition, Figure
7(c) shows some converted waves that are produced
due to porous elastic effects and cannot be observed
in Figs.7(a) and 7(b).
the slow wave cannot be observed generally as shown

In a seismic frequency range,

in Fig.7(b), and their strong attenuation precludes the
slow wave from propagating in practice.

Distance/km
OO 05 10 15 20 25 3.0 3.5 4.0

Distance/km

1.5 20 25 3.0 3.5 4.0

Fig.7. The common shot gathers of the vertical particle-velocity component of the solid for the equivalent elastic
(a), porous elastic with b # 0 (b), and porous elastic with b = 0 (c¢) models, respectively. The model parameters are

shown in Table 1. An explosive compressional source is used with a dominant frequency of 10 Hz.

6. Conclusions and discussion

Biot’s dynamical equations describing wave prop-
agation in a porous medium filled with a fluid are stiff
when the fluid viscosity is not zero and the permeabil-
ity of a reservoir rock is small. A partition method
developed in our work is used to solve the stiffness
problem of Biot’s poroelastic equations in our stag-

gered high-order finite-difference scheme. Therefore,
Biot’s system is divided into two parts. One is stiff
and can be solved analytically, and the other is nonstiff
and can be solved by using a high-order staggered-grid
finite-difference method. The algorithm has a second-
order accuracy in time and an eighth-order accuracy

in space.

Our algorithm has been compared with the ana-
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lytical solution and the conventional FD scheme, and
they are in good agreement. Using our proposed
method, the time step can be determined only by the
nonstiff equations, which greatly reduces the calcu-
lation time iterations by a factor of hundred (even
thousand) in stable calculations.

In our simulation, we have observed the static
mode and diffusive characteristic of slow waves. The
numerical modelling also shows that the slow wave

and its static mode are stronger for the fluid particle-

velocities than for the solid ones. Because of its high
attenuation in a seismic frequency range, the wave
propagation in porous elastic media has the similar
character to that in equivalent elastic media. The ra-
tio between the fluid viscosity and the medium perme-
ability affects the attenuation and the velocity of the
slow P wave greatly. By using the partition method,
we can simulate more realistic media having a large
viscosity and low permeability in a low frequency

range.

References

(1] Schmitt D P 1989 J. Acoust. Soc. Am. 86 2397
[2] Carcione J M and Quiroga-Goode G 1996 Geophys.
Prospect. 44 99
(3] Diallo M S and Appel E 2000 J. Appl. Geophys. 44 313
[4] Wang X M, Zhang H L and Wang D 2003 Chin. J. Geo-
phys. 46 842
5] Hu H S 2003 Acta Phys. Sin. 52 1954 (in Chinese)
Biot M A 1956 J. Appl. Mech. 23 91
Biot M A 1956 J. Acoust. Soc. Am. 28 168
| Biot M A 1962 J. Appl. Phys. 3 1482
| Stoll R D 1979 J. Acoust. Soc. Am. 66 1152
[10] Dvorkin J and Nur A 1993 Geophysics 58 524
] Carcione J M 1998 Geophys. Prospect. 46 249
] Carcione J M and Quiroga-Goode G 1995 J. Comput.
Acoust. 3 261

[13] Willard L M 1981 Numerical Methods for Stiff Equations
and Singular Perturbation Problems (Holland: Reidel)

[14] Carcione J M 1996 J. Acoust. Soc. Am. 99 2655

[15] Zhao H B, Wang X M and Zhang H L 2005 IEEE Ultra-
sonic Symposium 3 1472

[16] Zhao H B, Wang X M, Wang D and Chen H 2006 Chin.
J. Geophys. (accepted)

[17] Zhu X and McMechan G A 1991 Geophysics 56 328

[18] Zhang H L, Wang X M and Zhang B X 2004 Acoustic
Field and Wave in Borehole (Beijing: Science Press)

[19] Wang X M 2001 The 5th SEGJ International Symposium
of Imaging Technology Tokyo 113

[20] Durran D R 1999 Numerical Methods for Wave Equations
in Geophysical Fluid Dynamics (New York: Springer)

[21] Dai N, Vafidis A and Kanasewich E R 1995 Geophysics
60 327

[22] Berryman J G. 1981 J. Acoust. Soc. Am. 69 416



