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Abstract—Acoustic and electromagnetic fields are coupled in a fluid saturated porous medium due to seis-
moelectric effect. Seismoelectric well logging method has been proposed to detect deep target formation uti-
lizing such effect. Because of uncoupling of SH waves with P-SV waves, a simple and forthright way to get
shear waves information is possible, especially for soft or slow formation whose shear wave velocity is lower
than the velocity of borehole fluid. We consider the wave fields excited by a vertical magnetic dipole (VMD)
source. Two methods are used to simulate, one is the coupled method based on Pride model and the other is
the uncoupled method. For two methods, the frequency wavenumber domain representations of the acoustic
field and associated seismoelectric field are formulated. The full waveforms of acoustic waves and electromag-
netic wave induced SH waves excited by VMD source in the time domain propagation in borehole are simu-

lated and analyzed.
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INTRODUCTION

The investigation of wave propagation in fluid-sat-
urated porous media was early developed by Biot [1,
2]. Wave propagation in fluid-saturated porous media
always captures the interest of many scientists in
acoustics due to its important applications in various
technical and engineering processes (see, e.g. [3—8]
and literature cited there). The practical interest in
connection with the geophysics, acoustic wave in
cylindrical structure is given more attention on [9—
15], especial in a borehole embedded in fluid-satu-
rated porous formation [16—21].

In a fluid saturated porous formation, at a solid
grain-fluid interface of a porous medium where a fluid
electrolyte comes into contact with grain surface,
anions from the fluid electrolyte are chemically
adsorbed to the surface leaving behind a net excess of
cations distributed near the wall. This region is known
as the electric double layer (EDL). In such porous
medium, acoustic and electromagnetic fields are cou-
pled due to seismoelectric effect which related to the
EDL [3, 4]. Seismoelectric effect is also called acous-
toelectric effect in acoustical logging frequencies
(kHz). Acoustoelectric effect well logging method has
been proposed to detect deep target formation utiliz-
ing such effect [17, 18].

I The article is published in the original.

Because of uncoupling of SH waves with P-SV
waves, a simple and forthright way to get shear waves
information is possible [10, 12], especially for soft or
slow formation whose shear wave velocity is lower than
the velocity of borehole fluid. It might be possible
for SH-TE seismoelectric log in logging while
drilling case due to running drill collar. The property
of SH-TE seismoelectric wave fields in a fluid filled
borehole surround by a porous media is worth to be
considered. The seismoelectric wave fields excited by
shear source are considered in [19], and in the pre-
sented paper we will consider the electroseismic waves
excited by a VMD source in borehole. Two methods
are used to simulate, one is the coupled method based
on Pride model and the otheris the uncoupled method
[18]. For two methods, the frequency wavenumber
domain representations of electroseismic field are for-
mulated. The full waveforms of electromagnetic wave
induced SH waves excited by VMD source in the time
domain propagation in borehole are simulated and
analyzed.

FORMULATIONS

For the problem of modeling the propagation of
coupled electromagnetic and mechanical disturbances
in an isotropic-porous material, Pride (1994) [3] has
derived equations that control such “seismoelectric”
phenomena. According to Pride’s theory, no applied
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force and electric current sources, time dependence
e~ we may written the equations for the coupled
electromagnetic and acoustics in macroscopically
homogenous, isotropic, fluid saturated porous media
as follows

V-t = —ooz(pu+ pw), )

T=(H-2G,)(V-w)I+C(V-wl 2)
+G,(Vu + VuT)’

-pr = C(V-u)+ M(V-w), 3)

—iow = (-Vp, + pfcozu)K((o)/n +L(0)E, &)

J = 6(0)E+(-Vp +po’u)l(o), (5)

VxE =iopH, (6)

VxH = —ioeE +J, (7)

B = uH, (8

D = ¢E. &)

Those governing equations are the Biot equations for
porous media acoustic along with the Maxwell equa-
tions for the electric and magnetic fields E and H.
Here 7 is the bulk stress in the porous medium, p,is the
pressure in the pore fluid, u is the displacement in the
solid, and w is the relative fluid-solid motion. I is an
unit vector. The symbol p denotes the bulk density of
the porous medium, p = (1 — ¢)p, + ¢py, ¢ is the poros-
ity of the medium, p; is the solid density and p,denotes
the fluid density. The Eqs. (4) and (5) are in the form
of Darcy law and Ohm law, through which acoustic
and electromagnetic fields are coupled, where J is the
electric-current density and —iow is the Darcy filtra-
tion velocity. Where H, C, M, and (7, are four modules
of isotropic porous media [22]. As the most important
coefficient L(w) is set to zero, Pride’s equations will be
separated into Biot’s equations for elastic field and
Maxwell equations for electromagnetic field. Here
o(o) is the frequency-dependent electrical conductiv-
ity of the medium, x(w) is the dynamic permeability,
1 is the fluid dynamic viscosity, and L(®) is the fre-
quency-dependent electrokinetic coupling coeffi-
cient. The expressions for 6(®), x(®w) and L{(w) are
given in Pride et al. (1994).

Here we will consider a vertical magnetic dipole
source is located in the borehole axis, and there are
neither acoustic nor EM source in the porous forma-
tion. A magnetic dipole can be realized with the model

of a small current loop with radius a; and m, = iyn aZT
is the magnetic moment of the loop where j, is the cur-

rent in the loop. The electric fields of a magnetic
dipole in a borehole can be written as

F, = _leumog(exp(lkeR)). (10)
4n Or R
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According to the theory of Bessel functions, the
following equation exists

R _ L [ ne™ (@), an
R i
where nﬁ = kﬁ — kﬁ is the radial wavenumber of the

electromagnetic waves in borehole fluid. Therefore, in
the frequency wavenumber domain the electromag-
netic fields in the borehole can be written as

ioum

a:A@Mmm+42%Amm, (12)
e '
nom
H, = dl(ner) == S Ko(ner), (13)
T
—ik ikn,m
H, = A—=L(nr) - =K (). (14)

e 47

In the porous formation the acoustic field induced
by EM wave and the converted acoustic field influ-
ences back on the EM field due to seismoelectric
effect. The TE wave in the porous formation is coupled
with SH wave due to seismoelectric effect. The solu-
tion to the coupled equations of seismoelectric waves’
motions can be obtained by separating the basic field
u, w, E into its horizontally polarized shear compo-
nents, and can be written in terms of scalar potential
functions as

u=Vx(¥Y,+"¥Y.,e, (15)
w = V X (ash\Psh + aem\Pem)eza (16)
E = V X (Bsh\Psh + Bem\Pem)ez' (17)

Each of potentials satisfies Helmholtz-type wave
equation. The expressions for a;, [3; are given in [4],
and j = sh, em denotes SH waves and TE waves,
respectively. The potential in the frequency-axial
wavenumber is

\Pj(ra kz: 0‘)) = AjKO(nj: r): (18)

2 2 2,2 22 .
where n; = k; — k; (k; = w"s; ) are the radial wave-
number of the seismoelectric waves and 8; is the wave

slowness. The interest quantities could be expressed by
the potentials.

Uy = AshnshKl(nshr) +AemnemK1(nemr)7 (19)
E@ = AsthhnshKl(nshr) +AemBemnemK1(nemr)7 (20)

Hz: iAshnsthshKO(nshr)

+ AemngmBemKO(nemr)]/(Mo‘))7

T = Gb [AshnsthZ(nshr) +Aemn§mKZ(nemr)]' (22)
We can solve the coupled governing equations and
use waves boundary conditions to obtain solutions of
TE-SH electroacoustic logging. Three boundary con-
ditions at the borehole wall are

2y
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To=0, E,=FE,, H =I, (23)

and can be rewritten in the form of matrix as,

myy My My A by

= 24
My Myy My Agp, b, (24)
My Myy My Aern by

and elements of my are
2
my = 0, my = G, Ky(Mga),

GbnngZ(nema); My :_io‘)ull(nea)/ne;

my3 =

(25)
my = BshnshKl(nsha); my; = BemnemKl(nema);
my = Ky(nm.a), ms = _iBshnsthO(nsha)/(o‘)M);

m33 = _iBemnngO(nema)/(o‘)M)'
The element of bj are

ioum
MZ OneKl(nea);
T

b, =
(26)

2

m

by = e ZOKo(ma)-

4n
If the influence of the converted acoustic field on
the EM field is weak enough, we can assume that it is
negligible. The second term on the right hand of
Eq. (5) becomes zero, thus the EM field in the porous
formation can be obtained by solving Maxwell’s equa-
tions. Once knowing the EM field, we can determine
the converted acoustic field. The acoustic fields are

satisfied

G,Vu+o’pu+o’pw = 0 27)

—iow = o pu+ LE (28)
n

i.e., the electric field can be considered as the source
of acoustic field

2
GbVZu + (ozpll - wz%u = —iopLE, (29)

here p = in/(wk).
If the electric field becomes zero the above equa-

tion is Biot equation for SH acoustic waves. We can
obtain the displacement induced by electric field,

u* = {E,
iLp, _ilp,
2 2. 2"
wa(Sem_Ssh) waSsh

(30)

{ =

D

Electric field and axial magnetic field can be writ-
ten as

(32)
(33)

E@ = _io‘)uBemKl(nemr)/nem7
Hz = BemKO(nemr)'
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With the EM waves boundary conditions at the

borehole wall, i.e., Iy = Eg; o, = le’, the coefficient
B, can be determined as

Bem (34)
__ KkMa)(na)+ Kma)lnag  mm,
Ky (Mm@ 1(N,@) + MK (Mm@ Lo(M@) /Mo 47>
Displacement in porous
written as

Uy = BshKl(nshr) - ieo‘)uBemKl(nemr)/nem' (35)

With the acoustic field boundary condition, 1,4 =
G, (Ouy/Or — uy/r) = 0 or Ouy/Or — uy/r = 0, the coeffi-
cient By, can be determined as

Bsh = ie%MBem'
MNsh KZ(nsha)

It shows the conversion acoustic field and electric
field is mainly dependent on the electrokinetic cou-
pling coefficient. With the above equations, we can
obtain the transient waveforms of the electric, mag-

netic fields and acoustic fields along the borehole by
digital Fourier transform.

formation can be

(36)

NUMERICAL RESULTS

The parameters of the porous formation and bore-
hole fluid used for simulation are listed in table. A fast
formation is a rock in which the shear velocity faster
than the borehole fluid velocity and a slow formation
is a rock in which the shear velocity slower than the
borehole fluid velocity. The porous medium is a slow
formation whose shear wave velocity 935 m/s, and the
porous medium is a fast formation whose shear wave
velocity 1707 m/s. To simulate the TE-SH electroseis-
mic logging response, we calculate circumferential
displacement uy and circumferential electric field F,.
The acoustic receivers are assumed to be placed in the
borehole wall and electric field sensors are placed in
the fluid nearby the borehole wall. We use the pulse
source function [16],

Vo(D)

1 2
_ 5[1 + cos—}t(t—%)}cos%cﬁ)(t—%),OSIS T,

(37)
0,t<0or >T,

where f, is the center frequency and 7' is the pulse
width. In the following numerical simulation exam-
ples, we adopted central frequency 4 kHz and pulse
width 0.75 ms.

Figure 1 shows full waveforms excited by a vertical
magnetic dipole source located in the borehole sur-
rounded by fast formation. The waveforms of
responses by two different methods only have a very
small relative difference, and can not be seen in fig-
ures. It is shown that if electric field is on the order of
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The parameters are used for simulation. sOis the permittivity of vacuum

Parameter Property (unit)
Borehole radium, m
® Porosity, %
KO Darcy permeability, Darcy
ey Frame shear modulus, GPa
p Solid density, Kg/m3
pf Fluid density, Kg/m3
7s Solid permittivity (sO
f sb Pore, borehole Fluid permittivity
f Cb Pore, borehole Fluid salinity, mol/L
n Fluid viscosity, Pa «s
T Temperature, K
Tortuosity
1V/m, the particle displacement is on the order of

picometre. Obviously, there are two different wave
packets of particle displacement. It is shown by lines
a—a and b—b in Fig. 2. Two wave packets are origi-
nated at the borehole wall through conversion of EM
energy to acoustic energy. The first wave packets
(line a—a) reach the receivers at almost the same time
which named as an EM -accompanying acoustic wave
groups. Unlike vertical electric dipole source as a
source in E-A logging [18], which will excited the
compressional wave group, the shearand pseudo-Ray-
leigh wave group and the Stoneley wave group in the
fast formation. Vertical magnetic dipole source will
only excited the shearwave group (TE-SH waves).The
difference in time between arrivals at the receivers is
used to estimate the travel time, or slowness (the
inverse of acoustic velocity), of acoustic waves in for-
mation. We can calculate the second wave packets
propagate with shear wave velocity about 1707 m/s.

a u0 coupled method 10
2 6 wouncoupled method
electricE0 a
2 > >
a D
1) 0 0 #l
b g g
0— -5 H
o—f
c -10
0 Time, ms 4
1. nt full waveforms of electric field near the

borehole wall and acoustic displacerment of the borehole
well for the fast formation.
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It is well known that conventional sonic logging
tool can’t be used to obtain the shear wave velocity in
slow formation. Modern sonic logging tool carries
both monopole and dipole source and receivers so that
compressional and shear waves’ arrivals can be
recorded in fast formation and slow formation [9, 16,
21]. The dipole sonic log can generate a flexural wave
in slow formation. The flexural wave is dispersive, i.e.
low frequency travel faster than high frequency. The
lowest frequency component arrives at shear wave
velocity. It needs for one conduct a correction (slow-
ness) from dipole waves (flexural mode). Ifwe use one
type shear waves, SH-TE or TE-SH waves, we won'’t
need to conduct slowness correction. Full waveforms
excited by a vertical magnetic dipole source located in
the borehole surrounded by slow formation are shown
in Fig. 3. Again the waveforms ofresponses by two dif-
ferent methods only have a very small relative differ-
ence, and can not be seen in figures. There are two dif-

2. Transient full waveforms of acoustic displacement
tg the borehole wall for the fast formation when the dis-
tance to the source z varies from 30to 40 m
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Fig. 3. Transient full waveforms of electric field near the
borehole wall and acoustic displacement of the borehole
wall for the slow formation.

Time, ms

Fig. 4. Transient full waveforms of acoustic displacement
of the borehole wall for the slow formation when the dis-
tance to the source g varies from 3.0 to 4.0 m.

ferent wave packets of particle displacement in Fig. 4
shown by lines a—a and b—b. Two wave packets are
originated at the borehole wall through conversion of
EM energy to acoustic energy. Once generated, they
propagate independently of the electric field. The wave
packets (line a—a) are the EM-accompanying acoustic
wave groups. The difference in time between arrivals at
the receivers shows that the second wave packets propa-
gate with shear wave velocity about 935 m/s. Although
the conversion efficiency is very low and such tech-
nique will be dependent on efficiency of detector and
amplitude of source. It might be possible to obtain
shear wave velocity especially in slow formation.

CONCLUSIONS

Because of uncoupling of SH waves with P-SV
waves, a simple and forthright way to get shear waves
information might be possible, especially for soft
or slow formation whose shear wave velocity is lower

CUI et al.

than the velocity of borehole fluid. The properties of
TE-SH seismoelectric wave fields in a fluid filled bore-
hole surround by a porous media are studied. We con-
sidered the electroseismic wave fields excited a vertical
magnetic dipole in a borehole. Two methods are used
to simulate, one is the coupled method based on Pride
model and another is the uncoupled method. The full
waveforms of electromagnetic wave induced SH waves
excited by VMD source in the time domain propaga-
tion in borehole are simulated and analyzed. It might
be possible to use SH-TE or TE-SH logging to mea-
sure shear wave velocity directly.
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