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The shear-horizontal (SH) waves excited by the shear source in a borehole are easy to analyze due to the simple
waveform. The borehole-side structures make the formation properties discontinuous. We consider a cylindrical double
layer structure and study the borehole shear-horizontal and transverse-electric (SH-TE) seismoelectric waves. We first
derive the expressions of the basic field quantities, and simulate the acoustic field and electric field using the real axis
integral method. Compared with the wave fields of an infinitely homogeneous porous medium outside the borehole, the
cylindrical layered structure makes the multi-mode cylindrical Love waves and their accompanying electric fields excited.
Next, in order to study the interface response law of the inducing electric fields, we use the secant integral method to
calculate the interface converted electromagnetic waves and analyze the causes of each component. It is found that an
interface response occurs each time the SH wave impinges the interface in the layered porous medium. The results show
that the SH-TE mode has a potential application for borehole-side interface detection in geophysical logs.

Keywords: seismoelectric effect, shear-horizontal and transverse-electric waves, cylindrical layer, porous me-

dia
PACS: 43.20.+g, 91.60.Lj, 91.30.f

1. Introduction

The reservoirs of natural resources such as oil, water, and
natural gases are mostly porous media. The seismoelectric ef-
fect related to the electric double layer in a fluid-containing
porous medium has potential applications in many fields, e.g.,
resource exploration. Pride!!! derived the governing equations
that control the coupled electromagnetic-seismic wave propa-
gation. Since then, research on the seismoelectric effect has
been widely carried out. Logging is one of the important
means to obtain the formation information. Some scholars
put forward the method of seismoelectric effect logging based
on the experience of acoustic logging. This method receives
both acoustic fields and electric fields, which can make up for
the lack of information of a single type of wave field. In the
seismoelectric logging method, the source and receivers are
placed in the borehole, and not influenced by the detection
depth. > Thus, the application prospect of the method in deep
reservoir exploration is better. Hu et al.l>* carried out the
earliest seismoelertric effect logging simulation. They discov-
ered the electromagnetic head waves propagating at the for-
mation electromagnetic wave velocity, which are independent
of the acoustic field and reach the receivers almost simultane-
ously. In their follow-up work,®! they proposed a simplified
algorithm for calculating the inducing electric fields. Guan
et al.'® gave the rationality proof and applicable conditions
for applying the simplified algorithm to calculate the bore-
hole seismoelectric wave fields. Zyserman et al.l’! applied
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the method of surface seismoelectric logging exploration to
study the problems of CO, storage and fluid seepage moni-
toring in the shallow surface. Guan er al.!®! used the finite-
difference method to simulate the seismoelectric wave fields,
the results are basically consistent with the simulation results
obtained by real axis integral. When the formation outside the
borehole is discontinuous, the characteristics of the seismo-
electric coupling wave fields and the interface response law
of the inducing electric fields are also important research di-
rections. Ding et al.l°! simulated the borehole seismoelectric
wave fields in a cylindrical layered formation with discontin-
uous salinity, the results show that an interface response will
occur when the acoustic wave passes through the salinity dif-
ference interface. Zhao et al.l'”! simulated the seismoelectric
wave fields excited by a point acoustic source of a cylindri-
cal double layer porous medium outside the borehole. Gao et
al.'" studied the propagation law of the acoustic-electric cou-
pling waves in the porous elastic hollow cylinder in the fluid.
Liu et al.!'?! studied the seismoelectric coupling wave fields
under the condition of logging while drilling with a cylindri-
cal layered porous medium. The results show that the inter-
face response will occur when the acoustic waves pass through
the discontinuous formation. The more obvious the contrast
of the elastic or electrical properties on interfaces in the lay-
ered porous medium, the stronger the interface response. The
above studies are focused on the full-wave analysis of the seis-
moelectric coupling wave fields. The full wave waveform of
the electric field becomes more complicated when the geolog-
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ical structure outside the borehole is complicated. It is diffi-
cult to insight the interface response law of the electric field
only from the full waveform. Component wave analysis of the
seismoelectric wave fields is more helpful to reveal the rela-
tionship between the formation characteristics and the wave
fields. Hul'3 used the method of secant integral to calculate
the electromagnetic head wave. Wang er al.l'* conducted a
comprehensive component wave analysis of the borehole seis-
moelectric wave fields excited by a point source. Wang et
al.'"3) studied the generation mechanism of the interface con-
verted electromagnetic waves of a cylindrical layered porous
formation. It was found that every time the formation fast p-
wave and shear-horizontal-wave impinge the interface in the
porous medium, an interface converted electromagnetic wave
response will generate. In this paper, we also use the secant in-
tegral method to simulate the interface converted electromag-
netic waves, and discuss the interface response law of shear-
horizontal and transverse-electric (SH-TE) seismoelectric log-
ging in a cylindrical double-layer porous medium.

The above research can well explain the characteristics
of the borehole seismoelectric coupling wave fields excited
by several typical acoustic sources. Due to the simple and
easy analysis of the SH wave waveforms excited by the shear
source, the work of shallow surface exploration using SH
waves and the coupling electric fields has been widely car-
ried out in recent years. Zyserman et al.['%! concluded that
the signal-to-noise ratio of a shear wave source may be higher
than that of a compressional source. Monachesi et al.!'’] stud-
ied the seismoelectric response law of the SH waves excited
by a surface shear source when passing through the seepage

(18

zone. In their subsequent work,!'® they studied the response

law of the seismoelectric coupled waves excited by the hori-
zontal shear source of the glacial environment. Gao et al.['"!
used the finite difference method to simulate the 2D SH-TE
seismoelectric waves. Munch ez al.?! investigated the possi-
bility of using SH-TE seismoelectric coupling waves to detect
non-aqueous fluid pollution in porous formations. In addition,
related research has also shown that the borehole SH waves ex-
cited by the annular shear source have certain potential appli-
cations in formation exploration. White!?!! first proposed the
use of an annular shear source attached to the borehole wall
for logging, and calculated the situation of a homogeneous
medium outside the borehole. When it is a cylindrical layered
medium outside the borehole, the characteristics of the acous-
tic field are different from the case of a homogeneous infinite
medium. Yao et al.!*?! studied the SH wave fields of a cylindri-
cal double layer elastic medium outside the borehole. The re-
sults show that the wave field consists of the critically refracted
SH wave and multi-order guided waves (i.e., cylindrical Love
waves). Unlike the Love waves of the semi-infinite plate struc-
ture, the dispersion curve of each order Love wave has a cut-
off frequency, which is caused by the bending of the interface.

The Love wave phase velocity at the cut-off frequency is the
SH wave velocity of the outer medium. When the frequency
tends to infinity, the phase velocity of each order Love wave
tends to the SH wave velocity of the inner medium. That is,
the Love wave phase velocity range is Vs < Viove < Vi2, Where
VLove 1S the phase velocity of the multi-mode Love waves, Vj;
and V;, are the SH wave velocities of the inner and the outer
medium. In the cylindrical layered porous medium, the dis-
persion characteristics of Love waves are similar to those in an
elastic medium, but the dispersion characteristics are affected

s.[23] Recent studies*! have also shown

by pore parameter:
that the circumferential guided waves in a porous cylinder are
multi-order and dispersive. Relevant studies indicated that the
seismoelectric effect logging method using the borehole SH-
TE coupling waves also has certain potential applications in
exploration. Cui et al.[>>! simulated the borehole SH-TE cou-
pling waves of an infinitely homogeneous saturated porous
medium. When the formation outside the borehole is homo-
geneous, the acoustic field has only one component, namely
the SH wave. The electric field has two components, which
are the interface converted electromagnetic wave and the ac-
companying electric field of the SH wave. The interface con-
verted electromagnetic waves propagate at the velocity of the
formation electromagnetic waves, and the velocities of the ac-
companying electric fields and the SH waves are consistent.
The presence of the borehole-side interface makes the elastic
and electrical properties of the porous medium discontinuous.
For this scenario, the formation can be regarded as a cylindri-
cal layered porous medium. In order to analyze the borehole
SH-TE coupling wave field characteristics of this situation and
study the application potential in exploration, we construct an
SH-TE acoustic-electric effect logging model for a cylindrical
double layer porous medium in this study. The expressions
of the basic field quantities inside and outside the borehole
are derived, and the real axis integral method is used to simu-
late the time-domain waveforms. The wave field composition
is also analyzed. Finally, in order to study the interface re-
sponse law when the porous medium outside the borehole has
an interface, we adopt the secant integral method to simulate
the interface converted electromagnetic waves and analyze the
causes of each component.

2. SH-TE seismoelectric waves

In this section, we first introduce the Pride governing
equations and solve the complete coupling equations to obtain
the expressions of the basic field quantities inside and outside
the borehole. Then the real axis integral method is used to sim-
ulate the borehole SH-TE coupling wavefields of a cylindrical
double layer porous medium and the wave field composition
is also analyzed.
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2.1. Expressions of the field quantities

Pride!!! combined Biot’s!?®! pore elastic wave equations
and Maxwell’s electromagnetic equations to derive the cou-
pled acoustic-electromagnetic equations. The electrokinetic
coupling effect is controlled by the following two equations:

J = 0(0)E+L(0)(-Vp+a’pu), (1)
—iow = L(0)E+ (-Vp+o’pru) k(0) /1, (2)

where J is the current density, F is the electric field strength;
0 (), k(w) and L(w) are the dynamic conductivity, the dy-
namic permeability and the electrokinetic coupling coefficient,
respectively, which are all the functions of frequency; ps is the
pore fluid density, 1 is the viscosity coefficient of the pore
fluid, w is the solid phase displacement; p is the pore fluid
pressure, and w is the seepage displacement. Equation (1)
shows that solid-phase displacement acceleration and pressure
gradient can generate current, and the electric field can cause
seepage. When the electrokinetic coupling coefficient L (o) is
zero, the acoustic field is decoupled from the electric field, and
the Pride governing equations will degenerate into Biot’s pore
elastic wave equations and Maxwell’s electromagnetic equa-
tions.

electromagnetic acoustic porous porous
sensors sensors medium 1 medium 2

borehole z
fluid

a

T annular shear

!
1
acoustic source |

F—i__;.l
i !
borehole borehole porous medium
axis wall interface

Fig. 1. Schematic diagram of SH-TE seismioelectric effect logging.

Solving the above complete Pride governing equations,
the frequency-wavenumber domain expressions of the basic
field quantities can be obtained. We study the SH-TE seismo-
electric effect logging problem of a cylindrical double-layered
porous medium. The model schematic diagram is shown in
Fig. 1.
distance between the interface of the porous medium and the

The radius of the borehole is ¢ = 0.1 m, and the

borehole axis is b = 1.5 m. There is an annular shear acous-
tic source attached to the borehole. The acoustic receivers are
placed on the borehole wall and the electromagnetic receivers
are placed in the borehole fluid. The radial distance of the
electromagnetic receivers from the borehole axis is half the
borehole radius. Porous medium 1 is a finite thickness porous
medium, and porous medium 2 is infinite.

Since the acoustic source is an annular shear source, the
axial electric field cannot be excited. According to Cui et
al.,'>! the frequency-wavenumber domain expressions of the
basic field quantities of the borehole fluid and the outermost
infinite porous medium are given by

~ i
b= —ouAuh (ner), 3)
Ne
A i
HP = ——kApl (Mer), )
Ne
u(é = n;)hKl (n;)hr) gh + nngl (ngmr)Bgmv )
Wy = =G 15K (M) B+ 1K (7 B+ (6)
Eg = BangKi (G7) B + Bon oKt (Monr) By (D)
N i
0= ot |BRNSKD (1) B+ B Ko (160r) Bl
3

where ég and I-i}’ are the tangential electric field and the ra-
dial magnetic field of the borehole fluid; u%, ‘L':‘_’G, Eg and H?
are the tangential displacement, tangential stress, tangential
electric field and axial magnetic field of the outermost infi-
nite formation, respectively; u is the magnetic permeability
and G° is the shear modulus of the outermost porous medium;
7Me 1s the electromagnetic radial wave number of the borehole
fluid; ng, and 1g, are the radial wave numbers of the SH wave
and the electromagnetic wave of the outermost infinite porous
medium, respectively; k; is the axial wave number. Ay is the
undetermined coefficient related to the electromagnetic fields
of the borehole, also known as the response coefficient of the
borehole electromagnetic fields. By, and Bg,, are also the un-
determined coefficients; [35‘}1 is the ratio of the shear wave com-
ponent of the electric field to the shear wave component of the
solid phase displacement; 1/, is the ratio of the electromag-
netic wave component of the solid phase displacement to the
electromagnetic wave component of the electric field;!!! r is
the radial distance between the field point and the borehole
axis. Ky, I1, Ki, and K, are the imaginary variation Bessel
functions. In a similar way, we can obtain the frequency-
wavenumber domain expressions of the basic field quantities
of the inner porous medium as follows:

g = NuKi (Nsnr) Bon — Nsnd1 (Msnr) Asn

+ NemKi1 (Nem”) Bem — Nem Tt (Mem?) Aem, ()
Eg = BnnsnK1 (Msnr) Bah — BanMsndi (Thanr) Ash

+ BemMemK1 (Mem?) Bem — BemMem!1 (Nem”) Aem, (10)
Tro = —Gi[nfth (Msh7) Bsh +ns2h12 (Msh7) Ash

+NemK2 (Nem?) Bem + Nl (Tem?) Aem] (11)

o i
H, = Fu[ﬁshnghKO(nshr)Bsh + BsnNndo (M) Ash

+ BemnngO (Nemr) Be + Bﬁmnezmlo (Mem?) Agn).  (12)
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In Egs. (9)—(12), uy, Eg, Too and H, are the tangential dis-
placement, tangential electric field, tangential stress and ax-
ial magnetic field of the inner porous medium, respectively;
n2 = k2 — k% and n2, = k2 — k2, are the radial wave num-
bers of the SH wave and the electromagnetic wave of the in-
ner porous medium, respectively. Here kg, and kg, are the SH
wave and electromagnetic wave numbers of the inner porous
medium, respectively. Agn, Bsh, Aem and Bey are the unde-
termined coefficients. G' is the shear modulus of the inner
porous medium. Ip and I, are the imaginary variation Bessel
functions. The boundary conditions at the borehole wall and
the interface of the porous medium are given in the following.
At the borehole wall (r = a):

% =10, E§=E§, H®=H". (13)
At the interface of porous medium (r = b):
I/tg:u(é, TrQZT;)e, Ey ZEg, HZZHZO. (14)

Substituting the field expressions of the interlayer porous
medium, the borehole fluid and the outermost porous medium
into the boundary conditions (13) and (14), we can reach the
matrix equations

[mij]7><7 ) [Aj]7><1 = [BJ'}7><1’ (15)

[Ajl,, = [At, Bsh, Bem, Ash, Aem, B, An]" . (16)
T

B}l = [rsb, 0,0,0,0,0,0| . (17)

Here [m;}],, - is the coefficient matrix and the matrix elements
are given in the Appendix. [A;],, , is the matrix of the undeter-
mined coefficients. [B}],, , is determined by the source, 7{ is a
tangential stress source. We take 7> = G' x 1073, Solving the
equations and determining the undetermined coefficients, then
substituting the coefficients into the field quantity expressions,

we can finally obtain the wave fields in each region.

2.2. Numerical simulation results

In this part, the real axis integral method is used to simu-
late the coupled acoustic and electromagnetic wave fields. The
parameters of the layered porous medium are given in Table 1,
they are the typical sandstone parameters.*'°! In addition, the
fluid density in the borehole is 1000 kg/m>, and the salinity
is 0.01 Mol/L. The central frequency of the acoustic source is
10 kHz.

Under low frequency approximation, the SH wave ve-
locity of the porous medium is given by Vs = \/G/p, V;
is the velocity of the SH wave and p is the density of the
porous medium, p = ¢pr+ (1 — ¢) ps. Combined the param-
eters given in Table 1, we can calculate the inner and outer
porous medium SH wave velocities to be Vg = 1378.7 m/s
and Vg = 2474.7 m/s, respectively. Figure 2 shows the nor-
malized amplitudes of the SH-TE coupled acoustic and elec-
tromagnetic fields of different source distances. The solid lines

are the electric field full waves Eg, the dashed lines are the
acoustic field full waves ug, and z is the source distance.

Table 1. Porous medium parameters.

Parameters Symbols  Units Porous medium 1 Porous medium 2

Porosity ] 1 0.20 0.18
Permeability K um? 0.01 0.01
Frame Shear modulus G GPa 4.10 14.40
Frame density ps  kg/m’® 2650 2650
Pore fluid density Pr kg/ m’ 1000 1000
Frame permittivity & & 3 3
Fluid permittivity & & 80 80
Salinity C Mol/L 0.01 0.001
Fluid viscosity Nw Pa-s 0.001 0.001
Tortuosity oo 1 2.0 1.9

Normalized amplitudes of ug, Ey

2
Time (ms)

o
=

Fig. 2. Borehole SH-TE seismoelectric wave fields of a cylindrical dou-
ble layer porous medium. The solid and dashed lines correspond to the
electric and acoustic fields, respectively.

Compared with the homogeneous medium,'*>! when the
porous medium outside the borehole is a cylindrical double
layer porous medium, the components of the acoustic field
and the electric field become complicated. Due to V1 < Vo,

22.23] The acoustic

the cylindrical Love waves can be excited.!
field is composed of two parts, which are represented as c—c,
d—d in Fig. 2, respectively. The component c—c is the criti-
cally refracted SH wave, it propagates at the SH wave veloc-
ity of the outer porous medium. The component d—d is com-
posed of multi-order Love waves. The electric field consists
of four components. When the source distance increases, the
arrival time of components a—a and b-b is almost unchanged.
This shows that components a—a and b-b are the interface re-
sponses, they are generated by the SH waves impinging the in-
terface of the medium and propagate at the velocity of the for-
mation electromagnetic waves, also called the interface con-
verted electromagnetic waves. This is consistent with the in-
terface response characteristics of the borehole seismoelectric
coupling wave fields excited by a point acoustic source.>=!
After the interface responses a—a and b-b, the electric field
component c—c is the accompanying electric field of the SH
wave. The electric field component d—d is the accompanying
electric field of the multi-mode Love waves. Since the propa-
gating velocity of the accompanying electric fields of the Love
waves are the same as the Love wave velocities, 3*%! the dis-
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persion law for them is also the same. The dispersion char-
acteristics of the Love waves in a cylindrical layered porous
medium can refer to Ref. [23]. In a nutshell, as the frequency
increases, the phase velocity of the Love wave gradually de-
creases, and the phase velocity of each order Love wave is
greater than the SH wave velocity of the inner layer porous
medium and less than the SH wave velocity of the outer layer
porous medium.

3. Interface response

In order to study the interface response of the borehole
SH-TE seismoelectric coupling wave fields when the porous
medium has an interface, we use the secant integral method to
calculate the interface converted electromagnetic waves. The
interface converted electromagnetic waves refer to the elec-
tromagnetic wave components generated by the SH wave im-
pinging the interface of the medium and propagate at the ve-

[13.25] Ip this sec-

locity of the formation electromagnetic wave.
tion, we first introduce the basic theory of the vertical secant
integral and simulate the time domain waveforms of the in-
terface converted electromagnetic waves. Next, the cause of
each component is analyzed by comparing the interface con-
verted electromagnetic wave waveforms of different interface

positions.

3.1. The secant integral theory

In the complex plane, what correspond to the critical re-
fraction waves (also called the interface waves) is the contri-
bution of the secant integral of the body wave branch points.
Pride er al.”?’) proposed that there are totally four kinds of
body waves in the porous medium, which are the fast p-wave,
the SH wave, the slow p-wave and the electromagnetic wave
(EM wave). Since the acoustic source is an annular shear
source attached to the borehole wall, there are only two kinds
of body waves in the formation, which are the SH wave and
the EM wave. The branch point values of the formation body
wave are given by k; = \/Wcj , where k; represents some kind
of body wave branch point in the formation, c; represents the
wave velocity of the corresponding body wave. Combining the
above expression and the media parameters in Table 1, we give
the values of the branch points of the formation body wave in
Table 2. Here kg, and kg, are the SH wave and the electro-
magnetic wave branch points corresponding to the outermost
infinite porous medium, respectively; kg, and ke, are the SH
wave and the electromagnetic wave branch points correspond-
ing to the inner porous medium, respectively. According to
Table 2, Fig. 3 shows the distribution of the formation body
wave branch points and the integral path in the k, complex
plane, the arrows in Fig. 3 indicate the integral path.

According to the related work,[1%?%2%! in the cylindri-
cal multilayer medium, the branch points corresponding to

the borehole fluid and the inner medium are non-substantial
branch points. Only the body wave branch points correspond-
ing to the outermost infinite medium are substantial. There-
fore, k¢, and key in Fig. 3 are both non-substantial branch
points. The simulation results of the interface converted elec-
tromagnetic waves are obtained by calculating the secant inte-
gral of the electromagnetic wave branch point kQ,,. The value
of the electromagnetic wave branch point secant integral is
given by

iou

gy, (@,2) = (A (k, @) — Ay (k,w)] e dk,, (18)

ne cut

where I, (®,z) represents the secant integral value of kJ,.
A{; (k,®) and Ay (k,®) are the values of the electromagnetic
response coefficient on the right bank and the left bank of the
vertical secant respectively; “cut” represents the integral path
from the electromagnetic wave branch point to positive infin-
ity. By solving Eq. (18), we can obtain the secant integral
value of the electromagnetic wave branch point, and then the
interface converted electromagnetic wave can be obtained.

Table 2. Values of the formation body wave branch points.

Branch points kg kem kg, ksh
4.76x1073 1.49%1072 153 284

Values/m ™!

Imk,

L *

kgm kem k(:h ksh Rekz

Fig. 3. Distribution of the body wave branch points and the integral
path.

3.2. Interface converted electromagnetic wave

Figure 4 shows the normalized time domain waveforms of
the interface converted electromagnetic wave when the forma-
tion outside the borehole is a cylindrical double layer porous
medium. The parameters adopted in this section are the same
as those in Table 1. The distance between the interface of the
porous medium and the borehole axis is still 1.5 m, and the ax-
ial distance of the electromagnetic sensors from the borehole
axis is half the radius of the borehole. In order to distinguish it
from the tangential electric field full wave Eg obtained in the
previous section, we represent the interface converted electro-
magnetic waves calculated by secant integral as Egcy.

The interface converted electromagnetic wave is com-
posed of three components, which are represented as a—a, b-b,
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and c—c in Fig. 4. The arrival time of each component of the in-
terface converted electromagnetic wave hardly increases with
the increasing source distance. In order to illustrate the com-
ponent corresponding relationship between the interface con-
verted electromagnetic wave Eg., and the electric field full
wave Eg, Fig. 5 shows the waveform comparison of Eg., and
Eg. Here we take the waveforms with a source distance of 3 m
as an example. The upper figure is the waveform of the elec-
tric field full wave and the lower one is the waveform of the
interface converted electromagnetic. They are both normal-
ized with their respective maximum amplitudes.
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Fig. 4. Normalized amplitudes of the interface converted electromag-
netic wave.
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Fig. 5. Waveform comparison of the interface converted electric wave
and the electric field full wave.

From comparison, we can find that the first two compo-
nents of the interface electromagnetic wave Eg.; and the elec-
tric field full wave Eg are correspondence. This further il-
lustrates that the components a—a and b-b in the full wave of
the electric field given by Fig. 2 are the interface converted
electromagnetic waves. Since the amplitude of the interface
converted electromagnetic wave component c—c in Fig. 4 is
small and the arrival time is close to the accompanying elec-
tric fields, it is not obvious in the electric field full wave Ey. In
order to explain the production causes of each component of
Egcut, we compare the waveforms of Eg. of different porous
medium interface positions, as shown in Fig. 6. Ar; and Afy
are the arrival time difference, b is the distance between the
porous medium interface and the borehole axis. Here we still
take the waveforms with a source distance of 3 m as an exam-
ple.
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Fig. 6. Interface converted electromagnetic waveforms of different in-
terface positions. The solid and the dashed line correspond to b = 1.5 m
and 1.8 m, respectively.

As shown in Fig. 6, when the porous medium interface
turns 0.3 m away from the borehole wall, the arrival time and
the amplitude of the first component hardly change. The po-
sition of the interface has little influence on the first compo-
nent. This shows that the first component (represented as a—a
in Fig. 4) is the interface response at the borehole wall. The
arrival time difference of the second component is 0.218 ms,
which is consistent with the time of SH wave propagating
0.3 m in the inner porous medium. This shows that the sec-
ond component (represented as b—b Fig. 4) is the interface re-
sponse generated by the SH wave impinging the interface of
the porous medium. The arrival time difference of the third
component is 0.654 ms, which is consistent with the time of
SH wave propagating 0.9 m in the inner medium. This shows
that the third component (represented as c—c in Fig. 4) is the
interface response generated by the SH wave impinging the in-
terface of the porous medium again after two reflections. Since
the SH wave is uncoupled with the fluid in the borehole, there
is almost no interface response when the SH wave propagates
back from the formation to the borehole wall. In summary,
the first component of the interface converted electromagnetic
wave is the interface response at the borehole wall. Except for
the first component, all the other components are the interface
responses generated by the SH wave impinging the interface
between the porous medium.

4. Conclusions

In summary, we have studied the borehole SH-TE seis-
moelectric coupling wave fields of a cylindrical double layer
porous medium. First, we derive the expressions of the ba-
sic field quantities inside and outside the borehole, and the full
wave waveforms of the acoustic field and electric field are sim-
ulated. Then, in order to study the interface response, we use
the secant integral method to calculate the interface converted
electromagnetic waves. The results show that the interface of
the porous medium makes the composition of the acoustic-
electric coupling wave fields more complicated than that of a
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homogeneous infinite medium. In addition to the critically re-
fracted SH waves, multi-order and dispersive cylindrical Love
waves can also be excited due to the layered structure. The
electric field includes the interface responses and the accom-
panying electric fields of the acoustic fields. The interface con-
verted electromagnetic waves propagate in the porous medium
at the velocity of the formation electromagnetic waves while
the accompanying electric fields are consistent with the prop-
agation velocity of the acoustic waves. The existence of the
interface of the porous medium makes the interface response
law of the SH-TE wave fields complicated. The results show
that when the SH wave generate multi refractions and reflec-
tions in the inner porous medium, each time it impinges the
interface between the porous medium, an interface converted
electromagnetic wave response will occur. The research re-
sults in this study indicate that the borehole SH-TE seismo-
electric coupling wave fields have certain application potential
in the fields of formation exploration and borehole-side inter-
face detection. However, the Love waves in the porous lay-
ered medium are complicated. The dispersion, excitation and
attenuation characteristics of the cylindrical Love modes with
seismoelectric effect are worthy of further study. In addition,
the idealized model in this paper needs further improvement

to be more in line with the actual situation.

5. Appendix A

The elements of matrix [m;],. , are

my = 0; my| = ifa,)eﬂll (Nea);

miy = —G'n3 Kz (Nsna); myy = —BsnNsuKi1 (Nsna) ;
myiz = —Ginemeg (nema); mo3 = —BemNemK1 (nema);
mis = —Gni b (Newa) ; mag = BonMonly (Msha) ;

mis = —G'n2 b (Nema); mas = BemNeml1 (Nem@) ;
mig =0; my7 =0; mye = 0; moy7 =0;

m31 = Iy (Nea); may = 0;

may = —w%nfhﬁshKo (Mwwa);  map = —G'nGK> (Nwb);
ms33 = —wiﬂnezmﬁem[(o (Mema) ; ma3 = —Ginﬁsz (Nemb) ;

ms3y = —a%unszhﬁshlo (Nwa):  mas = —G'N3h (b))

m3s = — o MenBemlo (Tem@) s Mas = =G N2,1 (Temb)
ms = GNG’Kz (ngb) 1
ma7 =GN Kz (Nenb) ;

m3e =0; m37 =0;
ms1 =0; mg =0;

msy = NshKj (nshb) > mex = PsnNshKi (nshb) >
ms3 = NemK1 (Nemb) ; me3 = BemNemK1 (Nemb) ;
msa = =Nl (Manb) 5 Mgy = =B Nsult (Nsnb) ;
mss = —Neml1 (Nemb) ; Mes = —PBemNeml1 (Nemb) ;

mse = ng.K1 (Ngb) 5 mes = —B3NGK1 (NG.b) ;
ms7 = nngl (T'é)mb); me7 = 7ﬁ§mnng1 (ngmb);
m71 = 0; miy = nfhﬁshKo (Nsnb) 5

mzs =3 Bsndo (Msnd) ;
mys =~ B3Ko (N§)

mi3 = ngmﬁemKO (nemb) 5
mis = nezmﬁemlo (nemb) 5
my1 = _ngmzﬁé)mKO (ngmb) :

Here a is the borehole radius, and b is the distance between the
interface of the porous medium and the borehole axis.
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