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Effects of confining pressure and pore pressure on multipole borehole
acoustic field in fluid-saturated porous media
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In-situ stress is a common stress in the exploration and development of oil reservoirs. Therefore, it is of great sig-
nificance to study the propagation characteristics of borehole acoustic waves in fluid-saturated porous media under stress.
Based on the acoustoelastic theory of fluid-saturated porous media, the field equation of fluid-saturated porous media under
the conditions of confining pressure and pore pressure and the acoustic field formula of multipole source excitation in open
hole are given. The influences of pore pressure and confining pressure on guided waves of multipole borehole acoustic field
in fluid-saturated porous media are investigated. The numerical results show that the phase velocity and excitation intensity
of guided wave increase significantly under the confining pressure. For a given confining pressure, the phase velocity of the
guided wave decreases with pore pressure increasing. The excitation intensity of guided wave increases at low frequency
and then decreases at high frequency with pore pressure increasing, except for that of Stoneley wave which decreases in the
whole frequency range. These results will help us get an insight into the influences of confining pressure and pore pressure
on the acoustic field of multipole source in borehole around fluid-saturated porous media.

Keywords: confining pressure, pore pressure, fluid-saturated porous media, multipole borehole acoustic field

PACS: 43.20.4g, 91.60.Lj, 91.30.—f, 43.25.+y

1. Introduction

In actual oilfield wells, especially in the reservoir target
layers, the medium is a porous medium saturated with flu-
ids. Moreover, in the exploration and development of oil stor-
age, in-situ stress is commonly existent. The in-situ stress
may arises from prolonged sedimentation or complex geolog-
ical formations. It could also result from oilfield development
activities such as drilling and water injection.!!! The in-situ
stress in the reservoir is triggered off partly by the fluid in the
pore of the reservoir, called the pore pressure, and partly by
the rock skeleton of the reservoir, called the effective stress. ]
The stress in fluid-saturated porous media plays an important
role in the realization of safe drilling and efficient reservoir
exploitation. During drilling, higher pore pressure can lead
to well control accidents, which is one of the major drilling
hazards worldwide. And accurate pore pressure prediction is
very important for successful drilling operations.?! Further-
more, gaining an insight into the state of in-situ stress pro-
vides a more comprehensive understanding of gas exploration

and development,3- enhanced oil recovery techniques, 7]

wellbore stability,!”-8! and reservoir management. (%10

The elastic wave dynamic theory describing fluid-
saturated porous media was initially established by Biot.! =131
Biot!!4 adopted the nonlinear continuum theory to first inves-
tigate the acoustoelastic theory for the fluid-saturated porous
media and only presented the equations of motion for the fluid-

saturated porous media under the initial stress. Grinfeld and
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sI31 proposed general theory of small dynamic motion

Norri
superimposed upon large static deformation for isotropic fluid-
filled poroelastic solids, extending the acoustic—elastic theory
applicable to single-phase media to fluid-saturated porous me-
dia. Ba et al.!'®) improved the fluid-saturated porous media

(151 by considering the

theory given by Grinfeld and Norris
nonlinear term of static strain. Wang and Tian!!'" utilized
the finite deformation theory of continuum and pore elastic
theory to give the equation of motion of small disturbance
wave field superimposed on nonlinear shape variants caused
by static stress in fluid-saturated porous media. Ma et al.!'8]
derived the equation of motion of fluid-saturated porous me-
dia, adapted to large static deformation and superimposed dis-
turbance wave field. According to the Pade approximation, Fu
B Y and Fu L Y['") extended the acoustic—elastic theory to the
case of higher effective stress, which was verified experiment.
Fu B Y and Fu L Y% introduced the two-pore model into
the traditional acoustic—elastic model of fluid-saturated porous
media, and found that the experimental results are better in
the case of low effective pore pressure. Qu et al.l*'l exper-
imentally measured the third-order elastic modulus of fluid-

[22] jnvesti-

filled porous rocks under uniaxial stress. Kanaun
gated the effect of the pressure of fluid injected into porous
media under quasi-static conditions. Liu ef al.[*}] studied the
influence of the nonlinear parameters of fluid-structure cou-
pling on acoustic field in porous media. Liu et al.!**! im-
proved and modified the dynamic equation of static deforma-

tion with small perturbations of porous media, with the viscos-
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ity term and the dispersion taken into account. The study of
acoustic wave propagation in fluid-saturated porous media is
of great significance in evaluating reservoir properties by us-
ing acoustic logging. Utilizing the Biot theory, Rosenbaum 23]
investigated the propagation of acoustic field in boreholes sur-
rounded by porous media, named the Biot—Rosenbaum the-
ory. Wang and Dong!?! rigorously used the theory of elas-
tic waves in porous media to theoretically solve the radiated
acoustic field surrounded by fluid-saturated porous media in
Schmitt et al.'*" and Schmitt*! stud-

ied the formation of radially layered fluid-saturated porous

an open borehole.

media, where both the elasticity and permeability of the for-
mations exhibit anisotropic characteristics. Zhang et al.[*’]
employed the Biot two-phase medium model to simulate oil
reservoirs and systematically conducted theoretical derivation,
mode decomposition analysis, and full-wave computation of
the acoustic wavefield excited by multipole sources in the
borehole. Zhang and Wang 3%l introduced an analytical pertur-
bation method to address the problem of multi-source acoustic
well logging in transersely isotropic two-phase media. Build-
ing upon the BISQ model, Cui et al.®! studied the disper-
sion and attenuation of elastic waves in non-Newtonian fluid-

saturated porous media. Guan and Hu[*?)

employed the time-
domain finite difference algorithm to simulate acoustic well
logging responses to horizontally layered porous formations.
He et al.!3-3* employed three-dimensional finite-difference
simulations to model inclined layered porous formations and
porous elastic formations with anisotropic magnetic perme-
ability. Peng et al.’®®! analyzed the acoustic wave propaga-
tion and wellbore acoustic fields in non-uniform porous media
saturated with viscous fluid.

The above studies did not cover the simulation research of
borehole acoustic fields in fluid-saturated porous media under
the influence of stress, based on the theory of acoustoelasticity
in fluid-saturated porous materials. Therefore, this work pri-
mary focuses on the refinement of the existing theory of acous-
toelasticity in fluid-saturated porous media and the research of
borehole acoustic field in fluid-saturated porous media under
reservoir stress conditions.

The rest of this paper is organized as follows. In Sec-
tion 2, the equation of borehole acoustic field in fluid-saturated
porous media under pore pressure and confining pressure is
derived. In Section 3, numerical results are presented to show
the effects of confining pressure and pore pressure on multi-
pole borehole acoustic field in a fluid-saturated porous media.
Finally, some conclusions are drawn in Section 4.

2. Theoretical formula

In this section, based on the dynamic equations for static
deformation of porous media with small perturbations, given
by Liu et al.,[**] the motion equations of fluid-saturated porous

media under pore pressure and confining pressure are derived
and an expression for velocity and stress is given. In the cylin-
drical coordinate system, the field equations of open hole stim-
ulated by multiple sources in fluid-saturated pore formation
under confining pressure and pore pressure are derived.

2.1. Field equation for fluid-saturated porous media under
confining and pore pressure

This subsection mainly derives the field equations of
fluid-saturated porous media under confining pressure and
pore pressure. The confining pressure and pore pressure in
the media do not change the isotropic properties of the media.
This subsection refers to the research work of Liu et al.[**]
and gives the field equation under confining pressure and pore

pressure as follows:
T = (H -2G) (Vu) I+C (V-w) I+ G (Vut+Vu"),
—P=CV-u+MV- -w, €))

where w is the displacement of solid phase. w = @(u;—u)
is the seepage displacement. wuy is the average fluid displace-
ment. @ is the porosity. T is the stress tensor, P is the pore
fluid pressure, and I is a unit vector. Here, the equivalent elas-
tic moduli are denoted by H’, M’, C’, and G’. According to
the work of Liu et al.,’”*! one can obtain the equivalent elastic
moduli related to stress as follows:

H =H+AH, M'=M+AB,

C'=C+AC, G =G+AG, )
where H, M, C, and G are four independent elastic constants
of fluid-saturated porous media. H, M, and C can be expressed

as solid bulk modulus Kj, pore fluid bulk modulus Ky, frame
bulk modulus Ky, frame shear modulus G, and porosity @.

M =KiK/ (oK + (o — @) K;), C=aM,

4G 4G
H:a2M+Kb+7 =K+
a=1-Ky/K,, K.=a*M+K,. 3)

The symbols A in Eq. (2), respectively, represent the change
of porous elastic modulus H, M, C, and G, caused by the con-
fining pressure and pore pressure.

AH = (A +Vi+2v)) € +2 (A + 3G+ 205 +4v5) €*/3

— (OtM—Z}/z) Csv
AB = (2p+aM)e® =3 (M —2n)¢",
AC = w—@mwf—(zwawé%
s 4(GHVy)et s
G — (%+V2)6A+%_(azu+g)g, )

where A = K»—2/(3G)+a*M is the parameter of Biot. v},
V5, and v} are the third-order elastic constants of porous elas-
tic media. When there is no fluid in the media, they corre-
spond to the third-order elastic constants in the elastic media
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Vi, vo and v3.130 Y, 73, and ¥ are the nonlinear constants of
the coupling between a fluid and a solid. 7¥; is a nonlinear
constant associated with the fluid phase. e* = (P, + aF,)/Kp,
{® = (P, +aMe®)/M are the static deformations caused by
the confining pressure and pore pressure which satisfy the lin-
ear stress—strain relationship.**! The P, and P, represent the
confining pressure and pore pressure, respectively.
The corresponding equation of motion can be written as

V.1 =pii+ppw, —VP=psii+pw, o)

where the superscript refers to the derivative with respect
to time, p is the density of porous media and expressed as
p = (1—9@)ps+ @pr with ps and pr being the solid den-
sity and pore fluid density, respectively, ¢ being the porosity,
p =jn/(wk(w)) and k() =ko/(1 —j®Eptko/ (n¢)), with
1 being the dynamic viscosity of pore fluid, k the permeabil-
ity, @ the angular frequency, and E the tortuosity. Here, the
displacements u and w are assumed to vary with time accord-
ing to e I, By substituting Eq. (1) into Eq. (5), the elastic
dynamic equation with w and w as the basic quantities can be
obtained as follows:

(H/—G/) VV.-u+G'Vu+w’pu
+C'VV-w+ ’prw = 0,
C'VV-u+@’pu+MVV.-w+a*pw=0. (6)

Unlike Boit’s kinetic equation,?”! here the elastic moduli H’,
M', C', and G' depend on confining pressure, pore pressure,
and the third-order elastic modulus. A displacement potential
is introduced, which is similar to the solution of plane waves

in Biot fluid-saturated medial®®)

u=VP+Vxy, w=Va,d+Vas;x1p, @)

where @ and 1) are the compressional and shear wave dis-
placement potentials, respectively, a, and as are both the ra-
tio of seepage displacement (complex) amplitude to solid dis-
placement (complex) amplitude. The subscripts p and s rep-
resent P-waves and S-waves, respectively. Let plane solu-
tion @ = A, eI =00 and P = A el where Ap and A
are amplitude of compressional wave and shear wave, respec-
tively, [ denotes the wave number. Shear waves (I; = S;®) and
two types of compressional waves (Ipr = Spr@ and s = Spsa))
can be obtained by substituting Eq. (7) into Eq. (6). S; (i = pf,
ps, and s) denotes slowness.

@ b b\>  pp—p}
=27\V\2) TEm -
where b = (pM' + pH'—2piC") /(H'M' — C'*). Sp¢ and Sps
denote slowness of the fast and slow P-waves, respectively.

i=pf,ps, (8)

Equation (8) is the relationship between the slowness of the

fast and the slow P-wave and confining pressure and pore pres-
sure. Shear waves slowness Ss can be written as

oL (P
$=g(r-%). ©

Equation (9) is the relationship between the slowness of the
S-wave and confining pressure and pore pressure. At the same
time, the ratio of seepage displacement amplitudes of the fast
and slow P-waves to solid phase displacement amplitudes can
be obtained to be
ai:7w7 i = pf, ps, (10)
C'S} — pr
where S; (i = pf,ps) is slowness.
The ratio of seepage displacement amplitudes of the S-
waves to solid phase displacement amplitudes can be obtained
to be

s =

_pr

11
5 an

2.2. Equations of borehole acoustic field in fluid-saturated
porous media under pore pressure and confining pres-
sure

Because the fluid-saturated porous media are still
isotropic under the action of pore pressure and confining pres-
sure, the acoustic field formula in the borehole under the ac-
tion of confining pore pressure is similar to the classical fluid-
saturated porous formation.>”) The acoustic field in the bore-
hole fluid is expressed as

(kyro)"
2"n!
x cos (n6) e, (12)

P =

[Anl (kZ7w) I, (krr) + &K, (kﬂ')}

where n = 0, 1, 2 represent monopole, dipole, and quadrupole
source, respectively; I, and K, are the n-th order modified
Bessel function of the first kind and second kind, respectively;
ke = (k2 fk%)l/ ? is the radial wave number of the fluid; k; is
the axial wave number; kf = @/V; is the fluid wave number
of borehole; w is the angular frequency; V; is the speed of
sound in the borehole fluid; €, is the constant related to the
sound source in the direct field. When the sound source is a
monopole source (n = 0), & = 1; when the sound source is
multipole (n > 0), &, = 2. A, (k;, ®) is the reflection coeffi-
cient in the reflection field, which is determined by the bound-
ary conditions. The displacement component and stress are
expressed as
JdP;

Us = a5 = {An] |:’:In (krr) + krlnsn (krr):|

6 [2Ky ) Ko ()] feosue). 13

P = pro’® &
= pr@* [Aul, (k) + &K, (k)] cos (n@).  (14)
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In Eqs. (13) and (14), the factor %eﬂ‘ﬂ is omitted. The
shear wave vector ¥ in Eq. (7) can be further written into two
terms. The compressional wave potential @, horizontal po-
larized shear wave (SH wave) potential x and vertical polar-
ized shear wave (SV wave) potential ¥ are introduced for the
displacement of fluid-saturated porous media under external

confining pressure and pore pressure.

u = V((Dpf—i— (Dps) +Vx(xe;)+VxVx(Pe,),
w = V(apf¢pf+aps€bps)+Vx(as)5€z)
+V xVx(asPe,), (15)

where @pr and Py are the fast-wave potential and slow-wave
potential, respectively; aps, apf, and as are the ratio of seepage
displacement amplitudes in Egs. (10) and (11). By substitut-
ing Eq. (15) into Eq. (6) and expanding it in the cylindrical
coordinate system, the solution of displacement potential can
be obtained to be

1 (ko \"
D= —— (er0> [BiKy, (vir)] cos (n6),

== (2 ) 192K ) sin (00)

Y=

1 krr() "
_n!< 5 > [F, K, (vsr)]cos (nO), (16)

where i = pf, ps represent the fast wave and slow wave. v; =
\/ k2 — @2S?, vy = /kZ — 02S? are the radial imaginary wave
numbers of fast and slow P-waves and S-waves, respectively.
Unlike classical Biot fluid-saturated media, 2! here the fast,
slow, and shear waves depend on the confining pressure and
pore pressure. According to the boundary condition at » = ry
of borehole

. (ro) = uy (ro) +wy (o),

_Pf(VO) =T (r0),

P'(ro) = P(ro),

T (r0) =0,

T, (ro) =0, 17

we obtain the matrix equation with unknown coefficients in
the following form:

myy mip M3 mig mis Ant b

my1 my M3 M4 Mos B by

m3; myp mzz 0 0 | x|Bp|=/|bs]|, (18
0 ma myz mag mys Dy, 0
0 ms; ms3 msqy mss F, 0

where m;; (i, j = 1, 2, 3, 4, 5) are the elements of the matrix,
b1, by, and b3 are given in Appendix A. The dispersion equa-
tion of the guided waves can be obtained by setting the de-
terminant of the coefficient matrix in Eq. (18) to zero and the
excitation intensity can be obtained from the pole residue. The

reflection coefficient A, can be obtained by solving Eq. (18),
and the full wave field under confinement and pore pressure
can be obtained from Eq. (14) by using the real axis integral
and Fourier transform.

3. Numerical simulation

In this section, the effect of pore pressure and confin-
ing pressure on the multipole borehole acoustic field in a
fluid-saturated porous media are analyzed numerically. The
model is shown in Fig. 1, and the borehole radius is 0.1 m.
The parameters of fluid-saturated porous formation used in
numerical simulation are listed in Table 1, where the pa-
rameters are selected from Fu ef al’s work.[?’l The density
and speed of the fluid in the borehole are 1000 kg/m> and
1500 m/s, respectively. At the same time, in the selection
of stress, considering the experiments conducted by Fu B'Y
and Fu L Y2 and Sarout et al.,*°! the confining pressure
and pore pressure applied to the fluid-saturated porous media
should meet the conditions: the confining pressure is large and
the pore pressure difference between the confining pressure

ﬁ Confining pressure
t Pore pressure

R: Receivers

T: Source

Fig. 1. Open hole model, where large grey arrows denote the direction
of applied confining pressure and the little red arrow refers to the di-
rection of the applied pore pressure. And in this paper, the confining
pressure that compresses into the borehole is defined as negative pres-
sure, and the pore pressure that expands outward in the pore fluid is
defined as positive pressure.

Table 1. Parameters of porous media.

Variable Parameter Simulation value  Units
E tortuosity 2.8481 1
ko permeability 0.0435 um?
n dynamic viscosity of pore fluid 0.00106 Pa-s
[0] porosity 0.197 1
K¢ pore fluid bulk modulus 2.25 GPa
K solid bulk modulus 37 GPa
Ky frame bulk modulus 13.20 GPa
G frame shear modulus 5.40 GPa
p density of porous media 2270 kg/ m’
v third-order elastic constant 3578 GPa
vy third-order elastic constant -1310 GPa
Vi third-order elastic constant -345 GPa
Y third-order elastic constant —-1150 GPa
N third-order elastic constant 1.93 GPa
V2 third-order elastic constant 220 GPa
v third-order elastic constant -110 GPa
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and the fluid in the porous media is greater than 30 MPa, so
that the numerical simulation of the classical theoretical model
can be consistent with the existing experimental results.

3.1. Dispersion curve

In this subsection, the dispersion curve and excitation in-
tensity of the Stoneley wave, pseudo-Rayleigh wave, flexural
wave, and screw wave are calculated from Eq. (18), and the re-
sponse of the dispersion curve and excitation intensity to pore
pressure and confining pressure are analyzed.

Figure 2 shows the curves of (a) dispersion and (b) ex-
citation (b) of Stoneley waves with different confining pres-
sures and pore pressures. In order to show more clearly the re-
sponse of phase velocity and excitation intensity to pore pres-
sure, the changes in phase velocity and excitation intensity for

two different pore pressures at the given confining pressure
are shown in Fig. 1(c). When the pore pressure and confining
pressure are applied with the pressure difference being greater
than 30 MPa, the dispersion curve and excitation intensity in-
crease significantly. The group velocity is greater than the
phase velocity in the frequency range from 0 kHz to 20 kHz.
Under a given confining pressure, the phase velocity, group
velocity and excitation intensity decrease as the pore pressure
increases. The reason for this phenomenon is that when the
pore pressure increases, the strong strain around the compliant
pores in porous media greatly reduces the stiffness of the solid
phase of porous media. This change induces the nonlinear
elastic deformation of the solid phase, which greatly reduces
the elastic wave velocity in the solid phase, and leads to the
decrease of the guided waves velocity in the porous media.[>!

M a s a g 20 —— 15— 0.4
1450f (@) _.=m7T (b) 1.0} (¢ AV [
CP PP — AEI :
= 15y — 0 Mpa 0MPa | 1o
. 1400 cP PP S — —65 MPa 5 MPa
Q) Vu--V, 0 Mpa OMPa| 2 1ol -- —65 MPa 30 MPa | —0.2
E 1350f — Ve --V, —65MPa 5MPaj & 04 4
— Vpu ---V, —65MPa 30 MPa| :
N g 5| Stoneley waves
1300 Stoneley waves S5 Stoneley waves —0.6
e ——— eI 1-038
1250 ““Kf. S op . . . P A ~1.0
0 4 8 1216 20 0 4 8 12 16 8§ 12 16 20

Frequency (kHz)

Frequency (kHz)

Frequency (kHz)

Fig. 2. (a) Dispersion, (b) excitation intensity, and (c) changes caused by different pore pressure responses of Stoneley waves; CP and PP denote the
confining pressure and pore pressure, respectively. V,n and Vg represent the phase velocity and group velocity, respectively. AVp, and AEI refer to the change
of phase velocity (V) and excitation intensity (EI), caused by different pore pressures (PP = 5 MPa and PP = 30 MPa) at the given confining pressure

(CP = —65 MPa).

2400 — T T T T 12 — — 0.1
(a) CP PP (b)
22001\ —Vin—-Va 0MPa 0 MPaj 10t 7 CcP PP 0
i\ —V,,--V, —65MPa 5 MPa — 0 MPa 0 MPa ]
2000 \ —V;, ---V, —65MPa 30 MPa] 8} — —65 MPa 5 MPa -
2 ! o --- —65 MPa 30 MPa 1—
Q) \ S 0.1
g 1800} | 2 6l ] ~
: !l B <
1600} | S 4l {-0.2
\ 3}
1400+ \ 2t S T 1—0.3
1200 F \/Pseudo—Rayleigh waves A of Pseudo-Rayleigh waves | o5l ,/' Pseudo-Rayleigh waves
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60

Frequency (kHz)

Frequency (kHz)

Frequency (kHz)

Fig. 3. (a) Dispersion, (b) excitation intensity and (c) changes caused by different pore pressure responses of pseudo-Rayleigh waves. The notations in the

figure are the same as in Fig. 1.

Figure 3 shows the responses of pseudo-Rayleigh waves
with different confining pressures and pore pressures. Un-
der the condition of no stress, the shear wave velocity in the
fluid-saturated porous media is 1542 m/s, which is close to
the acoustic velocity of 1500 m/s in the borehole fluid. Af-
ter the pore pressure and confining pressure are applied, the
properties of the porous media become the harder formation
than before. The pseudo-Rayleigh waves can be excited at
low frequencies. The phase velocity and excitation intensity

also increase significantly. Under a given confining pressure,

the phase velocity decreases with pore pressure increasing.
The excitation intensity initially increases in a very small fre-
quency range and then decreases at high frequency. In addi-
tion, the phase velocity is more sensitive to pore pressure than
the group velocity.

Figure 4 shows the responses of flexural waves with dif-
ferent confining pressures and pore pressures. Under the con-
dition of no stress, the flexural wave velocity at very low fre-
quency is close to the shear wave velocity. In the range from

2 kHz to 20 kHz, the phase velocity is greater than the group
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velocity. When confining pressure and pore pressure are ap-
plied, the phase velocity is higher than without stress state,
and the maximum value of the excitation intensity becomes
bigger and moves towards high frequencies. Under a given
confining pressure, the phase velocity and group velocity de-
crease clearly at low frequency with pore pressure increasing.
The excitation intensity of the flexural wave increases at low

frequency and then decreases at high frequency with pore pres-
sure increasing at a constant confining pressure.

Figure 5 shows the responses of screw waves with dif-
ferent confining pressures and pore pressures. It can be seen
that the response of the dispersion and excitation intensity of
the screw waves to the pore pressure are similar to that of the

flexural wave.
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Fig. 4. (a) Dispersion, (b) excitation intensity, and (c) changes caused by different pore pressure responses of flexural waves. The notations in the figure are

the same as in Fig. 1.
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3.2. Full waveforms

This subsection numerically simulates the full waveforms
in the borehole with a sound source at the origin of the cylin-

drical coordinate system (0,0,0). The receiver is located on the

s(t) = ;(l—i—cos (ZTZI (z—?))cos (27rf0 (t—§>)>’ 0<1<T,,

0,

where fj and T; are the center frequency and the pulse width,
respectively.

Figure 6 shows the full waveforms of the borehole ex-
cited by a monopole source with a center frequency of 6 kHz.
In the absence of stress, the components of full waves include
compressional waves, shear waves and Stoneley waves. After
confining pressure and pore pressure are applied, the pseudo-

Rayleigh waves appear in the whole wave components. In this

shaft and the distance between the receiver and the source is
5.5 m. The real-axis integration is used to evaluate the wave-
forms. The different excitation modes of the monopole, dipole
and quadrupole source are simulated. And the source pulse

function s(¢) used in this work is

(19)
t<0ort>T,

case, the arrival times of these waves are significantly reduced.
The amplitude of the compressional wave decreases and the
amplitude of the guided wave increases with confining pres-
sure increasing. When the confining pressure is given, the am-
plitudes of these waves do not change significantly and the
arrival times of these waves increase as the pore pressure in-
creases. Moreover, we find that the arrival times of the pseudo-

Rayleigh waves change much more than those of the Stoneley
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waves with pore pressure increasing. This is consistent with
the dispersion curve responses of Stoneley waves and pseudo-

Rayleigh waves.
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Fig. 6. Full waveform response of monopole source, with inset showing
linear amplification of the gray area. The amplified part is the waveform
of the compressional waves, where the blue dashed line, red dashed line,
and black dashed line are the arrival time of the compressional waves at
different confining pressures and pore pressures, respectively.
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Figure 7 shows the full waveform of the borehole excited
by a dipole source. The center frequency of the sound source is

2 kHz. There is the flexural wave components in the full wave.

After applying the confining pressure and pore pressure, flexu-
ral wave amplitude increases and arrival time decreases. With
given confining pressure, the arrival time of flexural waves in-
creases as the pore pressure increases.

Figure 8 shows the full waveform of the borehole excited
by a quadrupole source, where the center frequency of the
sound source is 6 kHz. It can be seen that the response of

the screw waves is similar to that of the flexural waves.

4. Conclusions

In this work, the effects of confining pressure and pore
pressure on the multipole borehole acoustic field in a fluid-
saturated porous media are investigated. Firstly, the acoustic
field equations of fluid-saturated porous media under confin-
ing pressure and pore pressure are derived, and the expressions
of velocity and stress in the porous media are given. Com-
bined with the borehole boundary conditions, the acoustic field
equations of the borehole in fluid-saturated porous media are
derived. The responses of dispersion curves and excitation in-
tensities of guided waves (Stoneley, pseudo-Rayleigh, flexu-
ral, and screw waves) to confining pressure and pore pressure
are analyzed by numerical simulations. The responses of the
full waveforms to the confining pressure and pore pressure by
the monopole, dipole, and quadrupole sources are also investi-
gated. The numerical results show that the phase velocity, ex-
citation intensity, and full wave amplitude of the guided waves
increase significantly under the confining pressure. The am-
plitude of the compressional waves decreases rapidly as the
confining pressure increases. Furthermore, the arrival time of
the full waveforms obviously decreases. For a given confin-
ing pressure, increasing pore pressure causes the phase veloc-
ity of guided waves to decrease. The excitation intensity of
Stoneley waves decreases in the whole frequency range, while
other guided waves, except Stoneley waves, increases at low
frequency and decreases at high frequency. The response of
Stoneley waves to pore pressure is smaller than those of other
guided waves. The arrival time of the full waveforms slightly
increases with pore pressure increasing. The reason is that
pore pressure reduces the equivalent elastic modulus of the sat-
urated porous media with constant confining pressure, which
reduces the body wave velocity and thus affects the change of
the guided waves velocity. The results show that both con-
fining pressure and pore pressure will have an effect on the
propagation of elastic waves. In the actual oil and gas explo-
ration, the reservoir formation is generally porous formation,
which leads to the necessity of considering confining pressure
and pore pressure in exploration. This work may provide some
theoretical guidance for evaluating the reservoir properties by

acoustic logging in the future. The relationship between the
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pressure and the guided wave features (velocity and excita-
tion) is revealed. The physical analysis results would help
inversions of pressure by the sonic logging responses. This
work only considers the case of fluid-saturated porous media
subjected to uniform stress, but the actual formation is very
complex and subjected to non-uniform stress. Therefore, the
response of multipole borehole acoustic field in fluid-saturated
porous media under non-uniform stress needs studying further

in the future.

Appendix A

The expressions for the matrix elements in Eq. (17) are as

follows:
n
by =& l:Kn (krr()) _ern+l (krrO):l ,

1o
by = fa)zpfs,,Kn (kero)

b3 = a)zpfgnKn (krr()) )
n
my; = — [1"01” (krr()) +kr1n+1 (krro):| )

nK, (for())
o

miy = (1 Jrapf)< — VptKnt1 (foro)>,

K, (v,
mi4 = (1+as) %Kn (Vsr())’

nK, (vsrp)

mys = jkz(1+as) ( 7

my1 = @*pyl, (kero)

— V5K (Vsro)) s

myy = [ (H’ —2G + C/apf) kgf

—1
—|—2G/ <I’l (an ) + ng) :| K, (for0>
0

Vpt
+ZG/iKn+| (for()) ,
0]
my3 = [— (H/ —2G' + C'aps) kf,s
nn—1)
+2G ( o + v§S> ] K, (Vpsro)

0
\Z
+2G/rLOSK,,+1 (VPSV()) ,

nn—1 n
(72)Kn (VSVO) - Vs%Kn+l (VSVO):| 5

mo4 = 2G/ [
o

. nn—1
mys = 2jk.G' { ((rz) +Vs2) K, (vsr0)
0

Ve
+ —Kpi1 (Vsro)}y
ro

my = —0>pgl, (ko) ,
m3y = (C/ +Mlapf) kngn (foro) ,

my3 = (C'+M'aps) kp Ky (Vpsro) ,
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0]
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