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ABSTRACT

Dipole Shear-Wave Reflection Survey (DSRS) has gained wide application in identifying unconventional
reservoirs in anisotropic formations. Previous investigations have illuminated how boreholes complicate
the distribution of acoustic energy. However, these models have not accounted for the anisotropic
context, rendering them insufficient for analyzing acoustic energy distribution and radiation efficiency in
anisotropic formations. We derive expressions for energy flux and radiation efficiency from a borehole
dipole source in the vertical-transverse isotropic (VTI) media using the Umov-Poynting vector and
steepest-descent solution. Utilizing this approach, we systematically evaluate the sensitivity of aniso-
tropic parameters to energy flux and radiation efficiency, unveiling intricate variations of these prop-
erties across frequency and anisotropic parameters. Our findings emphasize the substantial influence of
formation anisotropy on energy distribution from a dipole source inside the borehole. Due to energy
conversion between wave modes, five radiation wave modes are elicited by the dipole source, with the
SH wave retaining its status as the prime candidate for DSRS in fast formations owing to its elevated
radiation efficiency. Conversely, the qP-qP wave exhibits advantages over S waves in unconsolidated
formations. A key distinction between isotropic and anisotropic media is the presence of dominant
excitation frequencies in the low-frequency domain. The significance of dominant excitation-frequency
bands is validated by field data, emphasizing their pivotal role. These results offer valuable insights for
designing DSRS measurement strategies, which have broad application expectations for unconventional
oil and gas exploration.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

offers several advantages, including deeper penetration and
orientational sensitivity (Tang et al., 2008; Cheng et al., 2023; Hei

Dipole Shear-Wave Reflection Survey (DSRS) has emerged as a
widely employed borehole exploration technology capable of
identifying and locating hydrocarbon reservoirs (Tang and
Patterson, 2009; Li et al., 2021). Borehole dipole sources generate
elastic waves that propagate through the deep underground and
enable obtaining high-resolution images of subsurface structures
surrounding the borehole (Lee et al., 2019; Xu et al,, 2021). In
comparison to the traditional monopole acoustic reflection imaging
method (Wang et al., 2015; Hirabayashi and Leaney, 2019), DSRS
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et al., 2023). However, it is noteworthy to mention that the
reflection waves used for imaging are considerably weaker than the
predominant borehole direct signals (Ji et al.,, 2021; Kong et al.,
2023; Zhao et al., 2023). Moreover, the presence of an anisotropic
formation environment, particularly the vertical-transverse
isotropic (VTI) formation commonly encountered when drilling in
unconventional formations (Fang et al.,, 2014; Han et al., 2020),
complicates the distribution of borehole acoustic energy and
adversely affects the extraction of weak reflected signals (Liu et al.,
2019; Gu et al,, 2021). Enhancing the ability of dipole sources to
illuminate geologic bodies located away from the borehole in the
VTI environment, enabling the detection of deeper structures and
achieving clearer imaging (Tang et al., 2024), requires an effective
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approach to calculate the dominant frequency band and optimize
the excitation performance.

The distribution of borehole acoustic energy plays a critical role
in borehole acoustic studies. Winbow (1991) introduces the
concept of radiation efficiency which represents the ratio of radi-
ation energy flux to guided wave energy flux, enabling the
assessment of the capability of a borehole source to radiate elastic
energy into the surrounding formation. Cao et al. (2016) calculate
the radiation energy fluxes and efficiencies of different borehole
acoustic sources, demonstrating that the dipole source is more
beneficial for imaging measurement than the monopole source.
Subsequent investigations have detailed the energy fluxes and ef-
ficiencies of dipole radiant waves in various scenarios (Li et al.,
2022), including wireline, logging while drilling (Wei et al., 2019),
and casing (Tang et al., 2019) cases. These studies validated that the
SH wave is the optimal candidate for reflection surveys, and
determining the dominant excitation-frequency band is crucial for
improving the reflection signal-to-noise ratio. However, previous
studies assume isotropic media surrounding the borehole, which
does not accurately model laminated formations in reality. With
respect to the dipole source in a borehole among layered forma-
tions, often characterized as VTI media, researchers focused on
estimating the shear velocity (He and Hu, 2009; Zeng and Li, 2022)
and extracting the shear anisotropic parameters (Thomsen, 1986;
Xu et al., 2017) using borehole mode wave. Only recently have there
been efforts to model and analyze dipole radiation and reflection
wavefields in VTI formation. For instance, Li et al. (2017) evaluate a
3D finite-difference method to model the dipole radiation and
reflection waves in VTI formation. To enhance computing efficiency,
Gu et al. (2023) develop an analytical method based on the
steepest-descent solution to model DSRS for VTI formation,
revealing the strong sensitivity of radiation and reflection wave-
fields to the existence of formation anisotropy. Nevertheless, the
impact of formation anisotropy on the energy distribution from a
borehole dipole source has not been analyzed in previous works.

This study put forward an effective approach to calculate energy
fluxes and radiation efficiencies and analyze the influence of for-
mation anisotropy on acoustic energy distribution, which serves as
a crucial step in designing the excitation frequency band for DSRS in
VTI formation. Specifically, we consider a dipole source positioned
in a borehole surrounded by VTI media, and derive the expressions
for energy flux and radiation efficiency using the Umov-Poynting
vector and steepest-descent solution. To validate our proposed
solution, we conduct a comparative analysis between the aniso-
tropic results and the previous isotropic results obtained from an
isotropic model. Moreover, we perform a comprehensive assess-
ment of the sensitivity of anisotropic parameters to energy flux and
radiation efficiency, presenting detailed variations of these prop-
erties concerning frequency and anisotropic parameters. Notably,
we thoroughly discuss the dominant excitation-frequency band
and the emergence of low-frequency peaks in anisotropic media.
We close by comparing imaging results obtained from different
frequency bands in an anisotropic formation with those from an
isotropic formation, along with proving the validity of our results.

2. Theory and method
2.1. Energy fluxes of borehole guided waves in VTI formation

In the context depicted in Fig. 1, wherein a dipole source parallel
to the x-axis and positioned within a borehole of radius a is excited,
the ensuing elastic waves can be classified into two distinct cate-
gories contingent upon their propagation direction. The first group
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Fig. 1. The VTI model for analyzing radiation efficiency and energy distribution from a
borehole dipole source.

encompasses flexural waves, primarily localized within the bore-
hole, propagating along its axis. When captured by dipole receivers,
these waves yield well-recognized acoustic full waveform array
logs. The second group embodies elastic energy emanating beyond
the confines of the borehole, penetrating the surrounding forma-
tion. This ensemble encompasses the SH wave as well as two
coupled quasi-P (qP) and quasi-SV (qSV) waves (Dong and Toksoz,
1995).

In Logging While Drilling (LWD) measurements, the impact of
the drill collar on acoustic energy distribution must be considered,
given that the instrument occupies a substantial portion of the
borehole. Conversely, wireline logging measurements involve a
notably smaller tool size than in LWD scenarios. Practically, the
transmitting and receiving components of the logging instrument
in wireline setups feature notches, and the steel casing is thin, and
connected by soft materials such as rubber. Consequently, this leads
to a significantly diminished impact of the tool body on field
wireline measurements, with no discernible presence of instru-
ment waves in the waveforms recorded during wireline logging. As
a result, this study concentrates on the pronounced influence of
formation anisotropy on borehole dipole source energy distribu-
tion, excluding consideration of the influence of the tool body.

Energy-flux density is a crucial quantity that describes a wave-
field, representing the energy carried by elastic waves across a unit
area perpendicular to the velocity direction. Energy flux encapsu-
lates the complete energy traversing a designated surface, attain-
able through integration of the energy-flux density across that
surface. In the context of a dipole source, it generates the most
fundamental lowest-order flexural wave, releasing energy along
the borehole within the logging frequency band. Calculating the
energy-flux vector requires determining the radial, axial, and
azimuthal Umov-Poynting vector components for the flexural
wave. The energy-flux density is able to be calculated solely by
employing the axial energy-flux vector, as it represents the
component of the average energy-flux vector aligned with the di-
rection of wave propagation. Energy-flux densities of flexural
waves consist of two components: the borehole fluid component,
denoted as Ef, and the VTI formation component, designated as Egn,.
In a cylindrical coordinate framework (r, ¢, z), they can be written
as:



X.-H. Gu, E-T. Kong, Y.-D. Su et al.

1 *
Etlr<q = _iRe<Pf'Ufz> (1)
1
1 * * ¥
Etmlrsa = _jRe(UTZ'Ur + Opz*v, + JZZ'VZ)

where Prand ”;z are the fluid pressures and complex conjugates of
particle velocities along z-axis in the borehole fluid, respectively;
vy, v, and v are the complex conjugates of radial, azimuthal and
axial particle velocities in the infinite formation, respectively. oz,
0,z and o, are the axial stresses in the formation. Re means to take
the real part of the corresponding complex number. The detailed
expressions of the fluid pressures, the stresses and the particle-
velocity components in Eq. (1) are derived as follows.

In accordance with the Helmholtz theorem, the displacement in
the borehole fluid uf and elastic solid us can be given with regard
to their potentials, respectively, as

{

Here, Z signifies a unit vector in the borehole direction, ¢; depicts
the acoustic wave displacement potential inside borehole fluid, and
¢, x and I" depict the gP, SH and qSV wave displacement potentials
in the VTI formation, separately. Suitable expressions for the
displacement potentials are (Tang and Cheng, 2004)

U = V¢

Us=Vo+Vx(x2)¢+V xVx(I'z) (2)

Here rg denotes the radius of the dipole source, S(w) denotes the
frequency spectrum of dipole source. fand g denote, separately, the
radial wavenumbers of the fluid and formation, and subscripts SH,
P and SV denote an SH wave and coupled qP and qSV waves. Kj is
the n-order modified Bessel function related to outgoing wave,
with n = 1 denoting the dipole (the analytical solutions obtained in
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this paper can be applied to monopole or high-pole modes by
taking different values for n in the equations, such as n =2
denoting the quadrupole). Elements a’ and b’ are given in the
following

1 (a3 + 2¢44)k* — 1193 — po?
ik cgqak? — (c11 — C13 — C44) 3

b = —i Caak? — (C11 — C13 — Cag)q3y — p?

(C13 + 2c44)k? — €113, — pw?

/

— pw?

A common equation for obtaining the unknown amplitude co-
efficients By, D;; and F is built considering the boundary condition
at borehole wall

Ny Ny Niz Nig| [An by
N1 Nap Npz Nog | | Ba| _ | b2 (5)
N3; N3 Nzz Nzy| |Dp b3
Ngyi Nap Ngz Nys| | Fn by

where Aj is the unknown coefficient of borehole wave. b; and Nj
(i,j=1,2,3,4) are expressed in Appendix A.

Substituting the potentials of Eq. (3) into Eq. (2), we obtain the
expression of radial displacement in fluid and radial, azimuthal and
axial displacement in VTI formation

+00 )
o = (f;") 4;2 ) S(w) LO An(w, Ky (qfr) elkzdk
—+00 .
6= (22) 22500 [ Bt R + B Koasur el
(3)
X = ( 20) O 5) [ Duo Wikalasur)e
+o00 X
= o (0) S0 ) | @Bt ) + P 0K asur) ek
ug, = ikAnly <qfr> ek sin(neg)
_ { (ik + b")Fn(nKn(qsvr) /1 — qsvKny1(qsvT))+ } sin(ng)
L (ikd' + 1)Bn(nKn(qpr) /T — qpKy+1(qpr)) + nDnKn(qsur)/ ¢ (6)
y { Dy (nKn(qsur)/1 — qsuKny1(qsur))+ } cos(ng)
? 7 [n(ik + b')FaKn(qsyt) /T + n(ika’ + 1)BnKy(gpr) /1] ¢
U, = Klkb’ - qSV)FnKn(qsvr) + ( —dgd+ 1k) ByKn (qpr)] el sin(ng)

For the purpose of obtaining the pressure P; and particle ve-
locity Vg, in the borehole fluid, the potential ¢¢ and displacement
ug, are substituted into the pressure-potential relation Py = pw?¢¢
and velocity-displacement relation vg, = iwug, yield
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The radial, azimuthal and axial particle velocities in the infinite
formation also can be obtained by substituting the displacements
ur, U, and u, into velocity-displacement relation. Employing Eq. (6)
in the strain-displacement relation in cylindrical coordinate sys-
tem, the stress components outlined in Eq. (1) are obtained through
Hooke's law:

Py = pw?An(w, k)Iy (qfr) ¥ sin(ne)

. 7
Vi, = —wkAnly (qfr> e® sin(ne) @

The determinant of Nj; results in a dispersion equation govern-
ing guided waves for the VTI formation

Ni1 N1z N1z Ny
N N N N
G k7w —det 21 22 23 24 -0 9
(k, ©) N3; N3 N33 Ny )
Ng1 Ngz Ngz3 Ny

where det(Nj;) indicates the determinant of Nj;. Eq. (9) is known as
the period or dispersion equation. When w is held constant, this
equation assumes a nonlinear form with respect to wavenumber k,
necessitating a numerical solution.

For the particle velocities and stress components in Egs. (1) and
(8), we perform a k integration to obtain the wave excitations
spectrum in the frequency domain. The poles of the dipole acoustic
field correspond to the flexural mode. The straightforward wave-
number integration as described previously is along the real
wavenumber axis. An alternative approach involves contour inte-
gration in a complex k plane based on Cauchy's theorem. For
example, the excitation spectrum of particle velocity vg, in the
frequency domain may be written
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+0o0

vy (@) = J, vey (o, k)eidk

. (10)
= Zwizl:Res [vfz(w, k)e"‘z] K

where Res indicates taking residue of v, (w, k)elkZ at the wave-
number value k; at the Ith pole (Considering [ = 1 associated with
the first-order flexural wave in dipole logging frequency range). By
substituting the aforementioned pressures, particle velocities, and
strains into Eq. (1) to derive Ef and Egy, followed by the integration

Fu (1% + gy — 2k ) (qsvKn1(dsur) — nKn(dsvr) /1) + _ )
Orz = sin(ne)cyqe"*
Bn(a'k? + '3 — i2K) (qpKy1(dpr) — nKn(dpr)/1) + inkDnKn(gsr) /1
ikDn(qsuKn11(qsur) — nKn(qsur)/1)+ s (8)
Toz = [(izkb’ — k- q§v) nFnKn(qSVr)/r + (iZk —adk* - a’qlz,) anKn(qpr)/r} cos(ne)caqe
[ — k*c33b’ +i(cy3 — c33)qdyk + C13Q§vb/] FaKn(qsvh)+ | s
Oz = . sin(ng)e'
[— k?c33 +i(cr3 — c33)a'qpk + C13Q12)} BnKn(qpr)

of flux densities across a section encompassing the borehole fluid
and VTI formation (note that the two media are separated by the
borehole radius), the computation of the flexural wave energy flux
along the borehole is realized in the following manner:

a 00
wngzn(J E+ [ Efm)rdr 11)
0 Ja

2.2. Energy fluxes of radiation waves in VTI formation

In the following, we proceed with the calculation of the radia-
tion energy flux in spherical coordinate system (R, 6, ¢). As a
borehole source is excited, the radiated wave propagates outward
into the formation as a spherical wave. The far-field displacements
of gP, SH and SV radiated waves from a dipole source can be
determined by using the steepest descent method for VTI medium.
We utilize the results of Gu et al. (2023 ) for a borehole dipole source
embedded in VTI formation. The specific expressions for these
waves are provided below.

With regard to qP wave:
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—QpoBn(w, kpo)

qpo sin 6|wp" (kpo)|
ikpoBn (w, kpo)

gpo sin 0|wp" (kpo)|

sin 0+

gy =)

1
4mpV2R

2

n!(%

y

—b'qsvoFn(w, ksvo)
V/@svo sin Ojwsy” (ksyo)|
iks\/ob,Fn(w7 kSVO)
V/Qsvo sin Olwsy” (ksyo)|

1

n
| pV2
) ampVaR |

(@)

n!

UR_sy =

5

With regard to SH wave:

_Sw)
" nt

1
4TpVZ,R

(3)

{pVSZHQSHODn (w, ksyo)sin(ne)
V/Gsto Sin O|wsy" (kso)|

With regard to qSV wave:

R(ikspo cos 6—
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cos(ne) | eR(ikeo 0s 0—dro sin 0)—im/4

(12)

sin 6+

cos(ny) eR(iksvo cos B—Gsvo sin 6)—ir/4

cos 0

radiant wave is quantified as the energy conveyed by acoustic

Gsno Sin 0)—im/4 (13)

waves through a unit area of this spherical surface. Mathematically,
the energy flux density of a unit spherical area is expressed as

—iksvoqsvoFn(®, ksvo) cos f—
) - () @ n; ) \/QSVO sin fjwsy” (ksyo)| cos(ng) eR(iksvo cos 6—qsvo sin f)—im/4
0-sv =17 \2 ) amoVZ R |PVSY 2u0Fn(w, k ’
1 p SV *qsvo n(wv <SVO) Sin 0
V/Gsvo sin flwsy” (ksvo)]
(14)
n 71kp0a'QPan (C:h keo) os g
. S(w) (@) 1 2 V/Gpo sin jwp” (kpg)] cos(np) | eRlike os 0-dpo sin )i /4
n! \2) 4mpV2R —a q3oBn(w, kpo)
/@po sin lwp” (kpo)|
The values of kp, ksyo and ksyo are derived by calculatingthe g _ lpo+ + Vp_oyO + vy o0
anisotropic steepest-descent solutions for the axial wavenumbers rad 2 kopuep = VoS 44 o0
kp, ksy and ksy, respectively. The phase velocities Vp, Vsy, and Vsy +Vp_syORI—sv + Vp_sHORy) (15)

correspond to qP, qSV, and SH waves and vary with the radiation
angle 6. It is evident that, owing to the coupling between the qP and
qSV waves, both the displacement expressions for qP and qSV
waves encompass two distinct components, this contrasts signifi-
cantly with the isotropic scenario. Comprehensive details regarding
the anisotropic steepest-descent solutions and the expressions for
Whp(kpo), Wey (ksvo) and wgy (kspo) are meticulously outlined in the
work of Gu et al. (2023).

Radiant waves propagate outward in a spherical manner,
distributing their energy across the surface of a sphere with radius
R, encompassing an area of 4wR%. The energy-flux density of the

4038

where V;,pO‘RR—Pv V;,SVURR—SVv U;,pURﬂ—Pv U;,SVUR(?—SV and U;75H0R¢
denote the energy flux density for qP-qP, qP-qSV, qSV-qP, qSV-qSV
and SH waves.

To determine the complex conjugates of particle velocities in Eq.
(15), we substitute Egs. (12)—(14) into the velocity-displacement
relation. This procedure yields the expressions for the particle
velocities.

With regard to qP wave:
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—QpoBn(w, kpo)
gpo sin djwp" (kpo)|

ikpoBn (w; kpo)
qpo sin Owp” (kpo)|

sin 0+

v _ l(JJ 2
R = 4mpv2R |”

cos 0

—b'qsvoFa(w, ksvo)
_ e V2 V@svo sin flwsy” (ksyo)|
4mpVg,R Prs iksvob Fa(, ksvo)
V/@svo sin fjwsy” (ksvo)|

sin 6+

VR—sv

cos 0

With regard to SH wave:

. 2 .
1w pVSHqSHOD"(wv kSHO)Sln(n‘P) eR(ikSHO cos 0—qsuo Sin 0)—in/4

v = s "
" 4mpVAR | \/dsuo sin Olwsy” (Kspo)|

With regard to qSV wave:

—iksvoqsvoFn(w, ksvo)
) iw V2 V/@svo sin fwsy” (ksyo)|
O—-sv = 1 2 p SV
M 4mpVE,R —q&0Fn(w, ksvo)

VGsvo sin Olwsy” (ksyo)|

cos 00—

sin 6

—ikpoa qpoBn(w, kpo)
qpo sin djwp” (kpo)|
—a'q3oBn(w, kpo)
qpo sin djwp” (kpo)|

cos 60—

iw 2

> = gmpvag PP

In order to determine the stress components in Eq. (15), we
substitute Eqgs. (12)—(14) into the strain-displacement relation,
yielding the stress components through the application of Hooke's
law.

With regard to qP wave:

ORR-P = — 7~

n! 2 41R

\/Gro sin 0]y’ (kpo)|

TRR-SV = ar (@)ncos("¢) { —cn @b Fa(©, ksvo)
- | 2 41R . ”
" ™R L2, \/asvo sin 01y (ksvo)|
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cos(ne

cos(ne) | eRlikeo 0s 0—aro sin 0)~im/4
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cos(ney) eR(iksvo cos f—Gsvo sin 6)—ir/4

(18)

cos(ng) | eRlikeo os 0o sin 0)~im/4

With regard to qSV wave:
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With regard to SH wave: (computed using Eq. (11)) for both isotropic Sandstone and aniso-
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tropic Austin Sandstone (formation properties detailed in Table 1).
By substituting Eqgs. (19)—(21) and Eqgs. (16)—(18) into Eq. (15), As shown in Fig. 3(a), the velocity of the dispersive flexural mode in

we derive the radiated energy flux density Erad. Integrating Eraqover  Sandstone closely approaches the shear velocity Vs = \/u/p at

a sphere centered on the borehole source with a radius of R, the lower frequencies, where u represents the formation shear

radiation energy flux is determined in the following modulus. However, in Austin Sandstone, the phase and group ve-
‘T

wm = J (E;gd -R?-sin 0) dd, (m = qP-gP, qP-qSV, gSV-qP, qSV-qSV and SH) (22)
Jo

locities of the mode at low-frequency limits equate to the shear
where superscripts qP-qP, gP-qSV, qSV-qP, qSV-qSV and SH wave, velocity (Vs = y/C44/p) propagating along the axial direction of the

respectively. borehole. Notably, a minimum group velocity emerges within the
medium frequency range, leading to the phenomenon known as
3. Results and analysis the Airy phase. This phase is characterized by the slowest wave
propagation and the most pronounced wave energy, corresponding
3.1. Verification of anisotropic method in the isotropic formation to the peaks observed in the flexural-wave energy flux presented in

Fig. 3(b). The energy flux values offer insights into the behavior of
Initially, we direct our attention to an isotropic formation flexural waves during transitions between different media. The
(specifically, the Sandstone outlined in Table 1) to establish the ~ ©bserved trend of flexural-wave energy fluxes is noteworthy; they
validity of the anisotropic formulation in this particular context. exhibit an initial increase followed by a subsequent decrease with
In Fig. 2, we present a comparison between the dispersion rlslng.frequen.cy. I.-‘or the isotropic case, the energy fluxes reagh the
curves, energy fluxes of the flexural wave, energy fluxes of radiation ~ Peak in the vicinity of 5.4 kHz; however, this frequency shifts to
waves, and radiation efficiencies. These values are respectively -8 kHz for the VTI case. Evidently, formation anisotropy resultsin a
computed using Eqgs. (9), (11) and (22) based on the anisotropic ~ higher peak frequency and a diminished peak value.

method, and the isotropic solution, computed following the _ Our focus now shifts towards radiant energy fluxes and effi-
approach outlined by Cao et al. (2016). The exact agreement ciency in both isotropic and VTI formations. In Fig. 4(a), the impact
observed between isotropic results (depicted as dots) and aniso-  ©f anisotropy on the source radiation is evident when compared to
tropic results (illustrated as solid curves) serves to validate both the the isotropic case. In the AUS.UH Sandstqne, five radiation waves are
formulation and the obtained results. observed, each corresponding to a displacement component as

described in Eqs. (12)—(14). The primary components (qP-qP, qSV-

qSV, and SH waves) mirror the three radiation waves observed in

3.2. The energy flux and radiant efficiency in VTI formation isotropic Sandstone (P, SV, and SH waves). However, the polariza-
tion directions of qP and qSV waves are neither perpendicular nor

For the purpose of investigating the impact of formation  pharajle] to the wave propagation directions, leading to the emer-
anisotropy on borehole source excitation, we select Sandstone and gence of coupling components (qP-qSV and qSV-gP waves).
Austin Sandstone as representative formations, enabling the illus- Notably, the energy flux of SH and qP-qP radiant waves in the VTI
tration of disparities in energy flux and radiant efficiency between  gjtyation is greater than their counterparts in isotropic media.

isotropic and anisotropic scenarios. Fig. 3 depicts the dispersion Conversely, the peak value of qSV-gSV radiant energy flux is lower
curves (calculated using Eq. (9)) and energy fluxes of flexural waves
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Table 1
The anisotropic parameters and density of the medium.
Medium c11,GPa c33,GPa cy3,GPa C44,GPa Cgg,GPa p, kg/m3
Fluid 225 225 225 - - 1000
Sandstone 36.8 36.8 12.5 12.2 12.2 2300
Austin Sandstone 36.8 234 125 9.4 12.167 2300
Iso unconsolidated formation 7.78 7.78 6.74 0.51 0.51 2000
Ani unconsolidated formation 7.78 5.94 5.13 0.41 0.51 2000
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Fig. 2. Comparison of (a) dispersion curves, (b) energy flux of flexural wave, (c) energy fluxes of radiation waves and (d) radiation efficiency calculated using isotropic (solid curves)
and anisotropic (dots) methods in isotropic Sandstone formation.
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Fig. 3. Comparison of (a) dispersion curves and (b) energy flux of flexural wave of borehole dipole source in Sandstone and Austin Sandstone.

than its counterpart in isotropic media. Furthermore, the presence
of anisotropy causes the flexural-wave energy flux to decrease,

while the energy flux of the coupling radiation wave appears. These
changes in energy flux highlight the energy conversion between
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Fig. 4. Comparison of (a) energy fluxes of radiation waves and (b) radiation efficiencies of borehole dipole source in Sandstone and Austin Sandstone.

different wave components. Additionally, as shown in Fig. 4(a), the
energy flux of the qP-qSV wave is notably higher than that of the
qSV-qP wave, consistent with the findings obtained by Gu et al.
(2023) for the borehole-dipole radiation pattern.

Regarding the radiation efficiency in Fig. 4(b), the SH wave ex-
hibits the highest efficiency in both isotropic and VTI formations,
rendering it the most suitable candidate for DSRS. The optimal
excitation frequency in the isotropic formation is approximately
4.2 kHz. In contrast, the scenario becomes more intricate in the VTI
formation when compared to its isotropic counterpart. There are
two peaks for the SH-wave radiation efficiency, the corresponding
excitation frequencies are around 2.7 and 4.1 kHz. The presence of a
dominant excitation frequency (2.7 kHz) in the low-frequency
domain gives the main difference in SH-wave radiation effi-
ciencies between isotropic and anisotropic media.

3.3. The effect of elastic parameters on energy flux and radiant
efficiency

Sensitivity analysis holds a paramount role in exploring the
impact of elastic parameters on energy distribution. Kazei and
Alkhalifah (2019) employ a scattering atlas to elucidate the
responsiveness of scattered wavefields to distinct anisotropic pa-
rameters. To attain deeper insights into radiation-energy charac-
teristics concerning formation anisotropy, we simulate the
influence of Thomson anisotropic parameters ¢ and vy (Thomsen,
1986) and five elastic parameters on radiation energy flux. Varied
perturbations in the anisotropic parameters yield diverse radiation
energy flux patterns, consequently enabling the radiation energy
flux atlas to effectively capture the sensitivity of radiation energy to
these anisotropic parameters.

We consider a Sandstone background, as detailed in Table 1, and
systematically perturb ¢ and y independently, with each value
ranging from O to 0.1. The resultant variations are depicted in the
energy flux sensitivity plot presented in Fig. 5. For each parameter
perturbation, we calculate the energy flux within the frequency
range of 3.0—6.0 kHz. The color intensity in the plot corresponds to
the magnitude of the energy flux. Analysis of the sensitivity plots
reveals distinct trends. Specifically, we observe that SH wave ra-
diation is essentially insensitive to perturbations of e, with the
energy flux exhibiting small changes at various frequencies. In
contrast, the perturbation of v significantly affects SH wave radia-
tion, indicating the pronounced sensitivity of SH wave radiation to
shear wave anisotropy.

Subsequently, we systematically perturb five anisotropic elastic
parameters independently in the same manner, each ranging from
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0% to 15%. These perturbations serve to increase cy; and cgg,
respectively, or decrease cs3, €13, and ca4, respectively. The resulting
variations are depicted in the energy flux sensitivity plot presented
in Fig. 6. Specifically, we observe that the SH-wave radiation re-
mains largely insensitive to variations in cy3 and c33, with the en-
ergy flux exhibiting minimal changes at individual frequencies.
While the influence of cq; is relatively minor, notable impacts are
evident when considering c44 or cgg, both of which markedly affect
SH-wave radiation. Notably, we identify a discernible enhancement
in the energy flux peak, accompanied by a slight upward shift in the
corresponding frequency, particularly in cases where c44 decreases
or cgg increases. This observation underscores the substantial
sensitivity of SH-wave radiation to shear-wave anisotropy and is
consistent with the conclusions obtained in Fig. 5.

It is noteworthy to mention that when elastic waves radiate
from a borehole source into a VTI formation, both compressional
and shear wave anisotropies manifest simultaneously within the
wavefield. Consequently, a more judicious approach involves
analyzing energy flux sensitivity through concurrent reductions in
c33 and ca4. This strategy yields a more pronounced enhancement
in peak values and frequency shifts, as depicted in Fig. 6. In the
subsequent sections, we delve into an exploration of the impact of
formation anisotropy on energy flux and radiant efficiency, ach-
ieved by simultaneous perturbations of c33 and c44 within the range
of 0%—15% (the corresponding ranges of Thomsen anisotropy pa-
rameters e 7y and ¢ are 0—0.088, 0—0.088 and 0-0.062,
respectively).

To study the influence of anisotropy on guided waves, we
employ the calculation of flexural wave energy flux (Eq. (11)),
simultaneously perturbing cs33 and c44 within the range of 0%—15%.
Owing to the presence of a cut-off frequency for guided wave, we
establish our excitation frequency spanning from 2 to 8 kHz for the
analytical study. As depicted in Fig. 7, the graphical representation
showcases the variations in energy flux concerning both frequency
and perturbed anisotropic parameters. In the isotropic scenario,
where a 0% reduction is considered, the flexural wave energy flux
attains a peak magnitude at a frequency of 5.4 kHz. Particularly, as
formation anisotropy is progressively augmented, a conspicuous
decline in the peak value becomes evident, concomitant with a
concurrent elevation in the corresponding peak frequency. Under
the conditions of a 15% reduction in both ¢33 and ca4, the energy flux
achieves its maximum amplitude, representing half of the isotropic
counterpart's value, and is observed at 5.9 kHz. This trend signifies
a significant impedance imposed on the propagation of flexural
waves due to the anisotropic characteristics engendered by sedi-
mentary structures. Moreover, this phenomenon suggests the



X.-H. Gu, E-T. Kong, Y.-D. Su et al.

027
0.24

5 6

Thomson parameter value

Frequency, kHz

Petroleum Science 21 (2024) 4034—4051

027

0.24

0.09

() 0.21
=
g
e 018
9]
2
[5}
£ 015
(]
®
a 0.12
| =}
<]
[72]
£
S
o
o

0.06

0.03

Frequency, kHz

Fig. 5. The radiation atlas describes the sensitivity of SH-wave energy flux to Thomson anisotropic parameters and excited frequency.

Cszand Cyy

Percentage decrease, %

Frequency, kHz

Fig. 6. The radiation atlas describes the sensitivity of SH-wave energy flux to anisotropic parameters and excited frequency.

plausible occurrence of mode conversion from guided waves to
radiated waves, consistent with the principle of energy
conservation.

Fig. 8 illustrates the impact of formation anisotropy on the en-
ergy fluxes of qP and qSV radiation waves. In the majority of studied
wave modes, a reduction in c33 and c44 enhances wave anisotropy,
consequently leading to increased energy fluxes in wave pairs such
as gqP-qP (Fig. 8(a)), qP-qSV (Fig. 8(b)), and qSV-qP (Fig. 8(c)).
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However, an exception arises with the qSV-qSV wave (Fig. 8(d)),
where an increment in wave anisotropy corresponds to a gradual
decline in energy flux. Notably, this behavior mirrors the phe-
nomenon observed in the flexural wave discussed in Fig. 7. This
similarity arises due to their analogous polarization directions and
shared contribution of wave energy to mode conversion within VTI
media. Within the frequency range of dipole-logging, both the qP-
qP wave and qSV-qP wave exhibit peak frequencies that remain
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unaltered by anisotropy, displaying narrow peaks. In contrast, the
presence of anisotropy induces a slight frequency shift towards
higher frequencies for qSV-qSV and qP-qSV waves. With respect to
coupling components, the energy flux variation of qP-qSV wave
surpasses that of gSV-qP wave. Particularly, under the conditions of
a 15% decrease in both c33 and c44, the peak value for qP-qSV wave
exceeds that of qSV-qP wave by an order of magnitude. This
observation highlights the heightened sensitivity of the qSV
component, relative to the qP component, to formation anisotropy.

Fig. 9 presents the depiction of SH-wave energy flux variation

(a) gP-gP wave

Petroleum Science 21 (2024) 4034—4051

concerning both frequency and anisotropic parameters. Unlike the
SV-wave case illustrated in Fig. 8, the SH wave exhibits a distinct
behavior characterized by a pure mode, where its energy flux es-
calates concomitantly with an increase in formation anisotropy.
This disparity underscores a noteworthy contrast, revealing that
the SH wave possesses the capacity to radiate energy into the VTI
formation more effectively when its particle motion aligns with the
bedding plane, in contrast to its behavior when perpendicular to
the bedding plane. Comparatively, in relation to qP and qSV waves,
the SH wave attains the most prominent peak value of energy flux.
This observation indicates the dominance of the SH mode within
the DSRS.
For a more detailed investigation into the impact of anisotropy
on SH-wave radiation, we explore the variations of SH-wave energy

flux density (calculated using Efi = —1Re(v;0,) according to Eq.

(15)), with respect to frequency and radiation angle. This analysis
encompasses both isotropic conditions (c33 and c44 reduced by 0%)
and anisotropic media (c33 and c44 reduced by 15%), as depicted in
Fig. 10(a) and (b) correspondingly. Examining the energy flux
density profiles in isotropic and anisotropic formations reveals a
discernible correlation between the dominant radiation frequency
and radiation angle. Notably, both figures exhibit symmetry with
respect to a 90° angle line, and the dominant frequency experiences
a decrement as the radiation angle progresses from 0° to 90°. In
essence, when the SH-wave radiates perpendicular to the borehole
axis, the dominant frequency notably diminishes compared to
scenarios where the wave propagates along the borehole.
As observed earlier, the presence of formation anisotropy am-
plifies SH-wave energy flux. This observation indicates that within
the entire range of radiation angles, the energy flux density in

(b) gP-qSV wave
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anisotropic media surpasses that of its isotropic counterpart. This
discrepancy is attributed to the reduction in c33 and c44. However, a
more comprehensive analysis is warranted to evaluate energy
characteristics across diverse radiation angles. Fig. 10(c) juxtaposes
SH-wave energy flux density between anisotropic (solid curve) and
isotropic (dashed curve) scenarios, focusing on a radiation angle of
90°. While no significant frequency shift is apparent, a noticeable
increase in the peak value for the anisotropic case aligns with ex-
pectations. Fig. 10(d) mirrors Fig. 10(c) with the exception of a ra-
diation angle set at 10°, thereby examining the scenario of SH wave

(a)

Isotropic

Radiation angle, degree

Frequency, kHz

x1e-6

(c) 40

Radiation angle 90° — — Isotropic

Anisotropic

SH wave energy flux density
©
S

Frequency, kHz

Petroleum Science 21 (2024) 4034—4051

radiation nearly along the borehole axis. Upon scrutiny, the results
unveil intriguing insights. Anisotropy induces an augmented en-
ergy flux density at high-frequency ranges; however, intriguingly, a
decrement is observed in the context of low-frequency cases. This
phenomenon underscores that anisotropy's influence on the in-
crease of SH-wave energy is nuanced, bearing a close interrelation
with the radiation angle.

It is imperative to mention that the evaluation of radiation en-
ergy flux outside the borehole cannot be directly applied to opti-
mize excitation frequencies for DSRS, primarily due to the omission
of significant guided waves. Hence, the assessment of the dominant
excitation-frequency band necessitates consideration of radiation
efficiency, a parameter delineating the capacity of the borehole
source to convey elastic energy into the formation. To ascertain this,
we divide the radiation energy fluxes of qP and qSV waves, depicted
in Fig. 8, by the flexural wave energy flux presented in Fig. 7. This
approach gives the variations in radiation efficiencies for qP and
qSV waves with respect to frequency and anisotropic parameters
within the 2—8 kHz frequency band, as illustrated in Fig. 11.

Upon examination, it becomes evident that all radiation effi-
ciencies exhibit two prominent peaks, characterized as low-
frequency and high-frequency peaks, in the presence of formation
anisotropy. However, under isotropic conditions, the radiation ef-
ficiency of the qP-qP wave manifests a solitary peak, while that of
the qP-qSV and qSV-qP waves registers as zero. Across the majority
of considered wave modes, the magnitude of both low- and high-
frequency peaks escalates with increasing anisotropy. Notably,
this trend is disrupted for the low-frequency peaks associated with
qP-qP and qSV-qSV waves, where the magnitude initially rises and
subsequently diminishes with increasing anisotropy. Another
intriguing observation is the amplification of low-frequency peaks
within the qSV components (qP-qSV and qSV-qSV waves),

(b)
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Radiation angle, degree
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x1e-6

(d) 12
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Fig. 10. Comparison of SH-wave energy flux density varies with frequency and radiation angle in (a) isotropic and (b) anisotropic formations. The SH-wave energy flux density of
anisotropic (the solid curve) and isotropic (the dashed curve) scenarios is also plotted, separately, at the radiation angles of (c) 90° (perpendicular to the borehole) and (d) 10°

(nearly along the borehole).
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Fig. 11. Radiation efficiencies of (a) qP-qP, (b) qP-qSV, (c) qSV-qP and (d) qSV-qSV waves vary with frequency and anisotropic parameters perturbation with a percentage decrease of
¢33 and c44 ranging from 0% to 15%.

surpassing their high-frequency counterparts. Conversely, the peak
amplitudes of the qP components (qP-qP and qSV-qP waves) show
a contrary trend. Throughout the frequency band, the variation in
dominant excitation frequency attributed to anisotropy remains a
salient feature.

Utilizing the same computational approach and parameters
outlined in Fig. 11, we present the depicted variations of SH radia-
tion efficiency concerning frequency and anisotropic parameters in
Fig. 12. Notably, within the context of the SH wave, heightened
anisotropy yields an augmented magnitude of the high-frequency
peak, as well as a shift of this peak towards higher frequencies.

6

Frequency: Kz

Fig. 12. SH-wave radiation efficiency varies with frequency and anisotropic parameters
perturbation with a percentage decrease of c33 and c44 ranging from 0% to 15%.
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Conversely, the low-frequency peak displays an initial amplitude
increment, succeeded by a decrement with escalating anisotropy.
This low-frequency peak similarly shifts towards lower frequencies.
A comparative analysis of the radiation efficiencies depicted in
Figs. 11 and 12 underscores a pivotal observation. Despite the
excitation of five radiated wave modes by the dipole source, the SH
wave emerges as the optimal choice for precise borehole reflection
imaging due to its elevated radiation efficiency. A key disparity
between the SH radiation efficiency of isotropic and anisotropic
medium lies in the manifestation of a low-frequency peak within
anisotropic media. This observation serves as a fundamental un-
derpinning for designing the center frequency of the excited

borehole source and optimizing the frequency band of the
employed bandpass filter.

4. Field data examples

Given the results presented above, one can design the acoustic
excited system of a logging source and optimize the bandpass filter
band for borehole reflection imaging. In the following, we apply our
method to field data processing and provide evidence of the
presence of a low-frequency peak in anisotropic media. The im-
aging results with different frequency bands from the anisotropic
formation will be compared with those from the isotropic forma-
tion to demonstrate the validity of our results.

Fig. 13 shows the detailed imaging results for the 45 m depth
interval across a limestone formation of Bohai Bay Basin. The
borehole is drilled using water-based mud with a density of
1000 kg/m? and an acoustic velocity of 1500 m/s. Panel 1 displays
the borehole caliper (CAL) and density (DEN) curves across the
formation. In panel 2, the compressional (DTP) and shear (DTS)
slowness curves are presented, with smooth curves indicating a
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Fig. 13. Field example of using radiation efficiency (see panel 7) to explain the different frequency bands image of 2.0—5.0 kHz (Panel 4), 2.0—3.5 kHz (Panel 5), and 3.5—5.0 kHz
(Panel 6) in isotropic formation (Panel 3 displays a very low shear anisotropy value). Panel 1 displays the CAL and DEN curves. Note that the radiation efficiency is calculated using

the DTP and DTS curves in Panel 2, the density curve, and the anisotropy value.

stable borehole condition. Panel 3 gives the shear anisotropy value
extracted from the dipole data by the borehole flexural-wave
inversion method. As described by Xu et al. (2017), the VTI prop-
erties of formation significantly influence the flexural-wave
dispersion, and the sensitivity peaks align with observed peaks in
the flexural wave energy flux, corresponding to the Airy phase of
flexural waves. The inversion method involves calculating the
theoretical flexural wave dispersion curve specific to the VTI for-
mation and utilizing it to fit the measured wave dispersion data.
This enables the simultaneous determination of vertical and hori-
zontal shear wave velocities, from which we can obtain the shear
anisotropy value.

One can see that the shear-wave anisotropy value over the
section is less than 0.5% which can be regarded as an isotropic case.
As described by Tang and Patterson (2009), an effective pre-
processing procedure including wavenumber filtering, frequency
band-pass filtering, etc, is generally implemented before migration
and imaging to suppress low-frequency guide waves and extract
the reflection signals. We perform a comparative study of the im-
aging results in different frequency bands by adjusting the fre-
quency filtering parameters while keeping other preprocessing and
migration parameters unchanged. In our approach, we employ an
integrated framework to suppress borehole guide waves with
substantial amplitude by cascading parametric array wave esti-
mation method, f-k filtering and median filtering. The transmitter-
receiver array data is utilized to separate up- and down-going
reflection waves based on the apparent slowness difference be-
tween reflection and direct waves, respectively. In the case of
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acoustic logging data, the shear wave slowness obtained from
logging measurements conveniently constructs the velocity model.
After migrating the array reflection data through the Kirchhoff
method, the acoustic reflection data are projected onto the 2D
domain for geological structure imaging. The resulting image for
the frequency bands of 2.0—5.0 kHz (Panel 4), 2.0—-3.5 kHz (Panel
5), and 3.5—5.0 kHz (Panel 6) reveal the difference of using bore-
hole acoustic data with different frequency bands. Compared with
the imaging result with a low-frequency band (2.0—3.5 kHz), which
displays the dominant direct waves residue (as labeled by the white
arrows), the migration image with a high-frequency band
(3.5—5.0 kHz) shows several well-defined, high-angle reflectors (as
labeled by the black arrows) around the borehole, in addition, the
imaging result with a full-frequency band (2.0—5.0 kHz) displayed
as areference. This phenomenon can be well-explained with the SH
radiation efficiency (Panel 7) calculated from the parameter curves
in Panels 1—-3. Although the peak values of SH radiation efficiency at
the three typical depth positions are different from each other, their
corresponding dominant excitation frequencies are all around
4.2 kHz, as contained in the high-frequency and full-frequency
bands. Thus the reflection events are visualized in those two fre-
quency band results but disappear in the low-frequency band
result, which indicates that radiation efficiency can be used to
design filter bands to improve imaging quality.

To compare with the imaging results from the isotropic forma-
tion, another example concerns a 40 m depth shaly-sand formation
from Shengli Oil Field as shown in Fig. 14. The CAL and DEN curves
are displayed in panel 1. The borehole is also drilled with water-
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Fig. 14. Field example of using radiation efficiency (see panel 7) to explain the different frequency bands image of 2.0—5.0 kHz (Panel 4), 2.0—3.5 kHz (Panel 5), and 3.5—5.0 kHz
(Panel 6) in anisotropic formation (Panel 3 displays a significant shear anisotropy value). Panel 1 displays the CAL and DEN curves. Note that the radiation efficiency is calculated
using the DTP and DTS curves in Panel 2, the density curve, and the anisotropy value.

based mud. One can see from panel 2 that the DTP and DTS curves
show a good anticorrelation with density value. A superior dipole
data is recorded for the entire depth interval, giving a dependable
shear anisotropy value of 10% on average in panel 3. The consid-
erable anisotropy values, as picked from the depth of interest, are
7.78%, 5.85%, and 13.24%, respectively, demonstrating the borehole
penetrates an acoustically anisotropic formation, for which our SH-
wave radiation efficiencies (Panel 7) of anisotropic formation can be
used to analyze the different frequency bands imaging results
(Panels 4, 5 and 6). A notable characteristic is that, compared with
the invisible reflectors in the isotropic low-frequency band
(2.0—3.5 kHz) imaging results, the reflection events are visualized
clearly in low-frequency, high-frequency and full-frequency bands
in the anisotropic case, indicating that there is a low-frequency
peak in addition to a high-frequency peak in anisotropic forma-
tion. The two frequency peaks around 2.9 and 4.2 kHz of anisotropic
SH-wave radiation efficiency in Panel 7 confirm this interpretation.
It is noteworthy that, for a clear characterization of the reflectors,
images from various frequency bands are individually normalized
based on their respective maximum values. This approach en-
hances the comparability of imaging across different frequency
bands. However, this separate normalization leads to a decrease in
imaging amplitude in the high-frequency band compared to the
low-frequency band. Without normalization, the situation is
reversed, aligning with the observation that the high-frequency
peak value exceeds that of the low-frequency peak in radiation
efficiency.
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5. Discussion

Most sedimentary strata exhibit horizontal lamination,
rendering VTI medium the prevalent anisotropic model in borehole
geophysics. The presence of anisotropic stratigraphic environments
introduces complexity to the distribution of acoustic energy in the
borehole. The results shown in Fig. 4(a) confirm that SH wave is the
predominant mode for dipole acoustic reflection imaging in fast
formation. However, further discussion is warranted for shallow,

0.2

Ani unconsolidated —— SHAni — — SHiso
= = — qSV-qSVAni — — SViso
(E=018,7=0.13) ——— qP-gP Ani — —Plso
0002 — qSV-gP Ani
qP-gSV Ani

0.1 4

Energy flux of radiation wave (W)

Frequency, kHz

Fig. 15. Comparison of energy fluxes of radiation waves of borehole dipole source in
isotropic and anisotropic unconsolidated formations.
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very slow formations.
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oil- or gas-filled fractures with a stiffness of 50 GPa/m, and the
Fig. 15 provides a comparative analysis of the radiation energy reflection coefficients are calculated using slip interface theory
flux from a borehole dipole acoustic source in isotropic and (Schoenberg, 1980). The reflector models in Fig. 16(c) and (d) are set
anisotropic unconsolidated formations (the parameters are given in up as formation interfaces, with the formations on either side of the
Table 1). As we can see, the energy fluxes of SH and qP-qP radiation interface being Austin Sandstone or anisotropic unconsolidated
waves in anisotropic unconsolidated conditions surpass their formation (see Table 1). The reflection coefficients at the interface
counterparts in isotropic media. The peak value of the qSV-qSV are calculated using the Zoeppritz equation (Li et al., 2017). In
energy flux is lower than that in the isotropic medium. In Fig. 16(a), a variable density plot of the SH wave data (Panel 1) and
contrast to the fast formation scenario, the SH wave in unconsoli-
dated formation has a low-frequency energy flux peak at 1.5 kHz,

the qP and qSV wave data (Panel 2) in the Austin Sandstone for-
mation is presented, with amplitudes normalized to the maximum
with pronounced logging noise often present near this frequency value. It is evident that qP-qP, qSV-qSV, and converted waves
band. Particularly noteworthy is that in the acoustic logging band exhibit relatively weak signals and mutual interference, while the
(2—5 kHz), the energy flux of the qP-qP wave surpasses that of the SH wave emerges as the most prominent and clear signal. The SH
SH wave, suggesting that the dipole P wave, rather than the S wave, wave imaging result (Panel 3) is consistent with the fracture model
dominates reflection imaging in unconsolidated formations. parameters, demonstrating the significance of SH wave for reflec-
To further discuss the preceding analysis results, we perform tion imaging in conventional formation. Conversely, in the presence
continuous acoustic reflection logging simulations across the Aus- of an unconsolidated formation surrounding the borehole,
tin Sandstone and anisotropic unconsolidated formation using the
analytical modeling method (Gu et al, 2023). A 20° inclined

Fig. 16(b) illustrates notably higher amplitudes of qP-qP waves,

allowing clear imaging of the fracture using qP-qP wave (Panel 3)
reflector is positioned at a radial distance of 8—12 m from the Additionally, the qSV-qP wave demonstrates a considerable
borehole axis. The reflector models in Fig. 16(a) and (b) are set up as amplitude compared to the SH wave. Notably, due to the finite
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(b) Ani unconsolidated formation (fracture reflection)
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logging recording time of 17244 ps, other reflected waves, except
qP-gP waves, from the very slow formation are challenging to re-
cord. Therefore, the qP-qP wave proves advantageous for imaging
the reflector in very slow formation scenarios. The formation-
reflected wavefield and imaging results in Fig. 16(c) or (d) are
consistent with those obtained from the fracture reflection simu-
lations in Fig. 16(a) or (b), respectively. However, the reflected
waves from the fractures are stronger in amplitude and more
clearly imaged than those from the formation interface because a
considerable amount of the elastic wave energy propagates
through the formation interface, while most of the elastic wave
energy is reflected to the borehole receiver by the oil- or gas-filled
fractures.

6. Conclusion

The presence of formation anisotropy can significantly affect the
energy distribution from a borehole dipole source. The effective
theoretical approach implemented in this paper is performed to
analyze the influences of anisotropy on DSRS from the energy
fluxes and radiation efficiencies. Our result extends the previous
work for the isotropic formation and shows that, although there are
five radiated wave modes excited by the dipole source, the SH wave
remains the optimal choice for reflection surveys in fast formations
due to its superior radiation efficiency. Conversely, the qP-qP wave
exhibits advantages over S waves in unconsolidated formations.
The dominant excitation-frequency band of the SH wave widens
within the VTI formation. Furthermore, the VTI formation yields
two peaks in SH-wave radiation efficiency. The presence of domi-
nant excitation frequency in the low-frequency domain gives the
main difference in SH-wave radiation efficiencies between isotropic
and anisotropic media. The field data for DSRS validate the key role
of the dominant excitation-frequency band. Our results can guide
the design and measurement methods of the DSRS, which could
have extensive application prospects for unconventional oil and gas
exploration.
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Appendix A
Elements of Nj; and b;

The elements of N and b; are given below:
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Nyg=Cay [Zikb’ - (kz + q%v)] [gKn(QSVa) — qsvKni1 (QSVG)}

where a denotes the radius of the borehole, ¢, denotes the Neu-
man's factor, f and q denote, separately, the radial wavenumbers of
the fluid and formation, and subscripts SH, P and SV denote an SH
wave and the coupled qP and qSV waves.
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