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Abstract: In shear wave far detection logging, dipole-source radiation is the main factor influencing
the amplitude of the reflected shear waves. In this paper, a method is derived with the far-field
asymptotic solution to calculate the dipole-source radiation of shear waves in a fluid-filled borehole.
Then the dipole-source radiation of the shear waves is simulated under both low and high frequencies.
In addition, the influences of formation elastic parameters on the dipole-source radiation of the shear
waves are analyzed and the variations of the radiation characteristics of the shear wave with source
main frequency and borehole radius are compared. Results show that the density and compressional
wave velocity of the formation have little effect on the dipole-source radiation of the shear waves.
However, the shear wave velocity not only affects the shear wave amplitude radiated to the formation
by the dipole source (radiation performance), but also affects the energy distribution of the shear wave
at different locations in space (radiation direction). The dipole source has better radiation performance
and radiation coverage at low frequency and the optimal excitation frequency in different formations
is very close, which is good for the application of this technology under different circumstances. At
low frequency, the borehole has little influence on the dipole-source radiation, no matter how large
the borehole radius is. However, at high frequency, the borehole modulation of the dipole-source
radiation cannot be ignored, especially at large borehole radius.

Keywords: dipole-source radiation; source main frequency; formation elastic parameters; borehole
radius

1. Introduction

The single-well reflected wave logging technology, using an acoustic source in a fluid-
filled borehole to radiate energy to the formation and receive the reflected waves from the
reflector near the borehole, raises the radial detection depth of logging from a few meters
to tens of meters, which can realize the evaluation of the geological structures far away
from the borehole.

Single-well reflected wave logging mainly includes two types: monopole-source far
detection logging (using P-P wave) and dipole-source far detection logging (using S-S
wave). Hornby [1] first introduced the monopole-source far detection logging to realize
imaging of the formation interface near the borehole. Subsequently, studies have been
carried out on the optimization of monopole-source far detection logging tools [2,3], data
processing methods [4-7], and data interpretation and evaluation methods [8,9], and some
good results have been achieved in practice. However, monopole-source reflected wave
logging cannot determine the azimuth of the reflector. In addition, its excitation frequency
is high, thus the radial detection depth is shallow [10]. To get over the disadvantages of
monopole-source far detection logging, the dipole-source shear wave far detection logging
technology was proposed. It has attracted much attention in practical application due to
its deep radial detection depth, azimuth sensitivity, and fracture sensitivity [11-13]. In
practice, the reflected shear waves are affected by the radiation of the dipole source in the
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borehole, the acoustic field reflection by the reflector near the borehole, and the reception
of the far-field incident wave by the borehole. Among them, the dipole-source radiation
and the borehole reception of the far-field incident waves are the main factors determining
the intensity of the reflected shear waves [14,15] The dipole-source radiation and borehole
reception satisfy the reciprocity principle [16,17], and the response characteristics of the
two to the elastic waves are the same. Therefore, it is of great significance to study the
dipole source radiation characteristics in a fluid-filled borehole for the optimization of
dipole-source far detection logging tools and analysis of practical application conditions.
Meredith [18] studied the monopole-source radiation in the far field by the low-frequency
approximation method. Tang et al. [19] found that the dipole-source radiation in the
far field calculated by the low-frequency approximation method is correct and reliable
only at low frequencies, and proposed a far-field asymptotic solution method to calculate
the dipole-source radiation in the whole frequency band. Cao et al. [20-22] studied the
radiation characteristics and radiation efficiency of the dipole source under open hole,
cased hole, and while drilling conditions.

However, up to now, the studies on the influencing factors of the radiation char-
acteristics of the shear waves radiated by a dipole source in a fluid-filled borehole, are
limited. In a dipole-source far detection logging survey, the source radiation is modulated
by the borehole, which is obviously different from the radiation characteristics in the ho-
mogeneous formation. The effect of borehole modulation on the dipole-source radiation
mainly depends on the relative size of the wavelength of elastic wave to the borehole
radius. The wavelength of the elastic wave radiated by the source is closely related to the
elastic parameters of the formation and the main frequency of the source. Therefore, this
study mainly focused on the effects of formation elastic parameters, source frequency, and
borehole radius on the dipole-source radiation. The results deepen the understanding of
dipole-source radiation characteristics in the borehole and provide theoretical support for
the application of dipole-source far detection logging technology.

2. Theory and Methods

In this section, we discussed a method, which is derived with the far-field asymptotic
solution, to calculate the dipole-source radiation of the shear waves in a borehole. The
accuracy of this method was testified under different conditions.

2.1. Theory of Dipole-Source Radiation in a Fluid-Filled Borehole

The model for the radiation analysis of a dipole source is illustrated in Figure 1. In
this study, we only considered the shear waves radiated by the dipole source. The source is
at the borehole axis, and excited in the X-direction. The displacements of the fluid in the
borehole (uf) and the elastic wave in the formation (1) can be expressed by the potential
function [16]:

{ ur = Voy (r <rp) 1)
u=Vx(x2)+VxVx(2) (r>r),
where rq is the borehole radius; Z is the unit vector in the Z-axis direction; @y, x, and I

are the displacement potentials of fluid in the borehole, the SH-wave and SV-wave in the
formation, respectively, and can be written as [16]:

@ (w;r,2,9) = M9 5w f+°°A (w,k) I (fr)e*=dk (r < rp)
X(wir,z,9) = “FES(w) [13 D(w, b)Ki(sr)ekdk (r=19) @)
T(w;r,2,9) = S025(w) [ F(w, k)Ky (sr)edk  (r > 1)

where r and z are the radial distance and axis distance from the radiation field to the
source; ¢ is the angle between the polarization direction and the radiation direction of
the dipole source; S(w) is the spectrum of the source; A is the amplitude coefficient of
acoustic wave in the borehole; B is the amplitude coefficient of P-wave in the formation; D
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My = —n(fro)/ro — fl2(fro)
My, = Kq(pro)/ro — pKa(pro)
M3 = Kq(sro) /10

My = ikKy (srg) /1o — iksKp(sro)

M3y = 2ikspVs2Ky(srg) /1o

is the amplitude coefficient of SH-wave in the formation; F is the amplitude coefficient of
SV-wave in the formation.

Figure 1. Coordinate system for the radiation analysis of a dipole source in a fluid-filled borehole.

The amplitude coefficients of SH-wave and SV-wave in an open-hole case can be
given by the following equation [20]:
My Mz Mz My A j
My My My My Bl _ |ons 3)
Mz Mz Msz Mz, D 0|
My My Mgz My F 0

The expressions of matrix elements in Equation (3) can be written as:

My = pfwzll (fro)

Moy = p(2k?Vs% — w?)Kq(pro) + 2ppVs?Ka (pro) /1o
M23 = —ZPSVSZKz(Sro)/VO

Moy = 2ikpVs?s2Ky (srg) + 2ikspVs?Ka(sro) /1o

Mz =0 My =0
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M3 = —spVs?[sKi (sro) + 2Ka(s70) /0] My = ikpVs*Kq (sr0) /70

My = — (k% + %) pVs2 Ky (srg) /10 — sKa(s79)]
up = fIKi(fro)/ro = fRa(fro)l/ (ppew®), ulhe = —fKi(fro)

1/2 1/2
(4)2 / (4)2 /

1/2 _ (2 W _2_ Y
p=E ) L s= o)

f=K-k)
where I, is the first kind of Variant Bessel function; K, is the second kind of Variant Bessel
function; p; is the fluid density; p is the formation density; V; is the formation compressional
wave velocity; Vs is the formation shear wave velocity; k is the axis wave number; f is the
radial wave number of the fluid; p is the radial wave number of the formation compressional
wave; s is the radial wave number of the formation shear wave.
In an acoustic far detection logging survey, the waves radiated by the source are
reflected in the far field. The wavelengths of the radiated waves are far lesser than the
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distance between the far-field point and the source. In this case, the SH-wave and SV-wave
displacements expressed in Equation (2) can be obtained by the following expressions:
x= DE;‘:{];{()) R/ Vs cog @ 5)
r— F(z;’;o)ein/Vs sing,

where ky = wcos 61/ Vs is the far-field asymptotic solution for the axial wavenumber of shear
wave; R is the distance from the source to the radiation field; ¢, is the angle between the
polarization direction of the source and the positive direction of Z-axis.

The asymptotic expressions of the displacement spectra of SH-wave and SV-wave in
the far field can be obtained from Equation (5) with the relationship between the displace-
ment and the displacement potential:

uy = [—ipVswD(w, kg) sin 6 cos (p]%eiwmvs ©)
g = [pw?F(w, kso) sin 67 sin (p]%ei“’R/Vs

where u, is the SH-wave displacement; u, is the SV-wave displacement.

For a given source S(w), the SH-wave and SV-wave radiated by a dipole source at any
location in space can be obtained by transforming the far-field displacement spectra from
frequency domain to time domain.

The contents in the parentheses of Equation (6) illustrate the radiation performance
and direction of SH-wave and SV-wave of a dipole source in the far field, as expressed in
Equation (7), which are dimensionless [16].

Rsp(w; 61, 9) = —ipVswD(w, kyy) sin 6y cos ¢ @)
Rsy(w; 61, 9) = pw?F(w, ky) sin 6y sin ¢ ’

D and F can be obtained by solving Equation (3) with k = ky, and then radiation patterns
of SH-wave and SV-wave can be obtained for any given w from Equation (7).

2.2. Verification of the Far-Field Asymptotic Solution

When analyzing the dipole-source radiation by the far-field asymptotic solution, it is
necessary to verify the accuracy of this method in calculating the acoustic field radiated
by a dipole source in the far field. In this section, the exact results of the shear wave
displacements in the far field were calculated by the discrete wave number method of real-
axis integration. The results were compared with those obtained by the far-field asymptotic
solution. The parameters required for the calculation are shown in Table 1.

Table 1. Parameter values for model calculation.

VS 3 r
Vp (m/s) (m/s) p (kg/cm®) (m)
Fluid 1500 0 1000 0.1
Fast Formation 6220 3455 2710 -
Medium 3600 1920 2250 -
Formation
Slow Formation 2800 1200 2150 -

Figures 2 and 3 show the comparisons of SH-wave and SV-wave displacements in the
far field obtained by the exact solution (RAI) and the far-field asymptotic solution (FarField)
under both low and high frequencies. The dipole source is at the borehole axis and uses the
Ricker wavelet. The receiver array with 15 receivers is 5 m away from the borehole axis,
and the distance between the adjacent receivers is 1 m. It can be seen from these figures
that the SH-wave and SV-wave displacements in the far field obtained by the two methods
are in good agreement, no matter what the source frequency is. The results indicate that
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the SH-wave and SV-wave displacements in the far field can be effectively calculated by
the far-field asymptotic solution method.

Offset(m)

Figure 2. Far-field displacements of SH-wave and SV-wave obtained by the exact solution and the

15

13

-
=

—— FarField —— RAI

6000 12000 18000
Time(us)
(a). SH-wave

Offset(m)

——FarField ——RAI

15

13

11 N

0 6000 12000 18000

Time(us)
(b). SV-wave

far-field asymptotic solution with the source frequency of 3 kHz in the medium formation.
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Figure 3. Far-field displacements of SH-wave and SV-wave obtained by the exact solution and the
far-field asymptotic solution with the source frequency of 1 kHz in the medium formation.

The amplitudes of the SH-wave and SV-wave, which are closely related to the dipole-
source radiation, vary with the offset in different way, as shown in Figures 2 and 3. More-
over, the dipole source does not radiate SV-wave while the SH-wave radiated by the
source is the strongest in the XOY plane. Accordingly, the amplitude of the SH-wave
is the strongest at the offset of 1 m, while the amplitude of the SV-wave is the weakest
at the offset of 1 m. Therefore, the dipole-source radiation have a significant influence
on the intensity of the reflected shear waves. In this paper, the influences of formation
elastic parameters, the source main frequency, and the borehole radius on the dipole-source
radiation of the shear waves were analyzed in detail.

3. Results Analysis of Numerical Simulation

The influences of different factors on the dipole-source radiation of the shear waves of
the dipole source were analyzed by the control variable method. The parameters of the
medium formation are used for the benchmark model. The main frequency of the dipole
source is 3 kHz and the borehole radius is 0.1 m.
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3.1. Formation Elastic Parameters

We first analyzed the influence of formation elastic parameters on the shear wave
radiation characteristic of the dipole source. Figure 4 presents the radiation patterns of the
shear waves radiated by the dipole source under different formation densities. The radial
scale indicates the relative amplitude of SH-wave and SV-wave in the formation, which
is radiated by the dipole source of unit strength. The circumferential scale indicates the
angle between the radiation field point and the borehole axis. Only two typical radiation
directions, SH-wave in the XOZ plane and SV-wave in the YOZ plane, are given. In other
planes, the radiation patterns of SH-wave and SV-wave vary regularly in the form of sin ¢
and cos ¢, as shown in Equation (7). It can be seen from these figures that the radiation
amplitude and direction of SH-wave and SV-wave are very consistent under different
formation densities, and the formation density has little influence on the dipole-source
radiation of the shear waves. Similarly, as shown in Figure 5, the dipole-source radiation is
also insensitive to the compressional wave velocity.

Unit : kg/lem®
— 1600
—— 1800
—— 2000
— 2200

Unit : kg/lem®
—— 1600
—— 1800
—— 2000
— 2200

180°

90°

—— 2400
—— 2600
—— 2800

—— 2400
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—— 2800

120<

180<

(a). SH-wave (b). SV-wave

Figure 4. Radiation characteristics of SH-wave and SV-wave of a dipole source under different
formation densities.
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—— 5200
—— 5800
—— 6400

—— 5200

180°

Figure 5. Radiation characteristics of SH-wave and SV-wave of a dipole source under different
formation compressional velocities.

Figure 6 shows the radiation patterns of the shear waves under different shear wave
velocities. The velocity changes from 3600 m/s to 800 m/s. Obviously, the radiation patterns
of the shear waves vary greatly under different shear wave velocities. In fast formation
(Vs > V), the shear wave velocity is relatively high, and the wavelength of the shear wave
radiated into the formation is much greater than the borehole radius. In these cases, the
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modulation effect of the borehole on the dipole-source radiation of the shear waves can
be neglected. In slow formation (Vs < Vj), the velocity of the shear wave decreases, and
the wavelength of the shear becomes shorter. In these cases, the modulation effect of
the borehole on the dipole-source radiation of the shear waves strengthens. As a result,
the radiation amplitude of the source decreases, and the radiation direction is obviously
compressed toward the horizontal direction. It indicates that the SH-wave has a better
radiation coverage and radiation amplitude in fast formation than in slow formation.
Therefore, the shear wave velocity not only affects the radiation direction, but also affects
the radiation amplitude of the shear waves radiated by the dipole source.

Unit : m/s
—— 800
—— 1200
—— 1600
—— 2000

Unit : m/s
— 800
— 1200
— 1600
—— 2000

180°

2400
2800
—— 3200
— 3600

2400
2800
—— 3200
—— 3600

180

(a). SH-wave (b). SV-wave

Figure 6. Radiation characteristics of SH-wave and SV-wave of a dipole source under different

formation shear velocities.

3.2. Main Frequency of the Dipole Source

The main frequency of the dipole source not only affects the radiation amplitude, but
also affects the radiation direction of the source. The radiation characteristics of the shear
waves under different frequencies were analyzed below.

Figure 7 demonstrates the radiation patterns of SH-wave and SV-wave under different
frequencies in fast, medium, and slow formations. It can be seen from Figure 7 that the
radiation amplitude and radiation direction of SH-wave and SV-wave in three formation
types are very close at low frequency of the source, and the modulation effect of the borehole
on the dipole-source radiation is weak in this case. When the main frequency of the source
increases to 3 kHz, the wavelength of the shear wave becomes shorter and the modulation
effect of the borehole on the dipole-source radiation strengthens. Under this circumstance,
the radiation directions of SH-wave and SV-wave in the slow formation vary greatly, and
both of them are compressed toward the horizontal direction. As the main frequency of
the source increases to 5 kHz, the radiation directions of SH-wave and SV-wave in the
fast and medium formations also change greatly, and are obviously compressed toward
the vertical direction, which are different from those in the slow formation, as shown in
Figure 7c. As the main frequency of the source increases to 8 kHz, the radiation patterns
of SH-wave and SV-wave become more complex. In the slow formation, there are many
extremums of the radiation amplitude of SH-wave and SV-wave in space. It is worth
noting that the radiation amplitude of SH-wave is no longer constantly stronger than
that of the SV-wave. In the dipole-source far detection logging, it is generally considered
that the amplitude of the SH-wave is much stronger than that of the SV-wave, and the
pure SH-wave can be received when the polarization direction of the dipole source is the
same as the azimuth of the reflector outside the borehole. Therefore, the direction with the
strongest amplitude of the reflected shear wave is the reflector azimuth. However, when
the main frequency of the dipole source is high in the slow formation, the radiations of the
shear waves are strongly modulated by the borehole, and the amplitude of the SH-wave
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is no longer stronger than that of the SV—wave. Therefore, it is difficult to distinguish
the SH-wave from the SV-wave by the amplitude of the reflected shear wave at different
azimuths, which may cause problems in determining the reflector azimuth.

—— SH-Fast —— SH-Fast
—— SV-Fast —— SV-Fast
—— SH-Medium —— SH-Medium
L[ SV-Medium L[ SV-Medium
—— SH-Slow —— SH-Slow
—— SV-Slow —— SV-Slow
90°
180° 180°
(a). Main frequency of the source: 1 kHz. (b). Main frequency of the source: 3 kHz.
0° 0°
—— SH-Fast —— SH-Fast
—— SV-Fast —— SV-Fast
—— SH-Medium| —— SH-Medium|
—— SV-Medium| —— SV-Medium|
—— SH-Slow ——— SH-Slow
—— SV-Slow —— SV-Slow
90° 90°
(c). Main frequency of the source: 5 kHz. (d). Main frequency of the source: 8 kHz.

Figure 7. Radiation characteristics of SH-wave and SV-wave of a dipole source in different formations
under different main frequencies.

In actual dipole-source reflected shear wave logging, SH-wave is usually used for
imaging. Therefore, the radiation characteristics of SH-wave of a dipole source were mainly
discussed below. Figure 8 shows the radiation patterns of the SH-wave in three formation
types with the main frequency of the dipole source ranging from 1 kHz to 10 kHz, and the
frequency interval is 1 kHz. It can be seen from this figure that the radiation amplitude of
the SH-wave increases first and then decreases with the increase of frequency in all three
formation types, and reaches the maximum value at about 4 kHz. In addition, under low
frequency, the dipole source has a better radiation coverage in the vertical plane. Therefore,
the dipole-source reflected shear wave logging should not choose high frequency band.
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Unit : kHz

Unit : kHz

180° 180°
(a). Fast Formation (b). Medium Formation

Unit : kHz

180°
(c). Slow Formation

Figure 8. Radiation characteristics of SH-wave of a dipole source in different formations under
different main frequencies.

3.3. Borehole Radius

The modulation effect of the borehole on the dipole-source radiation mainly depends
on the wavelength of the elastic wave and the borehole radius. The influence of the main
frequency of the source on the radiation characteristics of SH-wave and SV-wave has been
analyzed above. Hence in this section the influence of the borehole radius on the radiation
characteristics of the shear waves was investigated in detail.

Figure 9 shows the variations of the radiation patterns of the SH-wave with the
borehole radius when the main frequency of the source is 1 kHz. In this case, the wavelength
of the shear wave radiated by the source is relatively long, so the borehole modulation is
weak within a large borehole radius range. The dipole-source radiations under different
borehole radii are almost the same in the vertical plane, and the radiation intensity increases
with the increase of borehole radius. Therefore, it can be concluded that the radiation
performance of the shear waves of the dipole source is better under larger borehole radius
conditions, when the main frequency of the source is low.
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Unit: cm Unit: cm

180° 180°
(a). Fast Formation (b). Medium Formation

Unit: cm

180°
(c). Slow Formation

Figure 9. Radiation characteristics of SH-wave of a dipole source under different borehole radii with
the main frequency of the dipole source 1 kHz.

Figure 10 shows the variations of the radiation patterns of the SH-wave with the
borehole radius when the main frequency of the source is 5 kHz. It can be seen from
Figure 10 that the variations of the radiation patterns of the SH-wave with the borehole
radius are very similar to that with the main frequency of the source. From the previous
analysis, it can be drawn that the borehole modulation on the dipole-source radiation
depends on the relative size of the elastic wave wavelength and the borehole radius.
The larger the ratio of the borehole radius to the wavelength, the stronger the borehole
modulation on the dipole-source radiation. When the main frequency of the source remains
the same, the ratio of the borehole radius to the wavelength of the shear waves radiated by
the source increases with the increase of the borehole radius, and the borehole modulation
on the dipole-source radiation intensifies continuously. When the borehole radius remains
the same, the shear wave wavelength becomes shorter with the increase of the main
frequency of the source, and the ratio of the borehole radius to the shear wave wavelength
also increases. In this case, the borehole modulation on the dipole-source radiation also
intensifies. Therefore, the variations of the SH-wave radiation patterns with the borehole
radius are similar to that with the main frequency of the source. In addition, when the
main frequency of the source is 5 kHz, the radiation amplitude of the SH-wave increases
first and then decreases with the increase of borehole radius, and reaches the maximum
value when the borehole radius is 8 cm, and the main lobe of the source radiation pattern is
also wider. It indicates that the optimum borehole radius of the dipole-source far detection
logging is 8 cm, when the main frequency of the source is 5 kHz.
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Figure 10. Radiation characteristics of SH-wave of a dipole source under different borehole radii
with the main frequency of the dipole source 5 kHz.

4. Conclusions

The radiation of a dipole source in a fluid-filled borehole and the borehole reception of
the far-field incident waves are the main factors determining the intensity of the reflected
shear waves in the dipole-source reflected shear wave logging. The source radiation and
the borehole reception satisfy the reciprocity principle, and the response characteristics
of the two to the elastic waves are the same. In this paper, the influencing factors of the
dipole-source radiation are discussed, and the influences of formation elastic parameters,
source main frequency, and borehole radius on the dipole-source radiation are analyzed
with the far-field asymptotic solution. The main conclusions are drawn as follows:

1.  Theradiation of the shear waves by a dipole-source is insensitive to formation density
and compressional wave velocity, but very sensitive to shear wave velocity. The shear
wave velocity of the formation not only affects the shear wave amplitude radiated to
the formation by the dipole source, but also affects the amplitude of the shear waves
at different positions in space.

2. The borehole modulation on the dipole-source radiation is weak at low frequency
(lower than 1 kHz). However, it cannot be neglected at high frequency (higher than
3 kHz). The optimal main frequencies of the source in different formations are very
close, which is good for the application of this technology under different conditions.

3. The borehole modulation on the dipole-source radiation depends on the relative
size of the shear wave wavelength and the borehole radius. The larger the ratio of
the borehole radius to the shear wave wavelength, the stronger the modulation on
the dipole-source radiation. Therefore, the variations of the dipole-source radiation
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patterns of the shear waves with the borehole radius are similar to that with the main
frequency of the source under certain conditions.
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