5558 % 45 8 W OB Y M ¥ R Vol. 58, No. 8
2015 4 8 A CHINESE JOURNAL OF GEOPHYSICS Aug. »2015

e ARV, RO LE. 2015, Hrh IR0 T 0 5 B AL DT ST, MRy P24 4, 58(8) 1 2912-2926 , doi: 10. 6038/¢jg20150824.
XuY H, XuT, Wang M L, et al. 2015. Far-field wavefield characteristics of downhole seismic sources. Chinese J. Geophys.
(in Chinese) ,58(8) :2912-2926,doi:10. 6038/¢jg20150824.

# B R R R IZ 17 iR A S (E T 3R
B, RAT, TR, aRR, [REA] BEX

1 v [ Rh 2 B b T 5 Bk A FRAF 5 T A A B AL R R R SRR =, Jbat 100029
2 P EPBHERE RS, JLRT 100049
3 o [ B 2 o e J b BRR A s T L, dbst 100101

E R AR VSD BB 5 AR Bk A B 7 A I B R N AL” OF LA AR /D T 45T
R B Gy CHL A B DR T R ALE I ) MR B I o v 5 D5 PR 28 37 160 3 A AR T A0 17 G 6 0 A S TR 19 0 T 1R
PR A SCAE A o T R B T 8 T 09 2 L S R B I I vP AR R 22 3% 50 3 1A 6 MUt R 0 5% B2 e T e A Y i
FI L ST it LREAE [R] IR A2 /N L7 0 I 3 A BN 68 1 5 25 3 A B2 2% 1 S 5 L o A T AR 199 IR A R TR A
X2 i e 2 A D ) Ml 2% A BB TG R T R 0 0 0 i 7 2 T I B 0 L S TR T TR GE IR I R 3 B X
b 25 AF TR o SR FH 2 A AT A A BE AR AT HE W 1) S o R TR .

KEEWR IR TS TR B T R s O T Rk

doi:10. 6038/¢jg20150824 FESES P63l I #s B H#A 2015-02-09,2015-06-23 W16 & fa

Far-field wavefield characteristics of downhole seismic sources

XU Yi-He'*, XU Tao'** , WANG Min-Ling'*, BAI Zhi-Ming', |ZHANG Zhong-Jie ', TENG Ji-Wen'

1 State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing 100029, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3 CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China

Abstract Borehole sources, whose scope goes far beyond sources in boreholes, are of extreme
importance in research with active seismic sources, including deep seismic sounding, reverse
vertical seismic profiling (RVSP), seismic while drilling, mining geophysics, etc. Sources used
in these studies are all of cylindrical structures, which is the reason why they are called borehole
sources and why their wave fields has unique characteristics. Previous studies on borehole sources
are mostly based on analytical solutions obtained when small-borehole assumption (the borehole
radius is significantly smaller than the characteristic wave length) and far-field assumption (the
offset is greater than the characteristic wave length) are satisfied. It is still an open question
whether the analytical solutions are applicable to cases that violate the two assumptions.

This study is based on the synthetic seismograms computed by both analytical solutions and
semi-analytical solutions. The analytical solutions used in previous studies are obtained through
asymptotic analysis, while the semi-analytical solutions are computed by numerical integration.

The semi-analytical solutions are of higher accuracy and therefore regarded as “true solutions”.
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Synthetic seismograms from the analytical solutions are compared to true solutions to validate
whether the analytical solutions are applicable to certain cases or not. Accuracy is crucial to the
comparison. Yet the high oscillation of solutions in frequency-wavenumber domain brings out a
great challenge. We developed a brand-new numerical method called Steepest Descent Integration
Method (SDIM). The new method is inspired by the Method of Steepest Descent (SDM) in
asymptotic analysis that is specially designed for highly oscillatory integral and is the very method
used to obtain the analytical solutions. Replacing approximate integration path and approximate
integrand in SDM with accurate ones, SDIM breaks the restraints of small borehole and far field
and can compute seismograms at arbitrary offset and arbitrary source frequency with extremely
high accuracy efficiently. We calculate the seismograms by both SDIM and SDM for a large offset
(1000 m, significantly large compared to borehole radius of 0. 1 m) and varied source frequency
(0.1~1000 Hz). The assumption of small-borehole is violated in high frequency cases, while far-
field assumption fails when the frequency is low. The same experiment is conducted for all three
basic borehole sources.

The works presented in the paper can be categorized into two parts, namely the new SDIM
and comparison of seismograms. The study of SDIM shows that: (1) The solutions of borehole
sources problem in frequency-wavenumber domain are highly oscillatory. The oscillation depends
on source frequency and offsets. High frequency sources result in severe oscillation, so as large
offsets. (2) The oscillation is attributed to Hankel functions in the solutions whose exponential
part account for most of it. Hence, exponential functions are used in the derivation of SDIM
instead of Hankel functions, making the work much easier. (3) The only difference between
SDIM and SDM is the accuracy of the steepest descent path and the integrand. SDIM uses the
accurate path and integrand, while SDM uses approximate ones. In addition, four numerical
examples are presented in the paper. Each is designed specifically. They demonstrate that: (1)
Results from SDIM are identical to ones from SDM when small-borehole assumption and far-field
assumption are satisfied, which supports the validity of SDIM. (2) When small-borehole
assumption is violated, the SDM results differ much from the SDIM ones that are considered as
true results. It infers that the influence from borehole might not be ignored even for far-field
wave field. (3) When far-field assumption fails, the results from SDM are inaccurate as well,
which means the absolute value of the offset cannot guarantee far-field. The ratio of the offset to
the characteristic wave length matters. (4) The same phenomenon occurs in the wave field of all
the three basic borehole sources.

Obtaining accurate far-field seismograms is the key problem of borehole sources research.
Yet it is challenging because of highly oscillatory integral involved. By taking advantage of the
special form of analytical solutions, we developed a brand-new method for computing highly
oscillatory wavenumber integration. It completely avoids the oscillation and results in numerical
integration of a fully smooth function, leading to synthetic seismograms with high precision. It
also allows us to compute P, S and surface waves separately, reducing their mutual interference.
Numerical experiments demonstrate that the results from SDM are considerably different from
ones from SDIM, in both amplitude and phase when the small-borehole assumption or the far-
field assumption fails. Therefore, the SDM has its constraint and SDIM is a better alternative if
accurate wave-field information is needed.

Keywords Downhole seismic sources; Far-field wave field; Analytical solution; Steepest Descent

Integration Method; Method of steepest descent
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Fig. 1 Diagram of downhole seismic sources
(a) Source geometry. The source S is distributed axisymmetrically
around the borehole wall of radius a. The receiver is placed at

point P(r, 2). (b) Three basic types of downhole seismic sources.
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Fig. 2 Far-field radiation patterns for downhole seismic
sources (modified after Lee and Balch, 1982; same parameters
are used)
The sources are respectively (a) a radial stress source applied on
an empty borehole, (b) a radial stress source applied on a fluid-
filled borehole, and (c¢) a monopole acoustic source placed at the

center of a fluid-filled borehole.
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Fig. 3 Comparison of Steepest Descent Integration Method and Real-axis Integration Method
Panels (a) (¢) show two different integration paths for Real-axis Integration Method and Steepest Descent Integration Method
in complex wavenumber plane, while (b) (d) are the corresponding integrands along the paths.
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Fig. 4 Comparison of the semi-analytical solution and the analytical solution
of wave field excited by a radial stress source
(a) Source time function (Ricker wavelet); (b) Far-field waveform of analytical solution (derivative of Ricker wavelet); (c¢) Solid
line denotes the semi-analytical solution of u, obtained by Steepest Descent Integration Method and dashed line is the analytical

solution. The inverted triangle denotes the theoretical arrival time of P waves.
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Fig. 5 Comparison of the semi-analytical solution (solid line) and the analytical solution (dashed line)
of wave field excited by a radial stress source for high frequency

Panels (a—1) are radial components of seismograms recorded by the receiver placed at »= 1000 m,2=0 m with the peak frequency of

Ricker wavelet being 30, 50, 100, 300, 500, 1000 Hz respectively. The inverted triangle denotes the theoretical arrival time of P waves.
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Fig. 6 Comparison of the semi-analytical solution (solid line) and the analytical solution (dashed line)

of wave field excited by a radial stress source for low frequency

Panels (a—1) are radial components of seismograms recorded by the receiver placed at »=1000 m,2=0 m with the peak frequency

of Ricker wavelet being 30, 5, 2, 1, 0.5, 0.1 Hz respectively. The inverted triangle denotes the theoretical arrival time of P waves.
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Fig. 7 Comparison of the semi-analytical solution (solid line) and the analytical solution (dashed line)

of wave field excited by a axial stress source

Panels (a)—(c) are vertical components of seismograms with the peak frequency of Ricker wavelet being 30, 0.5, 500 Hz respectively.

The inverted triangle denotes the theoretical arrival time of SV waves.
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Fig. 8 Comparison of the semi-analytical solution (solid line) and the analytical solution (dashed line)

of wave field excited by a torsional stress source

Panels (a—c) are transverse components of seismograms with the peak frequency of Ricker wavelet being 30, 0.5, 500 Hz respectively.

The inverted triangle denotes the theoretical arrival time of SH waves.
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