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Abstract Acoustic logging while drilling (LWD) is able to provide real-time acoustic properties
of rock formations near bits, and therefore has an incomparable advantage over acoustic wireline
logging (WL) in saving wellbore occupation time and avoiding risks. Current quadrupole acoustic
LWD is capable of measuring formation shear velocity in arbitrary rock formations. However, the
quadrupole acoustic LWD theory is not complete yet, i. e., there is no clear understanding on
some fundamentals, which required further study.

We derive the dispersion equations for the waveguide consisting of a fluid-filled borehole
surrounded by a VTI formation, and numerically calculate the dispersion, amplitude and
sensitivity functions of the borehole modes excited by a quadrupole acoustic source. We also
synthesize the array waveforms recorded by the receivers in the borehole. The influences of

formation anisotropy on borehole quadrupole modes are investigated.
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Numerical results show that, the formation anisotropy has negligible effects on the collar
modes, while it strongly affects the formation modes. Only at a few frequencies, the control
factor is simple, such as at the cut-off frequency of screw waves. The formation quadrupole
modes of the lowest order show significant response to the formation shear velocity within
approximate 2 borehole radii away from the sidewall, and it can be utilized to perform the radial
tomography of shear velocity in this radial range. For fast formations, the first arrival includes
borehole refracted shear mode, part of F1 and F2 modes, the velocities of which are close to that
of shear modes, and it can be utilized to accurately evaluate the formation shear velocity without
the influence of formation anisotropy. In slow formations, the formation screw modes are highly
influenced by anisotropy.

It suggests that, in field data processing, for fast formations, the first arrived wave packet
can be utilized to extract shear wave velocity, while for slow formations, the formation screw
waves can be processed by data-driven methods to obtain true shear wave velocity of rock
formations. Because the operation frequencies for fast and slow formations are different,
broadband and high-powered transmitters and high-sensitivity receivers should be adopted in the
design of an acoustic LWD tool, to increase the signal-to-noise ratio and to improve application

range of the tool.
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Fig.1 Schematic diagram of acoustic model for logging while drilling in a VTI formation (a)

and the cross section of a drill collar (b)
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Table 2 Parameters of the borehole fluid and collar
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Fig. 2 Mode analysis of quadrupole modes in a fast VTT formation, including (a) dispersion curves and (b) excitation intensity
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Mode analysis of quadrupole modes in a slow VTI formation,

including (a) dispersion curves and (b) excitation intensity
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(¢) slow formation and (d) the investigation depth of Stoneley mode



2870

H Bk ¥ B % R (Chinese J. Geophys. )

58 &

(2)

(b)
S
2kHz S A 2 KHz Fl
d T N
4 kHz 4 kHz
~N\| W\/w
6 kH. 6 kH
——NN\ N\— =
12 kHz M 12 kHz
—_— e N ——— WA
16 kHz \\J 16 kHz WW\/\M
i [ ”MMMW”W MAN\ A
W1 2 3
T
0.0 0.5 1.0 5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Tinje/ms Time/ms
B9 AT DR IR () A2 (D) 3B I Lo ™= A i
Fig. 9 Acoustic wave field in fluid-filled borehole produced by a quadrupole source with different frequency

(a)

(b)
2.00 m

2.15m

2.30m

2.45m

2.60 m

2.75m

2.90 m

3.05m

Time/ms

& 10

Time/ms

DO AR 5 7 T A% i) S 1 2 5 4% i ] 4 o L R 7 A R P S I X B AL Ca) RS 2 0 () i 3 2=

Fig. 10 Comparison of the waveforms between T1 formations and corresponding isotropic formations produced

by a quadrupole source, including (a) fast formation and (b) slow formation

55 Ml 2 R s AR 4. SR A 2 R 9
AT, WL Y5 A0 A8 A 45 o 1 1 b S5 7 b J2 A8 O R
TC s AT HRBIRE IF 55 J5 25 Ak B, 2 PR b )23 A g
JEE 0 ) . X OO [ R B L AT I TR
FHAE 8~12 kHz ), W1 S A0 0R B4 K H &2 I 22
B /N AR FIZ 2 A A 38 19 TAE £ 00
TE8~12 kHzZ [A]. 73 4b . WE 2 W r] LUE B, 76 1%
AR FL P 5 Aol S O P R B AN L R 2 e WL i
£, I 9b AT WL, 7E A R AR 2 kHz B, B8 B
(FD e 2 i 5 b J2 A8 35 A ) o 6 2 400 232 15 428 e
WHBERBWER. M TIZEBM S, R 2 kHz
R P R R AT I R A g k)2 R IR R AR 4 1Y
BRI AR . AESE BRI ] oh s B 255 5 IR M L fiE
R USRS AR R IR R S AR

P10 X b 1 TT b )23 45 1] [] 8 b 248 150 DY

W5 P IR AE S B BE AL b P AR Ry 3, Horh St 3R
7~ TT M 2 115845 51 i 4R 28 78 X L 1Y 4% 1] [m) 4 3l
JE TSR R PR S 2 R 0 A YR A
I3y 9Ih 8 1 2 kHz. & 10a W% W1 i 49 2 Iy 3
JERE D BB FEAR TN 32 M 2 45 ) S S e L RE A
P o I 2 A IR 5 S SR 32 B T )R A&
1e] S P 80552 0 DA 0 BT AR LA 22 5] L e
JEEA — 3. NI 10b W] I, 7602 o b JZ2 18 00 T, Hh
J2 R T I F1%) WG JEE R R 57 X5 52 b )23 45 T S A 1 53 Wi A
K. & 0 SR AFAE S BB 3] i 4w, iR B2 B
K, S5 6 o3 A i 4 SR AR — B

5 118

ST AN ) DU AR 7 3 v A5 2



8 4] 5 A - VT 302 8 6 0O A T 75 0 0 - B AT 5T 2871

(4 2 SHORE 3 BT 235 L AT DL i )23 9 R AR A 32 5l A L
SR Gl BE P LA 2 30 2 S HOE W R W3
b J2 B FNE SR BB S LA ST A S i —
B (4 FE 0, 2004; Sinha et al. , ,2009; Geerits et
al. , 2010). M JZ #5 ] S5 14 0T 46l B2 9 1) 52 Wil AR 71N s Xf
T HJZ R K Es e PR R AR AR R T A
SCWFSE A = b i JZ A5 TR (AR — S8R R 1) 931 3 s A
b 2 A I8 ) A o) R 25 R ) A Sy T B A R U8 1Y
AT AN, AR DX S A A AT AR I S 2
b JZ 2% 1o S P 5 0 A R DG A R L (EL TR
AR A A B /N L BT A R LR 22 L 4R IR
SRV BEAFTE BRI 1R 22,

R HE AT A 5 H B0 - b i 5 i e (R 5 A
FFi L 2008) 28 BLAY A2 1) £ 455 AIE < AR AR HR I IR
EAR . 5 Su 45 (2013) B 25 AR, A SCH 5
SRR T A SO PR 2 L T R R IR
Jig i (F 1) 32 %2 4 £L oA 3 1A 7 A 3 3 8 42 7k o % 3
J2 R B AN R A BB S AT B AR 1) 2
MEAR A& — AN . X 12 b 2 L il R UE
T ER AT LUE B FL A2 2 DML RN
b 2 Y S ) 7 TG L TS AR L b )2
T 0 3 iy 4 2 e 2 P 2 W 25 R R G X
b JZ 5 R AT JE AT IR

XF B B TE B 14 23 A 26 B A PR 2 AR 1
W B AT DA S A Y 2 1 R W
B Z R T 2 M A I L T SRR
P F1 AN F2 6 35 I L3 S 4 J0 5 18 AR 42 3k
TR Y. 4G R BT 45 R T A0, W i fd AR
S JZE A 1) SRS Ak i T W R £
Ao 0 LA o) R D AR A A O B2 % R T AR ST 5 Y
R I RS FUNINE T = e L E 7Sl RV S
Bk,

TE 18 2 M 2 25 T TR0 b )2 W e 5 3 32 5 3t
J2 R e T 2 3T AN A2 Bl B T e R 2 A R
A E A A SO R R BRI 2 3 2
25 [0 S P R 552 ) R AR S B Ak B, A 2R 2 T
b J2 Ay A i) S L 2 N g B SR AR R I T AR A
J5 1 (Kimball, 1998; Geerits and Tang , 2003; Wang
et al. » 20100, A DL 2% j& R FH 5 T %008 98 3l 19 05 1%
(Huang and Yin, 2005; Tang et al. ,» 2010; h 75 0%
S5 2011) X WA TE B A AT i Bk R AT AN 5L 5 A
R AL S 7 o I B D AR I A PR L
JE 1K DU Y38 AR A AS [6] 72 52 Br AR Bt v i %
JE R 8B DR T 8 B K S5 s R o R B A IR

for o LA 1o SR HE B 9 15 18R EL 97 3G  4 )=
.

6 45

BUEWEFE T DU 75 PR & B B TT M= ™
AW Y, EEAG RN SE.

(1) 5P 7 5 A [ L 7 DU 1 75 Ok /Y
P 3 R WL 2% ) V2 R B BE A ELRE S ) )
G ML JZ A% 1) S R R B B SR )52 MELARL /DN 6T T L
IR A WNER A IS | B R V& e 26 37 N1
WA R A 3t 2 A IR 1 2 ) R 3 AR 5 g L
BRI 0 114 A L A1 AR AL

(2) % 18 3 b )2 o IR I 1) 2= 0 J8 F
BEIFBELY 2 A AL AR N B b 2 A7 ] A R R A
i BE X 12 Y ] PR A 2 A 90 e T AT 2 AT IR

(3) FEPRHEH ZIAL R T . B2 WA E T
FLYT IR F1 A F2 A 5K r b L 3 S A D g
FHAEE AT 1450 73 22 FpoAE X R 380 5 A 90 19 8 o A 1]
A LA T v R M 2 A e R i L R 2% D
ARAT FO S A D5 J3E HEAS AN 32 3l 2 4% 1) S P ) R

(4) 18 J32 3 J2= B8 I 52 Hb )2 4% 1) S A 1 2 W) 4K
R SR L P Bl Ak BN S G0 2% 2 3 % Oy 4% 1) S
JZ IO 38 B SR PR 1 AR TR 1) 077 3% » ) L% B8R
T s 9 Ab B 5
Brift  SC e R PR b 2 /B AR o e
Tl AR BIE T B 5 1 1 X AR SR e g it 7 — 4k
T By AR T AR i 9 A ORI DL 7 2R

References

Chen X L, Wang R J. 2008. Investigating depth of mode waves in
the borehole surrounded by transversely isotropic -elastic
formation. Journal of Jilin University (Earth Science Edition)
(in Chinese) , 38(3): 502-507.

Cui Z W. 2004. Theoretical and numerical study of modified Biot's
models, acousto-electric well logging and acoustic logging while
drilling excited by multipole acoustic sources (in Chinese) [ Ph.
D. thesis]. Changchun: Jilin University.

Geerits T W, Tang X M, Hellwig O, et al. 2010. Multipole
borehole acoustic theory: Source imbalances and the effects of
an elastic logging tool. Journal of Applied Geophysics, 70
(2): 113-143.

Geerits T W, Tang X M. 2003. Centroid phase slowness as a tool
for dispersion correction of dipole acoustic logging data.
Geophysics, 68(1): 101-107.

Huang X J, Yin H Z. 2005. A data-driven approach to extract shear

and compressional slowness from dispersive waveform data. //



2872 H Bk ¥ B % R (Chinese J. Geophys. ) 58 ¥

SEG Technical Program Expanded Abstracts, 384-387.

Kimball C V. 1998. Shear slowness measurement by dispersive
processing of the borehole flexural mode. Geophysics, 63(2)
337-344.

Kinoshita T, Takeshi T, Hiroshi N, et al. 2008. Next generation
LWD sonic tool. ,/ 14th SPWLA Formation Evaluation
Symposium of Japan, Japan.

Li X Q, Chen H, He X, et al. 2013. Analyses on mode waves of
acoustic logging while drilling in transversely isotropic
formations. Chinese Journal Geophysics (in Chinese), 56(9)
3212-3222, doi: 10.6038/cjg20130933.

LuJ Q, JuXD, Qiao W X, et al. 2013. Application of digital signal
processor to acoustic LWD tool. Well Logging Technology (in
Chinese) , 37(5): 527-530.

Sinha B K, Simsek E. Asvadurov S. 2009. Influence of a pipe tool
on borehole modes. Geophysics, 74(3) . E111-E123.

Sinha B K, Simsek E. 2010. Sonic logging in deviated wellbores in
the presence of a drill collar. // 2010 SEG Annual Meeting,
Expanded Abstracts, Denver US, 553-557

Su Y D, Zhuang C X, Tang X M. 2011. LWD acoustic color mode
wave attenuation character research and isolator design.
Chinese J. Geophys. (in Chinese), 54 (9).: 2419-2428, doi:
10. 3969/j. issn. 0001-5733. 2011. 09. 026.

Su Y D, Tang X M, Zhuang C X, et al. 2013. Mapping formation
shear-velocity variation by inverting logging-while-drilling
quadrupole-wave dispersion data. Geophysics, 78(6): D491-
D498.

Sun Z F, Fan G M, Meng J. 2011. A method of fitting function to
extract phase slowness of dispersive wave {rom sonic logging
data. Jowrnal of Jilin University (Earth Science Edition) (in
Chinese) , 41(4); 1239-1245.

Tang X M, Wang T, Patterson D. 2002. Multipole acoustic
logging-while-drilling. // 72nd Ann. Internat. Mtg. . Soc.
Explor. Geophys. , Expanded Abstracts, 364-368.

Tang X M, Dubinsky V, Wang T, et al. 2003. Shear-velocity
measurement in the logging-while-drilling environment: modeling
and field evaluations. Petrophysics, 44(2) . 79-89.

Tang X M, Cheng C H. 2004. Quantitative Borehole Acoustic
Methods. San Diego: Elsevier Science Publishing Co. Inc.
Tang X M, Li C, Patterson D J. 2010. A curve-fitting technique for
determining dispersion characteristics of guided elastic waves.

Geophysics, 75(3) : E153-E160.

Wang B, Tao G, Chen T R, et al. 2012. Experimental study of
acoustic logging while drilling measurements using an asymmetric
source. Chinese J. Geophys. (in Chinese), 55(1): 327-332, doi:
10. 6038/j. issn. 0001-5733. 2012. 01. 033.

Wang H, Tao G, Wang B, et al. 2009. Wave field simulation and
data acquisition scheme analysis for LWD acoustic tool.
Chinese J. Geophys. (in Chinese), 52(9): 2402-2409, doi:
10. 3969/j. issn. 0001-5733. 2009. 09. 027.

Wang H, Tao G. 2011. Wavefield simulation and data-acquisition-
scheme analysis for LWD acoustic tools in very slow
formations. Geophysics, 76(3): E59-E68.

Wang T, Tang X M. 2003. LWD quadrupole shear measurement in
anisotropic formations. // Technical Program Expanded Abstracts.,
Dallas, Texas, 309-312.

Wang R J, Qiao W X, Che X H. 2010. A new method of extracting

shear slowness from borehole mode waves. // 2010 3rd
International Congress on Image and Signal Processing (CISP),
vol. 9, 4308-4312.

Wang R J. 2012. Simulation research on acoustic logging in fluid-
filled borehole surrounded by anisotropic formations (in Chinese)
[Ph. D. thesis]. Beijing: China University of Petroleum.

Xiao H B, Yang J Z, Ju X D, et al. 2009. Application of V-system
in acoustic logging while drilling data denoising. Jowrnal of
China University of Petroleum (Edition of Natural Science)
(in Chinese), 33(2): 58-62.

Yang Y., Che X H, Li J, et al. 2009. Sound isolation numerical
simulation on isolator of logging while drilling sonic tool using
finite difference time-domain method. Jouwrnal of China University
of Petroleum (Edition of Natural Science) (in Chinese), 33(3):
66-70.

Yang J Q, Sinha B, Valero H P, et al. 2011. Estimation of the
formation shear and borehole fluid slownesses using sonic
dispersion data in the presence of a drill collar. // SEG
Technical Program Expanded Abstracts, Vol. 30, 464-468.

Zhang Z X, Mochida M, Kubota M, et al. 2010. Shear slowness
estimation by inversion of LWD borehole quadrupole mode. //
SEG Technical Program Expanded Abstracts, 29: 528-532.

Zhu Z Y, Tokséz M N, Rao M, et al. 2008. Experimental studies
of monopole, dipole, and quadrupole acoustic logging while
drilling (LWD) with scaled borehole models. Geophysics, 73
(4): E133-E143.

Bt /32 5 % STk

BRI, EHGH. 2008, & [ 4 1] [7] P 5502 3 J2 O L o B X i i 4R
MRBE. W MRR 224 . HUBRBF R, 38(3): 502-507.

FERRIC. 2004, Z LA TS S4B 15 22 A 5 S R 0N T R 22 A B
Bl I 0 B SRR L e ). KA. B

AT PRI TSR, 2013, ) 45 ) [Pk 2 o E B R D I
AT, MR YRR, 56(9) : 3212-3222, doi: 10. 6038/
¢jg20130933.

PR BIWEAR . FrCEAE. 2013, BT 5 Ab B TE B BN 75
AR, WA, 37(5): 527-530.

Fam R, FEARE, R 2011, BN A O 00 I G A A 2 e
B S W A . BRI B R, 54(9): 2419-2428, doi:
10. 3969/}, issn. 0001-5733. 2011. 09. 026.

NI, BT RG, RAR. 2010. — 4R HE I 0 H BRI I A 8 1
&N REOT VR OMROR 2 A G ER B 2 D, 41(4) 1239~
1245,

T, B, BRI, 2012, JAF X R R IR 2 0 B Al R 0 3 52
IR AT, HERY R, 55(1)  327-332, doi: 10. 6038/
j. issn. 0001-5733. 2012. 01. 033.

T, PSR, FIRAE. 2009, 2 BEES R I AL R AR A
. ML ER A PEE . 52(9): 2402-2409, doi: 10. 3969/j.
issn. 0001-5733. 2009. 09. 027.

F R B ) SR E R O AT Y (e s, dbat: P E
AR, 2012,

ML, A, BB L. 2009. VR G5 LE BE RS 7 0 B A
W o 8 17 . o A IR 2 R CE SRR 2D, 33(2) : 58-62.

MiB, F/NIE, 2R 5. 2009, FE T IR AT BR 22 40 i A0 Bl A Ok
FE A 7 (A B 7 OR B E R B o A i oK 2 A R A SRR
2ERRD . 33(3): 66-70.

(RSO R



