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Abstract In cased boreholes, acoustic logging waveforms are often contaminated by casing
waves, making it difficult to extract formation acoustic velocity from the acoustic data, especially
when the casing is poorly bonded with formation. Various methods have been tested to solve the
problem with only limited success, due to the weak signal amplitude and poor coherence compared
to the dominant casing waves. The new technique of this paper utilizes the modulation of wave
power spectrum caused by the interference of casing and formation waves. The advantage of the
technique is its ability to suppress the coherence of the casing wave and significantly enhance the
coherence of the formation wave, allowing for determining the formation acoustic velocity from
the latter wave signal. For an acoustic logging instrument composed of an array of equally spaced
receivers, the waveform data containing casing and formation waves are windowed and
transformed into frequency domain to obtain the power spectrum for each receiver in array. The
average power spectrum of the array is calculated and subtracted from the power spectrum of each
receiver, yielding a residue power spectrum. The residue spectrum and its Hilbert transform form
the real and imaginary parts of an analytical signal, which, after transformation into time

domain, results in a new waveform array data whose phase moveout across array is entirely
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controlled by the velocity of the formation wave. Processing the new array data using an array
velocity analysis method, e. g.., the slowness-time-coherence (STC) method, yields the
formation slowness behind the steel casing.

The new technique was tested on synthetic waveform data calculated for a poorly bonded
casing. The synthetic data processing example shows that the technique effectively cancels the
coherence of the casing signal and significantly enhances the coherence of the desired formation
signal. The technique has also been applied to processing field acoustic logging data acquired in
cased boreholes. In depth intervals with poor bonding conditions, the STC result of the new
technique shows that the casing wave coherence almost disappears and the formation wave
coherence is significantly enhanced. Further, the validity of the velocity curve is verified by
comparing it with its counterpart from the raw data. The much improved result in the poorly

bonded section indicates the ability of the new technique to extract and enhance weak formation

signals in the presence of strong casing wave interference.
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for synthetic waveform modeling
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Fig. 2 (a) Calculated synthetic array waveform in a slow formation with

a free-pipe condition; (b) STC analysis result for the data.



1450 H Bk ¥ B % R (Chinese J. Geophys. ) 58 %

PR 1 RS L N A TR N b )2 N B A 1 R
5 n DR OISR D, (0 AT LR IR
D, () =W [t—1t, —s;(n—1)d]
+W! t—1 —si(n—Dd]. (D
X (L) AR B o A8 6, AR B N 1) 2% 58 K
.
D,(w) = [ W} (w) || ettt
Wi || esntena,(2)
Horp, o) BHZ BB B RIWE . s R HUZ MR8
B w BB, W (o) Bl W (w) 50508 Bl n
T ST P e R M U2 A U 1 I 1. el A Dk R b )2
N AR el [ — 75 Rk PRI AT AR R A R U O AR
TR 19 451 5310 B P EL A AR AL P DL R B R 3R
T HILZE YN 5 D A R L (.

LW | = W) || . W

W, () | =7 W | (3)
B OXARARN (2 Kb A BIE Y D 535, R A
2AF
P,(w) =
| W) |2 {1+ 7 +2r « cos[w(dt, + dstn— 1> ]},

(4)
Aop oty = 1) — 10 .85 = 50— so. A5 (DO XFE T 5
A+ || W |2 =
P,(w) —2r || W(w) || *cos[w(dt, +8s(n— D d) ].
(5)
B bR n A B2 SR T T T S A R
(YRR 37 745 B RS AN AR I A8 A BT 1y i
101+ T AASZ0 R PR (8 2 N T A5 5 T2 T %

.
Plw) = %ZP,,@» =+ [ W 2. 6
n=1

IS n B2 gl 2 P DR v 13 8] =
R, (w) = P,(w) — P(w)
= 2rW (w)?cos(w[ 8ty + 8s(n— Dd . ()
(DR AT UE B o DRI R mh R
G R > 9% R, (w) 155 0 2% CHp Y5 3
R | W) || ) 58 A Z 900 T 8 )5 i A 47
PEH 1 cos[w (St +0s(n— D) ] W & 1Y Te B %
PSS T A S )2 A BT A B X R
T XF 2215 R, (w) JIF 21 B0 5008 [ 51 7 A= A 0 A
PR =55 B (O K g FE S B RS P, (0) Hrd
A ZAHB T3S, R P, () — P(w) 1851 251
R, (w) s MARE P, (w) A< B JE47 A0 B2 T {3 Fp
PR AR R N 28 (R 2 DRSS ] 3b). TBie i

FETE I (6) 2 ry AR AT B A3 ™A BT X AL B 1
SOTARY s FAERRPETE AT 59 38 R0 52 bR A A R
S| T SR E. T IR AT 23 R, ()
AR PRI TR A5 V1 — 20 A 3 R 2 P A B SR k.

Xf (7) AR 7R A8 5 2 H s AR B IR 3B 2 D
HRBAT AL B s HHRT K AHRIGIFE] 1 (w)
I(w) = Hilbert(R, ()}

= 2r || W(w) || *sin(wl[ 8t, +8s(n — 1Dd ],
(8)
Horpr, Hilbert{«} X591 {« ) o eR F0ORA R
AR B (DX &) X G I AR — & B b
(CReALE
A (w) =R, () +i+1,(w)
= 2r || W(w) || #eoutoor b, €))
TR P L 50 1 e B0 o) BILAB E s AR
FEHPE S PR ERE BR[| P(w) || V%) H—14k . 15 21
A, (w)
VTP T

_ 2r ot s D]
1+r2W(w)e ) (10)
H1 (L0 AT UE L 18 B A IS A, (o) BIHIAE
o SR S M2 A SR B R 0 A e
10 AR 6 ) B L A5 2 R B E S
Al(t)y = FY{A (o)} = H[t— 1, —s;(n—1d],
(1D
Horp H(o) 2y (10) 2 b I 8 33 79 290628 4. b 3A i 3
5T AR BILE MR B 42 R T AR RS 52 4 el 2
NI P B s BT X G AE S R B DT A G ik
Ab FASE R DL AR A b 2 A B s
RS BURMTHE 53 A, () FIE) 55 Pw) .
AT LAAS 2 b 2 90k 5 8 B A B0 LefE o an R A
A, G I 2r
P(w) 147
XoF BB B« RO R b 2 3 b A A 38R [ 5 v Y
SERE. A (12) XA G (8 F-ATT T RLBEAR 9 E
T RIS . A (RN B 2 5 5 AR 55
PR B ZE P REA T HE s R Z . 47 r I KT 1,
YL R G B . B SHUE RS BRI AT 2
T AR B,
3.2 AHEWIE
FRATHIE 2 o 8 el 245 0 I 75 I A UL 540 ok
VOB L F 07 vk Y b 35 B X 8] 2a H R BB AE 0~
2 ms [PIFBL NG BTG FES T (K] 3a) H& A

.o T
em)JO A.\'T(n*l )d]

Al (w) =

=R = 12



4 8 JoE % I A5 L 3 T O B Y S A S R 2 R Ak B O 9 B LN
4.07 —«\/\/\/\—~/\/\/\/\/-—— 4.07 Ajv\\,
—\/\— NN~ — N
o) e}
3
3 —\/\AMM/V__
(@ (b)
0 500 1000 1500 2000 2500 2 4 6 10
t/us F/kHz
4.07 407
£ £
3 3
1 5
3
(@
2 ' 6 ' 10 0 500 1000 1500 2000 2500
f/kHz t/us
ER
<45
$ 40
g
2 350
(e)
0 500 1000 1500 2000 2500
t/us
Bl 3 () W 2a PIEIEEHETE 0~2 ms BN EUE 5 I TE 5 (b) & () B B T R 3% (I G il 20O -3 1) R (4

T2 F22 3 (REMZ) 5 (o) XF 225 HE4T Hilbert A #e )5 BT 1L A, (w) HYSEHRCSEEO MR GEZO 5 (D R
BT 05 ik A4 PR (0 OB IR RGBT ST 5 (o) 181 (D /P I] B4 6 1) - g 2 A 5 4]

Fig. 3

(a) Windowed array waveform containing only pipe and formation P-waves; (b) Power spectrum (blue curve),

average power spectrum (bottom red curve), and the difference spectrum (black curve) for the data in (a); (c¢) The

real (solid line) and imaginary (dotted line) part of the complex analytical signal A,(w); (d) Extracted formation

signal; (e) STC analysis result for the data in (d)
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Fig. 4

(a) Calculated synthetic array waveform in a fast formation with a free-pipe condition; (b) STC analysis result

for the data in (a); (c¢) Extracted formation signal from the data; (d) STC analysis result for the extracted data
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Fig. 5

(a) Array data from a poorly-bonded cased-hole; (b) STC analysis result for the data;

(¢) Extracted formation signal from the data; (d) STC analysis result for the data in (c)
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Fig. 6 Processing results from an acoustic data set logged in a cased borehole with various cement bond conditions.

From left to right: Panel 1 shows the waveform data; panel 2 is the STC result from the data; panel 3 is the STC

result using the new technique; panel 4 shows the comparison of the slowness from the existing (black) and new

(red) techniques; panel 5 shows the formation P- to casing wave amplitude ratio
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Fig. 7 Array data from a poorly-bonded cased-hole; (b) STC analysis result for the data;

(¢) Extracted formation signal from the data; (d) STC analysis result for the data in (c¢)
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Fig. 8 Processing results from an acoustic data set logged in a cased borehole with poor bond condition. From left to

right; Panel 1 shows the raw waveform data; panel 2 is the STC result from the data; panel 3 is the STC result for

the formation P-wave extracted using the new technique; panel 4 shows the V,/V, ratio from the processing; panel
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