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Reducing dead zone for TOFD circumferential scan of pipeline
by the adaptive deconvolution method

Jin Shijie ,Zhang Bo, Wang Zhicheng,Sun Xu,Lin Li
(NDT & E Laboratory, Dalian University of Technology, Dalian 116085, China)

Abstract: When the circumferential scan is performed along the outer surface of pipeline by the ultrasonic time-of-flight diffraction
(TOFD) technique, the layered dead zone is generated in the near-surface area due to the influence of the pipe curvature and the pulse
width of direct longitudinal wave (DLW ). In this article, the adaptive deconvolution method is applied to perform deconvolution and
autoregressive spectrum extrapolation by selecting the sub-band DLW, whose main frequency is close to that of the overlapped signals, as
the reference signal , realizing the extension of effective frequency band and the pulse compression of time-domain signal. Meanwhile, the
defect depths are determined according to the tip-diffracted waves in circumferential scan images. Experimental results show that the
range of layered dead zone is reduced by about 60% under the condition of 5 MHz central frequency and 87 mm probe center separation
(PCS) for the carbon steel pipelines with 100. 0 mm outer wall radius and 30. 0 mm wall thickness, and with 148.0 mm outer wall
radius and 27. 0 mm wall thickness by the adaptive deconvolution method. When the distances from defect tips to the ray path of DLW
are no less than 4. 0 mm, the measurement error of the depths for the defect is within 10. 6% . Compared with the conventional spectrum
analysis method and the autoregressive spectrum extrapolation method, the adaptive deconvolution method has better performance in
reducing dead zone and can accurately quantify the defects being difficult to detect with measurement error within 5. 8% .
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Fig.2 Carbon steel pipelines with artificial defects

having different depths
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Fig.3 TOFD circumferential scan images for the artificial

defects with different depths in pipelines

K 3

1.2 1.2
= 06 = 06
S S
i15—0‘6 i15—0.6
g o
-12 -1.2
18.0 18.4 18.8 192 18.0 184 18.8 19.2
B 8] /us B 8] /s
(a) BRPEL (b) BRpE2
(b) Defect 2

(a) Defect 1

AR (a.0.)
A - OIRE (an)
= o o =
N%N

-1.2 -
18.0 184 18.8 192 180 18.4 18.8 19.2
i 8]/ s i 8] /s
(c) BRFE3 (d) kP4
(d) Defect 4

(c) Defect 3

yﬂl—%'ﬁﬁ/(au)
S e 2 0
Erﬂcfl@ﬁ/(a‘u)

_1'218.0 184 18.8 19.2 1%840 18.4 18.8 19.2
B 8 /us B 18 /us
(e) BRES (f) BREE6
(f) Defect 6

(e) Defect 5

Uﬂl—%f]’gg/(a u.)
UEI—I‘%fllgﬁ/(aAuA)
o o =
[} (=} N ™~

-1.2 -1.2
18.0 184 18.8 19.2 18.0 184 188 19.2
B 8] /s i E)/us
(g) BeR&7 (h) GFES
(h) Defect 8

(g) Defect 7
B4 A5 IE N AR EE BRIE 9 TOFD R S {5 5
Fig.4 Time-domain signals of TOFD inspection for the
artificial defects with different depths in pipelines



55

G 5 AW N SR M A TOFD A X 231

JIE 7 0 J] T 4 e PR R B 1 ~ 3 SR 7 AT SR 4 R
WS EOR IR R, (AR IR B (S5 AT AE WAL (a1 ;
BRI 4~6 SBkEE 8 BORT S BRI I e, it
AR AT P ARPAIE 26 57 0 R i TR 5 BB A B TR
FERIRXT AL B OCFR T BIR]FIBTHR G 1~3 5B 7 13
ST TR XL A TR 4~ 6 Sk 8 Y i
FALT X2 N,

Bt e, X 4 J R TR B A St il 5 AR A B, LA
BB 1 ] S (a) 45 T IR IS 000 A
HEEWT 4.8 MHz, X JCATIH I A0 HR 70 A9 ELA A ik
Fr/NB AL e Ik P B I Y T S S A S 5 (R
5, HORE S IS5 S 20 B AN 5 (b) F (e) Bras . fELL
SR b S BUR A RSN BE , DAAERR ELIA
PN R AT

S}
S}

)

f=4.8 MHz

~
L
o
£
jans
N

.]7'

o
O
IH—LIERE /(a.u.
s o
[} O

IH—IERE /(au.)
i H
(=)}
S

e
w

I
I

1

1

1

I

I

I

|

. 0
5.

0
1.0 3.0 0 7.0 9.0 1.0 3.0 5.0 7.0 9.0
H#/MHz H#/MHz
(a) BRFE 1 RTR BS540 (b) BHE TP

(a) Spectrum of overlapped (b) Spectrum of reference signal

signals for defect 1

1.2

o
>

H—4LIERE /(a.u.)

]
=4
=

-12

180 184 188 192 19.6
i ) /s
(c) i SHES
(c) Time-domain reference signal

K5 hBE 1 IR SAS 5005 RS %5 SRS 5 NEE S
Fig.5 Spectrum of overlapped signals for defect 1, spectrum

of reference signal, and time-domain reference signal

Bl 6 25 T A BE 1 B S AMELS R B 7 ik
L AR S A R B AE S U B S I B AN
SRE RIS 455 R (8) ~ (10) HE AT 15 A [H] B [
I, B8 4h i 8 ABRBAMTR B ik 22, AR AR
it 10. 6% . [, 5 500G T DX FRIA L, R 1 3 1 i
FROT VL RE S S I B B RS R BE B A /N T 4 mm G
B ZE LRI, PR X T AR A T8 TOFD J&] 1) 49 4 43 2%
BN T 25 60% .

1.2 12
=2 =
S09 09
= i
0.6 = 0.6
T T
m 0.3 o 03
0 0
10.0 200 30.0 40.0 100 200 300 40.0
i /MHz B /MHz
(a) BRFE1 (b) B2
(a) Defect 1 (b) Defect 2

IH—IERE ((a.u.)
H—ALIEE (a.u.)
S 2 S 5

0 100 200 300 400 0 100 200 300 40.0
AR /MHz i /MHz
(c) BRA3 (d) BRPE4

(c) Defect 3 (d) Defect 4

IH—{LIEE /(au.)
H—ALIBE/(au.)
o o I =
w [=)} el [

0 10.0 200 300 400 O 10.0 200 30.0 40.0
B /MHz $%/MHz
(e) BRFES (F) Bepta6
(e) Defect 5 (f) Defect 6

IH— 4L/ (a.u.)
A—4kiEE (a.u.)
o o I =
w [=)} O [

0 100 200 300 400 O 100 200 30.0 40.0
iR /MHz #HZE/MHz
(g) BRFET (h) BRFES

(g) Defect 7 (h) Defect 8

Bl 6 AIE N AN R TR i S5 A
Fig. 6 Frequency spectrums after extrapolation for the artificial

defects with different depths in pipelines

3 i i

AR SCR B 1 38 7 8 25 AR % S AR B3 70 i R
b B S /N B B BT A BRI B S O S g A A
AR 5 MY I 1T SN T3 vk i AR 6 L | TR 48 )
AT Bk b SR, T A0 ) 4538 TOFD J& [ H &0 )2 5
DX 55 RUABRE 23 A D7 i R A [l U S D i AR e,
SA R T A PR L, FEICE Bk b 55 4R

W AT 75 3 2 ) P IR T R I i AT S D8 )
RO, T AR R O SR, AT S B
BRBETREE E B FEXHR A5 5% 5 Bk P B



232 8 I F£ ¥ M H 436

12 v 12 AP AL B | 40 m{alaﬂr'ﬁ«wﬂ 3 [ i

Zoo i Zoo &%ﬁaé U e A5 590 3K N A O T B o

%0-6 AL=0.159 us % 0.6 A1,;=0.120 ps A1) g

Los ‘ Lo d,=./(S+c¢/(280)° (11)
AL AL A I — (AT PR AT A A (sl A 4B /M ]

0 0
18.0 18.4 18.8 19.2 18.0

18.4 18.8 19.2

B 18 /s B} 18] /us
(a) BRFA1 (b) BRPE2
(a) Defect 1 (b) Defect 2
1.2 1.2
0.9 = 09
= =
?506 [ AL=0.078 us if— 0.6 | AL=0.151 ps
o3 To3
0 0
18.0 18.4 18.8 19.2 18.0 18.4 18.8 19.2
i 18]/ s I} 18] /s
(c) BRFE3 (d) BrRa4
(c) Defect 3 (d) Defect 4
12 12
3 . 3
=09 =09
= =
g 0.6 AL=0.107 s g 0.6 [ A1=0.074 ps
| |
o 0.3 m 0.3
0 A 0
18.0 18.4 18.8 19.2 18.0 184 188 19.2
B 18] /s B 1] /us
(e) BRFES (f) BRBE6
(e) Defect 5 (f) Defect 6
1.2 1.2

g
)

A1,=0.080 us

H—4bIERE /(a.u.)

0 0
18.0 184 18.8 19.2 18.0

IH—LIEE /(a.u.)
(=]
[=2}

o
W

At,=0.060 ps

18.4 18.8 19.2

I [ /s HF 18] /us
(g) BRIE7 (h) BREES
(g) Defect 7 (h) Defect 8
B 7 SRR B TOFD K [ 18 I 5 FAL B 5

Fig.7 Adaptive deconvolution signals of TOFD inspection

for the artificial defects with different depths

127
%
985 P
7 8.9
. .
s .
81l %
Y I T .
SN BN %
¥ | 7 %
"En :
.. % %
B TR IRt
12 3 4 s 6 1 8
GRS

K8 A IH AR

JEE SR 114 E i

R

B3R ] B

FEMHERE |-, AT 45 550 (9) 5 (10) iHE 4 24 B
AR LI TR AR, LASE 2 TR 1
SEEES B, 9 45 T ORRIR BEJF O () TOFD 44
WAES T — s . AR, R d BRI EFE 1 (IR
4.0 mm) FHLFE 4 (R 16. 0 mm) SRS BEAS 7
HER AN [RIAR AL, o B T H S IR BE 43 0 o 3,81 il 16. 52
mm, X THE d_ BN, G5 RSB =, L
FI A SO0 3 BB DY A AR 15 e b SR, BRI I, AR
ST AN REI R 2 40% R4 ZH X,

1.2 1.2
B E
£09 £0.9
" g
E 06 o6
iﬁ Af=6.73 MH 1&
03 Y170 z 03
sy o
0 0
1.0 3.0 5.0 7.0 9.0 1.0 3.0 5.0 7.0 9.0
3%/ MHz % /MHz
(a) BREAI (b) BkBE2
(a) Defect 1 (b) Defect 2
12 . 1.2
B =
09 £09
= 0.6 =06
T T -
3 03 Af,=6.06 MHz
o’ o ‘
0 0
1.0 3.0 5.0 7.0 9.0 1.0 3.0 5.0 7.0 9.0
3% /MHz MZE/MHz
(c) RFE3 (d) BRPE4
(c) Defect 3 (d) Defect 4
1.2 1.2
209 209
= gl
Zo06 = 0.6
T T
m 0.3 o 03
0
1.0 3.0 5.0 7.0 9.0 1.0 30 5.0 7.0 9.0
3% /MHz MZE/MHz
(e) fBRPaS (f) BRPE6
(e) Defect 5 (f) Defect 6

PO A8 TE A AN ] 2 SR g 119 U1 — P 2 3%
Fig.9 Normalized amplitude spectrums for the artificial

defects with different depths in pipelines

AR A 38 ST Y T 10 45 4 T AR
PR MR 5 . S5 ER B 1 BB 6 1M i

Fig. 8 Measurement errors of the artificial defects with

different depths in pipelines

XiTE IRl Sl RTRE N B

KB 8s T LA B OR & R

SR 2E, AR, Y d,, AT S mm B TS B R B



55

G 5 AW N SR M A TOFD A X 233

BATRBE AE iR 22 Rt 11.8% o d,, #F— 2508/, i
B 3 (TRBE 6.0 mm) FELRE 6 (TR 14. 0 mm) TR Y 2 a5
B2 H3A E 1.48 mm A1 1.20 mm, AH X% 22 2 5
S 24.7% 1 8. 6% . PRIk, 7EIN 51 25 AR VFIE L N, A (A
I3 S5 35 AL TOFD 43 )2 H X 20. 2 mm 980/ 5
10 mm , BIHHH] T 25 50% .

12 12
g BT =
09 £09
i i
“’é‘i 0.6 i AL=0.137 ps %‘ 0.6 AL,=0.122 ps
| 03 ' 03
o0 o J
0 0
18.0 18.4 18.8 192 180 18.4 18.8 192
B ) /s B ) /s
(a) BRBA1 (b) BR2
(a) Defect 1 (b) Defect 2
1.2 12
—_ e —_
=09 =09 i
S S i
P i = i AL=0.125 us
Bos | a-0115us g 06 P
if 03 if 03 J
iy o ) o 0
18.0 18.4 18.8 192 180 18.4 18.8 192
it 18] /us it 18] /us
(c) Be[3 (d) BRia4
12 (c) Defect 3 12 (d) Defect 4
= e -
509 | 209
i L i _
0.6 P AL=0.112 ps & 0.6 A1,=0.107 us
& ==
103 i1‘.10.3
a o

0 0
18.0 18.4 18.8 192 18.0

18.4 18.8 19.2

Fif 18 /us Fif T80 /us
(e) BRPES (f) BRFE6
(e) Defect 5 (f) Defect 6

B0 A TE N AN BE BB 4 1 (01U 3 S AL BRAE 5
Fig. 10 Processed signals by autoregressive spectrum
extrapolation for the artificial defects with different

depths in pipelines

X LR RS 7 B 7 v | B DS SN DT ik S A
JOLfif A BT 0 T4 6 T B IR A B g A 11 I
DAL 3 FhO7 i B REAS I ELIN B DR 22 AR, A 11. 8% 5
X BT 7 3 X LS D00 P s, 1 7 A A AR T L
UERAMERE I, NI, Gl LA BRI IR
T 732 B DA, LR XA SR E B TRCR A

4 # i

L IV fige 2 BR T P /NS e 5 [ ST 33 SN DT 12
TS A, P TR B A5 5 303 o M 1 15 BB i
R ST EBUALH 3 AR AR B S
Jok s B2, T4 5 TOFD A5 -5 Pl 43 3 07, 7EXT
TOFD A& 55 BEAT 1 3 N7 A 2 AR AL BEEE Al b, W] 24545

Je Ty A PG e B 37 5 SRR A, W 5 BLIR Al
FEACROLE ISR I A T 732 5 DO 52 Bk B R
SERE, SCERAE AR M A A N AR AR 1 R A
LR XA FIS N2 60% , B DX ] 8CR AR T AL
TP IE AT A AR SMEET v . XT3 BT L REA
I E R, 00 5% 22 B AN BRI 11, 8% o X T A3 M 5
5 T E T S 7 v LA Y BB, 1 3SR
A RES B R 2 i R ZE AT 5. 8%

[ 1] MERAZI-MEKSEN T, BOUDRAA M, BOUDRAA B.
Mathematical morphology for TOFD image analysis and
automatic crack detection [ J ]. Ultrasonics, 2014,
54(6) : 1642-16438.

[2] ZHI Z, JIANG H, YANG D, et al. An end-to-end
welding defect detection approach based on titanium alloy
time-of-flight diffraction images[ J]. Journal of Intelligent
Manufacturing, 2022, 1-15.

(3] SR iy, Dalite 55, SN EEHA I S X He A5 4 ol I

¥ TOFD A W Pl R 45 AE [ J]. o 48t K I, 2021,
43(12) . 49-53.
PENG S, HE L H, MA ZH H, et al. TOFD testing
image characteristics of butt weld defects in steel structure
bridges[ J ]. Nondestructive Testing, 2021, 43 (12);
49-53.

[4] EEREK Xk, TR E R T 5

ORI EDETE )], IR, 2017, 38(2) -
271-278.
WANG G Q, YANG L J, LIU B. Study on the testing
method of oil-gas pipeline stress damage based on
magnetic memory [ J ]. Chinese Journal of Scientific
Instrument, 2017, 38(2) . 271-278.

[5] X048, BAR TENI. FET Markov HFFAE Y il <& H it

Tk W 5 € A g5k [J]. AR A R & ik, 2017,
38(4): 944-951.
LIU J H, ZANG D, WANG G. Leakage detection and
location method of oil and gas pipelines based on Markov
features|[ J ]. Chinese Journal of Scientific Instrument,
2017, 38(4) . 944-951.

[6] YEH F W T, LUKOMSKI T, HAAG J, et al. An
alternative ultrasonic time of flight diffraction ( TOFD)
method[ J]. NDT & E International, 2018, 100.74-83.

[ 7] BSUE BRI, Pl TR FERAE BN A5

AR4E TOFD Kol {55 FEMEEOR [ ], JofhtAu i, 2021,
43(6) : 41-44.
LI W CH, CHEN ZH H, LU CH. TOFD testing signal
noise reduction technology for stainless steel welds based
on depth resampling superposition [ J ]. Nondestructive
Testing, 2021, 43(6) : 41-44.



234

O M x #

43

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

SUN X, LIN L, MAZH Y, et al. Enhancement of time
resolution in ultrasonic time-of-flight diffraction technique
with frequency-domain sparsity-decomposability inversion
( FDSDI ) method [ J ].
Ultrasonics, Ferroelectrics,
2021, 68(10) : 3204-3215.
NATH S K. Effect of variation in signal amplitude and

IEEE Transactions on

and Frequency Control,

transit time on reliability analysis of ultrasonic time of
flight diffraction characterization of vertical and inclined
cracks[ J]. Ultrasonics, 2014, 54(3) : 938-952.
SRR, JEEEETE ) 2 TOFD A I SEL AL 5 B
WA D]. K. KIERT RS, 2014,

ZHANG SH X. The parameter optimization and flaw
sizing of tofd testing for thick-walled pressure vessel[ D].
Dalian: Dalian University of Technology, 2014.

CHEN T L, QUE P W, ZHANG Q, et al. Ultrasonic
signal identification by empirical mode decomposition and
Hilbert transform[ J].
2005, 76(8) : 85109.
CHEN J, WU E Y, WU H T,

ultrasonic time-of-flight diffraction measurement through

Review of Scientific Instruments,

et al. Enhancing

an adaptive deconvolution method [ J ]. Ultrasonics,

2019, 96:175- 180.
EXHE, D5 IE R A 4 /NI DG R B R TR R
TOFD FMRAL B A B[ J]. U L R K22
WCERPBIERR) , 2016, 36(5) ; 26-30.

ZHAO Y, FANG ZH ZH, ZHENG D D,

Application of wavelet matching pursuit technique in

et al.
ultrasonic TOFD image processing [ J ]. Journal of
Hangzhou Dianzi University, 2016, 36(5) : 26-30.
PIMB, &A% IR AR, 5. 6T 135 SN 7 ik 1
TOFD K& I X A0 [ 1], HLAK T %% 2% 4k, 2018,
54(22) . 15-20.

SUN X, JIN SH J, ZHANG D H, et al. Suppression of
dead in TOFD with
extrapolation [ J ].
2018, 54(22) . 15-20.

IhRRMFT, Sk A K, 45, HF TOFD J& [ 3 4 19 )&
BEAT B BURERSOR i (1] (R UK, 2019,
40(3) . 23-29.

MA T T, LIN L, ZHANG D H,

quantification of inclined cracks in thick-walled pipes

zone autoregressive  spectral

Journal of Mechanical Engineering,

et al. Accurate

based on TOFD circumferential scanning [ J]. Chinese
Journal of Scientific Instrument, 2019, 40(3) ; 23-29.

JIN SH J, SUN X, LUO ZH B, et al
detection of shallow subsurface cracks in pipeline with

NDT & E

Quantitative

time-of-flight diffraction technique [ J ].
International , 2021, 118,102397.
JIN SH J, ZHANG B, SUN X, et al.

Reduction of

layered dead zone in time-of-flight diffraction (TOFD) for
pipeline with spectrum analysis method [ J ].
Nondestructive Evaluation, 2021, 40(2) . 48.
YAMANI A, BETTAYEB M, GHOUTI L. High-order
spectra-based deconvolution of ultrasonic NDT signals for
defect identification [ J]. Ultrasonics, 1997, 35(7):
525-531.

L5200 SO S o O GV Rl R 32 B R 8 e AW RS
MR TS [J]. RO, 2005, 24(2) : 97-102.
GUO J ZH, LIN SH Y. A modified Wiener inverse filter
Applied

Journal of

[18]

[19]

for deconvolution in ultrasonic detection [ J ].
Acoustics, 2005, 24(2) . 97-102.

AL Bk, AV, S, FE T TOFD J& 1) 49 2 B4 4
MY 4 TE Bk B 8 75 A [ J/0L ). BLAR T 7% 2 41t
2021, 1-7. http://kns. cnki. net/kems/ detail/11. 2187.
TH. 20211129. 1430. 028. html.

JIN SH J, ZHANG B, XUN X, et al. Ultrasonic testing of
defects in pipeline based on image characteristics of TOFD
circumferential scan [ J/OL ].
Engineering, 2021. 1- 7. hitp://kns. cnki. net/kems/
detail/11. 2187. TH. 20211129. 1430. 028. html.

SKIE. A IE TOFD JT R D K2 ol i <2 ek AG WF
5[ D). KifE. KT K%, 2021.

ZHANG B. Reduction of near-surface dead zone and
quantitative of defects for with

TOFD[ D]. Dalian; Dalian University of Technology, 2021.
EEE T

[20]

Journal of Mechanical

[21]

detection pipeline

© 48,2008 £ T RURERIGH 157
{37, 2014 4T [ BE 2 e P 27 WE 5 BT 3R A1
T2 EAL B R G B TR A R, B
FEIT 1) AR ICHRL I 55 PR
E-mail ; jinshijie@ dlut. edu. cn

Jin Shijie received his B. Sc. degree from
Peking University in 2008, and received his Ph. D. degree in
acoustics from the Institute of Acoustics of the Chinese Academy
of Sciences in 2014. He is currently an associate professor at
Dalian University of Technology. His research interest is the
nondestructive testing and evaluation for materials.

WRFT GEAFE#) , 1997 4F T RiEH T
2 AL, 2003 4T HE T
- AP A, B R TR R B, &
= EBRSOTE RS S

|
. E-mail: linli@ dlut. edu. cn

Lin Li ( Corresponding author) received her

L

i

o

B. Sc. degree and Ph. D. degree both from Dalian University of

Technology in 1997 and 2003, respectively. She is currently a
professor at Dalian University of Technology. Her main research

interests include nondestructive testing and evaluation for

materials.



