Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ETREBZERSNZWEBESZE
R¥H: FEF AT 2R B
Lamb wave imaging method based on difference signal in reverse path

Jiao Jing-Pin  LiHai-Ping He Cun-Fu WuBin  Xue Yan

5|5 K. Citation: Acta Physica Sinica, 68, 124301 (2019) DOI: 10.7498/aps.68.20190101
TEZE 2 View online: https://doi.org/10.7498/aps.68.20190101
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

TR B 22 I 0 (i B2 FUAR
Reverse time migration Lamb wave imaging based on mode separation

PH2AAR. 2017, 66(21): 214301 hitps:/doi.org/10.7498/aps.66.214301

FHY Bz {5 SRR 22 ik 4 5 %
Full focal imaging of ultrasonic Lamb waves using diffuse field information

YrH2E 4. 2018, 67(22): 224301  hitps://doi.org/10.7498/aps.67.20181268

LTI EAME B B i A 2 e 73 8
Mode separation for multimode Lamb waves based on dispersion compensation and fractional differential

WIEEAEAR. 2018, 67(20): 204301 hitps://doi.org/10.7498/aps.67.20180561

— 3 T von Neumanni (4 XU AR 20 98t GOBAR -5 28 USSR 3 PAG 5 v
A method of evaluating the quality of dual-path entangled quantum microwave signal generated based on von Neumann entropy

WIFEAEAR. 2016, 65(11): 114204 https://doi.org/10.7498/aps.65.114204

— PR BT R R PR P PR A 5 W R 2 B P T T
An approach to selecting the optimal squeezed parameter for generating path entangled microwave signal

WIFIEH. 2017, 66(23): 230302 https://doi.org/10.7498/aps.66.230302

LT ) Fz 168 P, T 02 O L 0 BRI S5 25 TR DR A
Single frequency spatial power combining using sparse array based on time reversal of electromagnetic wave

YIFISE4. 2015, 64(20): 204101 hitps://doi.org/10.7498/aps.64.204101


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190101
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.214301
https://doi.org/10.7498/aps.67.20181268
https://doi.org/10.7498/aps.67.20180561
https://doi.org/10.7498/aps.65.114204
https://doi.org/10.7498/aps.66.230302
https://doi.org/10.7498/aps.64.204101

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 12 (2019) 124301

ETREBREFESH=WKRETE

X G 2 o

HHY

2ED HEY

1) (e Tl R TR S I FBoR B, dba 100124)
2) (" EAMKRREEREHR A RAH, BEY 065000)
(2019 4E 1 A 19 Hig#H); 2019 4F 4 A 11 B EHEH)

X A G e 2 R B IAR D ¥ A2 R 5 il BE R 0 4 1) R, 255 1 B 5 B B A T R P D A B A Ak HILE 9 1 22 5
P, BT — Pl T R AR 22 A5 5 09 22 W L 2 87 AR T vk e T 3, X B AR 22455 (R R IR
BEAT T o0, JEWTSE T BB 5 A AR Y e A R B A 28 0 S B AR 22 A 5 IR LAY R e ML AR . AR SRR |
e o (0 B R A I S 5, IF S T T R AR 25 05 5 ) 22 I AR T T R AR v e B ARG B A R L AR R
B, T BB AR 25055 1 22 RS RAR 5 12 T AR Je M 9 o3k 0 30k 9B gl B AR 190 2 i, 5 A R A T 32 )
Al FLANAEIE BB AR, ELUAR 3 B g, 5 LRSS SCOA AR S5 A8 Y Rl B e I B A1 1 — Rl A7 A 7 2.

KERR: IR, ARG, R IRIR AR, MBiFEs
PACS: 43.20.+g, 43.35.+d, 43.60.+d, 43.58.+z

1 5

PLEAT RN FE ) | A IR g S D, 24
AR C 2 T4 B A A A A o R I L
BRI =21, ) PR A 1) AR A A L AR s
K31, 3 ] LS SR ZS A T R AR . 78 22 I A
Wb, RIS S BOE 0, mEF R, e
5 BRI R, S5 10 5 1 SRR AR o]
B, 5 ER A T R PR L, SR iR AR AN,
Sy A0 B M7 I 5, T = e RO A3 ) A
RGO R I T AIAE S A AU B R

BN 22 AR A DA 5 AT S5 TR RS, 1 P A
T 2 WA N5 5 T S PUNBOARTTRE TR
A SR IIEST, K T R L A S i S
AbFRTT Y, AR A (781 R ]2 [ A 4 19410 25
IEA, At X 5583 ot o [ 9z B BB D AL, e T — 264
X ERL L RS S A BT B, T AR A D e
Forb R SR | A AR R AR T B 1112,

ail%

DOI: 10.7498/aps.68.20190101

]z N T 2 WA A5 S A B 2 P
R {5 5 5 WU IRIUW TC BB IR S T L (=
TG T AT AR, 8 BN HEIH Bk i A AR
I S SR [ 4 B D3 g, Zhao 45 04K R
F, ) 5 TR s R U 21 AT LML B A [R 5B 46z,
SRRl T2 N H T 22 IR W DA 5 i 43 A b B
SEELRAUHLIE 1 2445 1 b sl o e Az
FESCPRET I, BT RIIE 5 5 L5 5 R
B IR A5 1 — R AN TR Y, S IABE SR AR A R
Af, BEZRAH IR B Tk MER . A RO 2L Bk S =
P LR I LS IR [T s M A T ) A PR 2R R
ALAE Ry AN TR 0] MR EE IR B 0607 45 Ay
5T 2 HH , PASE IR P 2 o) 235 A i 5 W) 52k o il
KAIGHM IR - 22— D8 X FE 4 A ok 1k 3= 237 3
BRI B2 ) [ A [ P A3 o R M S el Ty
I T RERWESE. BN, Tefe g Lmimik m
A |, Clarke %5 9 fil Konstantinidis 5 20 $2 1
T LA, il S TR AR
AT B AR L AR 1k 1) P P N5 A )5

* EZRE AR (S 2016 YFC0802102) FIEZ M ARFHFIES: (LS 11572010) BEBhMHHLEL.

t lfEVEH. E-mail: jiaojp@bjut.edu.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

124301-1


http://doi.org/10.7498/aps.68.20190101
mailto:jiaojp@bjut.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 12 (2019) 124301

GEIRRW], HRELEAR L, SRR L AR IR )3
PR, FAF MR LY i UL 250 20 dB.

B DX A 98 T A R U i T 51 AR L 23 ) f e
R T HRLESHE TN, BRSBTS
FARBU TR T T okt Park S5 U X A] fe i
WA AR e AT T A3, AR S RS
R U o R E B AR B A, AT
AR 1T RN S R RS A R
T, AH T I A ) B A, e RS B A
Jan % 221 1 Tabatabaeipour & 23 $& 1} T —Fp 5t
TR UE 1995 57 BRI 5 v % Bl
o SE A TEAS [R) P Al AT A Gt 7 g 10 1464 7
L BARTR, ok SEBLZE A AR et A IR (andk 57
20) Wk BT o E a7 AR B O B AR L
Wi )iz, Ciampa 55 P32 H T —Fp T ARG
FE R T REURG T, 2Tk TR LS
{555, (BT EAESS 1 1A B A 2 B S .

Db B 5 5 4 U K 22 X it B 1) s S5
TR, ARG TEORE P T B AL AR RIS . 58
br b, B AL RE B BRI, 23 R R IR, H
B S A WEEE S, Kk, AR H
1 AR LR T (5, AT DA I

RS BB 5, GRS 29, R 2,

FEAR 2745 4N, Zhang 45 281 k28 v A 4 4R Sk
FNCR A (R S AT R AR, A S I i
I 7 0 SO AS AR IE , AR e S B T ke AR
(G, fL) KI5 1AL HEFHAE 29 F M 701 Y
PG P A TR R B AT 1 A 4 R DA e o Az D
WFS, A BRI B 2 O R S B 2 Fy rh 2R
R B ERAE.

BEXIE G B AR I8TT 1 52 PR il BE 52 4 7]
L, 25 JE B S gt AR P R SRR AL U 1 22
SR, ASCHE I T — TPk T RO AR 255 5 1 22 18
BB S AR T 1% W BUEL D B, W e A
ZEAG 5 BRIEHEAT T 04, FFOTTE T 8RB S 15
T IR T Ay e A 2 X R AR 22 A 5 IREL Y 5
i KL e L R L 3 5 7 R A I S
BUE 7207 B R

2 HTREBREENZEE KGR T
21 REEBREESHWN
B 1 g T TG RR A4S a) R T P 22 A R

D Je B 08 (5] 2 s F A SRR P T 2 AR )il
W, Her RS R dy. RV L R T RE— 2
PR Jo] 1) — B0 ) 2 [ 2% 7 [0 50l R1HE SO 7 0
EIPIAT R S S IO AR B8 1787 M 2 91317 ST IN
ROV, WU A% SRS S 1) 22 R e A 1 B
BEAL, JFAEBRBA AL 7 A5 S S SR, 33X 28 S S
PR — 8B 73 ) os i A i 420, ani&d 1
JIT7R . 25 BEE A% B U3 r) dfe o [l g L A T
L EVRr s GO CE) S E (2SR VN
JERAR 2 BT, BRE AR R d) R dy; 1B ISR 2 0%
il AL I 2 BN, ABRRERAS Dy dy FI dy), DU
MG A E S, 53— B AU &
AR ATUE R iR =R i Ay B0
X12(w)

= T(W)R(W)\/delD(OélQ,w)\/;;é(w)ej(kdﬁkd?)
+ T(W)R(w)\/?%é(w)eﬂ(kdo),

Xgl(w)

1 1 - .
=T(w)R(w)4/ k—dBD(ozgl,wM / MG(w)e_J(kd3+kd4)

+ T(w)R(w)y /k%%é(w)e*ﬂkdo),
(1)

HiH X (w) Fl Xoq (w) A W8 H HL R 43 A R 384 Db

Damage

Sensor do Sensor

do— Direct wave paths between sensor 1 and 2

dy — Main beam path excited by sensor 1

---------- dy — Scattered wave path received by the sensor 2 after
the main beam of the sensor 1 interacts with the defect

—— d3z— Main beam path excited by sensor 2

ds— Scattered wave path received by the sensor 1 after
the main beam of the sensor 2 interacts with the defect

Non-main beam path excited by sensor (Blue/green
indicates sensor 1/2)

— — — Scattered wave interacting with defects (Blue/green
indicates that the wave is excited by the sensor 1/2)

F1 JCBR AT v 2% Ml A A B T
Fig. 1. Schematic diagram of Lamb wave propagation mod-
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analysis: (a) A model of two-factor comprehensive impact;

(b) model of distance difference influencing factor.
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Table 1.  Coordinates (unit: mm) of defects at different locations and corresponding angles o (unit: (°)).
l

h

0 10 20 30 40 50 60 70 80 90
60 118.1 117.7 116.6 114.62 111.8 108.0 103.1 97.1 90.0 81.93
72 102.7 102.3 101.3 99.6 97.1 93.9 90.0 85.35 80.1 74.3
80 108.5 108.1 107.0 105.2 102.6 99.1 94.8 89.6 83.7 7.2
100 90.0 89.7 88.8 87.4 85.4 82.8 79.8 76.2 72.2 68.0
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Fig. 13. Scattering coefficient of the circular through hole
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Fig. 15. Values of AA at different defect locations.
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Fig. 16. Simulation model of lamb waves detection for

sparse array of plate structure.
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Table 2.  Simulation parameters and positioning results for circular defect detection (unit: mm).
Jrs e e dn2 R 3 e dsa BB PRLE FENLEE R FENIIR 2
1 (ETE%ES) (150, 350) (350, 350) (150, 150) (350, 150) (280, 280) (284, 281) 4.1
2 (150, 350) (350, 350) (150, 150) (350, 150) (280, 280) (285, 285) 7.1
3 (150, 340) (350, 340) (150, 150) (350, 150) (240, 280) (239, 282) 2.2
4 (170, 350) (350, 335) (140, 150) (345, 160) (240, 280) (239, 281) 14
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#3 FUBBARIE G E S BORE (rE5R (: mm)

Table 3.  Simulation parameters and positioning results for rectangular defect detection (unit: mm).

T IR Es1 fIds2 I3 RS Bl P E eSS TENI R
1 (150, 340) (350, 340) (150, 150) (350, 150) (240, 280) (239, 279) 14
2 (170, 350) (350, 335) (140, 150) (345, 160) (240, 280) (241, 279) 14
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Fig. 17. Imaging results of circular through hole defects: (a) Number 1 (based on reference signal); (b) number 2; (¢) number 3;
(d) number 4.
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Fig. 18. Imaging results of rectangular defect: (a) Number 1; (b) number 2.
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Fig. 19. Inverted path delta signal of a typical sensor pairs and its contribution to imaging: (a) Inverted path delta signal of sensor

pairs of numberl and number 3; (b) contribution to imaging of inverted path delta signal of sensor pairs of numberl and number 3;
(c) inverted path delta signal of sensor pairs of number 2 and number 4; (d)contribution to imaging of inverted path delta signal of

sensor pairs of number 2 and number 4.
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Table 4.  Simulation parameters and positioning results when considering boundary effects (unit: mm).
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Abstract

The traditional Lamb wave structure health monitoring imaging method based on reference signal is
affected by environmental factors such as temperature change. To solve this problem, considering the difference
in the scattered fields generated by the interaction between ultrasonic waves and defects in the reverse path, a
Lamb wave imaging method is proposed in this paper based on the difference signal of sparse array in inverse
path. Numerical simulations are carried out to determine the generation conditions of difference signal in
inversion path, and the influences of the angles and distances between the defect and the two sensors on the
amplitude of difference signal in inversion path. It is found that the difference signal in reverse path is much
more obvious when the defect appears as asymmetric distribution towards the excitation sensor and receiving
sensors; the amplitude of difference signal in inverse path is affected by distance difference of the Lamb wave
propagating in reverse path and the scattering coefficient of the defect. On this basis, the effectiveness of the
Lamb wave imaging method based on the difference signal in inverse path is studied numerically and
experimentally. The results show that the Lamb wave imaging method based on the difference signal in
inversion path can perfectly eliminate the interference between direct wave and the boundary reflection wave,
and the imaging method can detect the defect at different positions in the plate. Moreover, the imaging
resolution is higher and the defect location is accurate. The research work provides a new feasible scheme for

the extensive health monitoring of plate structure.
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