36 B 2 W A S BN Vol.36, No.2
2017 % 4 Technical Acoustics Apr., 2017

HT LIRS R Lamb AR E AR
g, FEE, T

(1. WZERE TR T HRXMBIIRER, WARE S 266041: 2.91899 FEBA, ILT#iF & 125001)
HIEE: T 1A o B 5 M e B M 0 v (1 RS, BT ) AR S 5 A5 6 B ) S B ) e % Lamb I RIS R AL
RS SE AR BER, SR T — T Morlet /N2 1T RN 22 S04 SR Al 5 IO e AL B SR /N A A
MFB, REZ AR EME TGS, SRS T BOEE 2R A €, HET R I35 4 S 77 3K 15
T 1 2 P e e 5 V1 PR 0 2 RN, A JE B TR IR 8 VAR S8 T 00 AL B« R IRE5 FRAR , 1ZJ7 1R B S H 208/b Lamb
WA (R0, AR U L (1 T7V5, AT AR S e MRS B2, [FIBTISR 7 RGEHTTHMEE ).
k%217 Lamb J%; Morlet /NJE; HHIFEALE; BRmG; BHIER
PESES: V2148 TB332 XHEFRIRES: A
DOI 4#F%: 10.16300/j.cnki.1000-3630.2017.02.007

XEHS: 1000-3630(2017)-02-0133-07

Research on multi-frequency data fusion based Lamb
wave damage localization
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Abstract: Determination of damage location is an important part of structural health monitoring, and time delay is the
key parameter to determine the damage location. A damage localization method based on Morlet wavelet transform and
data fusion is put forward to reduce the influence of Lamb wave dispersion on the localization accuracy. Travel time
information at several special frequencies is extracted, so the signal arrival time is determined. The distance of damage to
sensors is obtained based on weighted processing. Damage localization is determined based on ellipse localization
method. Simulation results show that the method can reduce the influence of dispersion effect, improve the accuracy of
localization and enhance the system anti-interference ability.

Key words: Lamb waves; Morlet wavelet; ellipse localization method; data fusion; time delay

0 51 &

AR, FT ) KL M B AR 5
A TN RIS Z K E . Lamb BRAERRSELE
HAERRIK S, ATUAH IR rE R peas . BASR A g
SEEBORANEREN, B Syl ARk L K
VO ERSERE R, XTSRS I WL S AT
FEL I DN A 20T B G5 M {8 R DN 7 32 AT 55
A FIWR SIS EAAR R E . PR R
PSR R RERE « M 00N 5 A 7 i S DA S5 22
RS, e RLAR 07 0 B 4 A £ e s o e
ZHAL,

Wrks BHA: 2016-05-20; &[5 H#Hi: 2016-08-13

ELmAB: SREHIHH(143092015)

EZ BN MIE(1964—), B, I BARN, 1, #d2, 1L S,
WEFEJ7 1A LS 77 a PP

BiffESE: X%F, E-mail: liuxuejun_2007@163.com

BEXF 8405 58 O ) Lamb A, #F 7N SUEIT
TREMBEFY, B R R HAT 2 A 800
T7 AR 52 v o T AR 7 ¥ St 1) S B AE T
T e I TR AR Ar o 5 FH IR TRV RE SR Ar (AR E 7 16
H: (1) W85 SE%ET, HEL Lamb 3 1A
SEARAS, SIS ST T, A ERESHE
5L 2R TR R K AR TGS (1T [B) A (5 5 Bk i [a]
HUfgk RS 5 R0 2215 5 10 36 — D A0, B KA B 5 o 11
), HEEALEE, WERRGER Ar; (2) ELAHSR
PREEY . TR R E (S 5 I A R R AT,
L5 5 B BUAL (A5 5 BTk 2 e ), BDAH
FHOR RV AF 5 o WG UG S50 BT R ()BT (), By
WIARFIE]; (3) BFARAHTIES . 3 HE RES 5 A
ZEAE ST AN AT, SR 5 O A R
(s, MR E S ER, et ERM,

92 415 % VR F A5 5 A6 75 I 8] (Time of  fight,
Tof), WHE (S 5 5 &0l 5 MG ST 90,
SRR 52 Ayt AT T s e e ot LU Yy &



134 B

KRG 52, BiE 1A R, RHRRE
SENLYEWID R e R r B, 3T R A I 5
N AR B R AT SR A e AL, FFRE AL,
IR TR R FE T XE S IR T i, (BT
Lamb ¥ [RAIHECREE , BEAS[E] 52 1) Lamb 3R E
FEANE, AIRES: S8UE S a2, iR
(B REAR TS AN UHERS, Bt RECE AL RAE. NHERR
AU (P RENR 72 SR /N o i B 4t
THEe, FIAMEREG S S5 EGE SR ZEE N
fabr, $el 7 —MIG A ENE R g JE . TR
BRI (1) 5 iER e R AR BRI M5 5 AT b B, T
SIH B Lamb Y% AIERRZ IR, 33 10 SRAS 9 HERF 1Y)
B AIEIR, B nTiem e .

AR Morlet 7N 73 sl 0 i A5 5 A £
B AT AT, E PR ECEUN S S O A A
H AR ARG 5, B 25T [ i) 8
IR, GEE R R (PATE R, B e AR B R
W REAOT IR B 2 A, S 22 AR (1 P 25 2 F0 ik
AT HIACAL 3R, JE T R AR 2 b e i An o & .

1 Lamb FAEREH R

Lamb B CIR S o 2B 1P T RAZR,  H
FER b TFARINONE, WIS AR RS A
SR FRABEAS o Lamb 3¢ (KR T8 2 K AR T R AT AR Jhs
Rayleigh-Lamb 3 75 F£45 2"

tan(gh) _ 4k’pq

tan(ph) (k) X FRBRAS (1)
tan(gh) (¢ —k2)2 R A 2)

tan(ph)  4k’pq

2 2
Hop, k=2, p=2 K, ¢=%-K, w=2xf,
C C.

Cr L T
o NREPCRE, o NMBETEEE, RNBUER—F.
FHIEE cp S A IR R KBRS o SAHITE

e MR RWAEB). @FrR:
c,=(w/2m) A 3)

m|o-trargtie] @

Hh, d=2h AR .

X LY 12CZ BHamel, Haptialy 73
MPa, JHFALLA 0.33, SN 2 780 kg/m’, FEPH
N 3 142 m/s, DAPEIEE A 6 237 m/s, SKH 401k,
I MATLAB et Sihk 283017 1 BUE =K i,
T T PR IR T R AR 2 an 1) 1 AT 2 R

R 2017 4
5.5
50T
4571
~ 40T
I‘.” 35F r ','
& 30T K
<, 25F wed 0 -
® 20 T
15F H i ’
1Lor — X
05F e SRR
OO 2 4 6 8 10 12 14 16 18 20
f-d/(MHz-mm)
Bl 1 bR A 2R
Fig.1 Dispersion curve of group speed
10
9 -
8 -
= Tr
I
= o7
T 4}
3 -
2F — AR
S R B SRS FRARE
OO 2 4 6 8 10 12 14 16 18 20
f-d/(MHz-mm)

B2 HIE AR 2k

Fig.2 Dispersion curve of phase speed
2 APRIE]E

WA 15 5E vk e H a2t T2 %5 5 10 3 3
ik R e . 3 fn, Ha g
fe: (1) REMBEGES. ERERRES T, RAK
SHHRESE A TERRETOE Lamb 455, b
B B RE 5 N EES Sigl; (2) REKNES .
C ARG X IR, & S BERS A SR Lamb P15 55
Hefeds B B2 BN S NP AL, — 0 A
HRER: A ELAHAESE B HU5 S Sig2, %%
JyHHRRERE A 2 C Bk AL RE B IR EL

KA

K3 MR E VAR
Fig.3 The schematic of Ellipse localization method



%2 Pale st : He T Z MR EAR R (1 Lamb H854005 R AL0FAT 135

N

BHMES Sigd: (3) MAEMEES. HEEER
A Sigl=Sig2, WM XM=ERRM) Sigl F Sig2+
Sig3 15 5 AT ME A B, BRI 45 B4R 40 B S 5
Sig3=Sig2+Sig3-Sigl; (4) FiEMAI#EIR. M Sigl
AIHREAE 5 BT A BIAHRAESS B IRAFTE] ¢, R
UG T Sigd W HE (5 5 H¥fReds A & it C
FIAHLREAS B HINFIA] o, JUJES [E] B3R BRI AT € SO
At=t,—t, o (5) WEMMIALE . hILTRRATA,

L=AC+CB=At-c,+ AB (5)
e L 2R P Re R I REE 2 A, Bt b5
RAELEVIPIHBEA N, HRIA PR i ER Bs 2 Al
N e MR Lo PRl —XI4epeas R B E — M,
ToESEIAR e A, HeRH =ANCL B #pe 28T
SERL, ZAMEIR A R BN A AL E

3 T Morlet /NEIN I M A
il (RO AR 5] 5 vk

3.1 EF Morlet /R HRAVBTEIE IR B E 77 75

H 5 A I 8353 17 75 10 e e R v A
(Short-Time Fourier Transform, STFT). Wigner-Ville
I AN AR S LI (e B I A SR D 3] 5 1)
WREL BB ERfE, W AAS R (153 HE A st
CffiE, HABEIRMIN B2 HE, POEE
TRAEE S0 Wigner-Ville 73 %L STFT,
HABIFMn %, BAESSE2 NN, <
FAES TR, IR RE R M /NI H
W7ZEET STFT KRR, HRM T /N A 4L,
A LI R AR 4 R R 38 SR 5 HEAT 2 RUEE 4L,
ARt B AR A - O, et
TG S I A M BAR T B, T RAASCR AN AR
Bt Jun i Bea% RARAE S AT AT TR

ARG x(H)el’ (R), HIEL/NEAR ]
R A

WTA@M;%{x@wT%?Pt ©)
A RNEEHES: av b 5 HIARTRERF R
s w () BN

ASCRH] Morlet B&EUAE /i, FEARIL
y\j[lS]:

% (t)=e”z/ Zel (7)
A o NENEI RO, ¢ BT B
AR

¥ (w)=2me @ (8)

L Morlet /JNipk A8 #i AT 45 2145 5 M E Bt I [7)

FIARR )AL FR o BT 30 SR AR T2 2
AR RS B AR I — RS R 68, #aliA R
Lamb P 7EMHALTERT, AAFAEBE 5 PR A
30 2 SR EOEUE S AR f T2 A
AR IO BRI AT 5, BURE AR I 5 5 3
— NRVEAE NG AR RG], JE e LB R A5 5 A
EE S HE SRR ], RN a] i X N AR T B
(B ZEIR, W 4 Fios. S56 RSO EAS 2 F A ih
2%, TIFEASE) 240 kHz AR T 1) Lamb 3 AHE S
Cpr MRAFAE 5 A% RIS 1] S AH T BE ] 15 H 4 4 21
P REAR PR B 2 R Lo

120

100
80

60

& /mV

40 t
20

0 05 10 15 20

Bﬁﬁﬂkx104s)

B4 240 kHz SR RIRERAE =
Fig.4 Time-domain signal at 240 kHz

3.2 M ENBIERMESE

NI EFR AL P EAL RGN G E, HE
PR AR R IR 5, AT HE s e R AR 1 5
PRI L N AN R IR B TR e . 7ERH L
NI E T 2AL 5, T 2A L AT 58 fi
Ay DAMESRAS N4 B n) 5 35 4 210E P HR BE 2% 1)
FEES 2 F Lo

AR IS YA B A 1 TR, )
ﬁ[n]:

L=YWL, ©)
o, WOIRCEAE: m RS BRI
PRIASCR F BB 5 5 2 DT T R 5 A
WIE5245 5
x()=4 (H (0)-H (I—%D sin (27tf t) (l—cos (znf”t))

n
(10)
Her, n=5; H(t) N Heaviside I ki%; f=
250 kHz gL
W5 5 AR E a5 Brs, AT S
FEFUOIIAR £ T RE Rl sy, AP . b
SCHER E I T GEIR I, 32 SR AR 2 A5 5 i




2017 4

136 Ao
"Ll
=
2 oy
2
0 0.2 04 0.6 0.8 1.0
i AL/(x 10 5)
50
. /\
]‘ﬂéli
O J\
0 100 200 300 400 500
H# /kHz

KI5 SfE = B R A

Fig.5 Excitation signal in time domain and frequency domain

{ELRE AT B AR 18], #rT YO RS 2 L, AR
{EL AR M3 A

NS EAL AT AL AC TR, 1 B S
SR, B S I Th AT, B3 dB
i AR RS 5 WA %E(FH Band %0R), & 6
flime B AR £ R AUE N 1, BLE IR
B =M F, WL, Frst B ACE w, a1
23

" _Band -2|f, - f]

i Band an
KRB REAT I — AL ALEE, 5203 — LA BUE :
W=

3., (12)

1.0
0.8 [:\
: i
#® 0.6 1
fa .EJ} s
2 04 o
B ’II ‘
R -
02 /”%ﬁ \
0 J1 1\
0 100 20 300 400 500
A /kHz

6 BUEM R

Fig.6 Schematic diagram of weight determination

HEIBUEZ )5, BIAKIE 2 20(0), X HTaRAT
ZHRT IR B N HRESS IR L, AT RS0t
B, A5 B0 FEER 4R 0 B RE &% (K B B AT
L, FFCLRIEIRAF A A e A5 2, HETTR AR
58 58 ik, BIVRTf S 4 A s B

4 RAISIE

FF NS4 700 mmx300 mmx3 mm LY 12CZ
AE S HBONRIE S G B BT S 2% T
BRI RS 8, R T 543 3 R I B i
FE, & 1. R SEEIILE 7. DR A0
BONER, BN x B, AN y fh, S RITEALRRR
8 4(~150, 80). (150, 80), (150, —80)F1(~150,
—80)h7 B ALK PZT J& Hf, e A AR A7 4 mm,
HHATHR S . EWR(-50, 40 Bk, EEBEEHEAS
mm FEESL, AERROPIRAS . 7 AIFEAR (R AN 45
WA TFHAT RGN . RA NI e RERSK
(Pxi-5105 7RI 2SR Pix-5412 R4 F), HSA 4052
hETROREE, R B AW 8 Fis. B 5 A
OV 250 kHz BB T B R HI 5 I IEZ (55 .
155 REHFN | MHz, 155 K& SHCN 10 000,

F1 MRBRREHNER
Table 1 Material parameters, shear speed and longitudinal speed

WU mE WRL BoE s
E/GPa  p/(kg/m?) M ¢ /(m/s) ¢, /(m/s)
73 2780 033 3142 6237

@ (-150, 80) @ 50,80 |1

. Ei7L )] .

* g

(-50, 40) E

a

@ (-150,-80) ®' (150,80 [ |

= 700 mm g

K7 Wi rrEE

Fig.7 The schematic of specimen

S uEImRn

N

%

[ A

B8 ik
Fig.8 Test equipment

NISAEA ST IERI AL, 23 e peds 1 AN

2 Wi, HAbIEEAREIL, BRI
TG 12 AfET, RAME S I 2% 2 E I 8]



52 W

Pale st : He T Z MR EAR R (1 Lamb H854005 R AL0FAT 137

IR . DMERRESE 1-3 A, SHE SR T IR AL
DL/ e P sz, A3 B M@ RS 5 s S AE
=5 R HAS S AL EE 9 .

> 50 —
é 0 f‘jﬂ ﬁ}“vnv, Jw“ﬂ)\:whp .“-@L.“u.‘\umf‘y‘ gt"}dﬂb\“)«‘
E 50, R 2
FE)/(x10s)
(a) TERE(ES
> 50 -
g SR TR FT YT T
@ 0 A “:V‘w J\,“"» A2y M“ gV “‘U{“‘\( i
InE ;
= =805 1 2
B AlA(x10s)
(b) Bl
> 50 |
g 0 L. PN ey Ny T e AT AT o
@ | bt \”M I W 1% ATV
A i
2 250 0 1 >
i El/(< 107 s)
(QEEER
Ko B 13 il S. s, TREANEES K]
it

Fig.9 Health signal, damage signal, difference signal and signal
envelope from 1-3 path

AT AL 4R e S sl 1 MR EIA
HRERR 3 MG SRR, o 255 mIkshas 1 3
Jihee AR R)IA e BERS 3 1S SALIEI ], I Ta] 2iE
BRIR: Ar=t,—t, .

PLILVESRAS T 6 25 % R BR AT I I [H] ZE 3R Ar,
(LFR 2). PIBEIIE 5 M bS5 250 kHz, #AT
MR T S A B p i 28, 15 250 fd=750
kHz:mm B, {XAETE AR SoiRas, xR So (1)
MEE N ¢ =5288m/s , VAULAS LATHEL A3 34547
PR B IEE BT 2 A Lo IRARMEE ek, &4
SRR, TN E, RS, TR
EAALEE, e tntnir B N(-38.9, 46.0), #
#412.62 mm, W& 10 s,

FTEERH Morlet /N A8 4 1 22 505 5040 ik &
W7 AR AT AR 2 o SIS 5 [ TR

*2 ETESEKBEEHEREER
Table 2 Determination of time delay based on signal envelope
threshold method in time domain

(ERPOAR  ZEPIE

it F s i i) i 4E/s L/mm
1-2 3.68x107° 6.09x107 2.42x107° 117.193
1-3 7.46x107 7.53%x107 6.80x1077 3.596
1-4 6.68x107 6.98x107 3.00x10°° 15.864
2-1 3.68x107° 6.09x107 2.42x107° 127.769
2-3 6.68x107° 8.47x107° 1.79x107° 94.766
2-4 7.46x107° 7.91x10°° 4.44x107° 23.480

150
HSRAAE

! Wi e

i

50 - W

g

£ of

=,

50t

100}

QS0
300 200 -100 0 100 200 300

x/mm

10 FEF I 5 0.4 B 1 45495 5 for
Fig.10 Damage localization based on signal envelope threshold
method in time domain

9250 kHz, -3 dB 7 %54 70 kHz, H 230, 240
250. 260 f1 270 kHz 3£ 5 AR A 7 BSR40
Ko MEARN2)HE 71X 5 A R 2 hg
ARNTIIRE RS 2 A L AR, )R AR i AT i 2 15 2
TIX 5 A XN AR, IR 3.

®3 ZEMERTHREE. WEERMEER
Table 3 Phase speeds, weight values and time delays at special

frequencies
A% /kHz  AHIEE/(m/s) BUE i 4 /s
230 5312 0.131 1.808x107°
240 5300 0.217 1.740%107
250 5288 0.304 1.732x107°
260 5275 0.217 1.752x107°
270 5262 0.131 1.804x107

DLHRREAR IR AE 2-3 N, B AR RE S
FZEAE 5 AT Morlet /N AR, 193115 5 (ST
(L 11), 4E1m4r AISRE Lk 5 AR T BIH8E
(250 kHz T (EHBE LK 12), B 18 ER
(W3 3), SEEPEM, FAHEmlElHeEss 2
3 IREE 2 il

FEF ARSI T IR, X2 A AL B AR IEAT 43
B, R 200N NS S e iR 2R, Wk 4.
PLH BT AU A B, &3R8 24 L. KA

‘ 1
H#,W/(Xlodls)
(2) {EREME /NI ST



138 =R

VN 2017 4F

: 1
w’ﬂ/(X104s) 20 5 A

(b) ZEAF S/ A
B AN

Fig.11 Wavelet time-frequency distribution

120
1)

|
R i
FE

QmEF

0 05 1 15 20
B A]/(x10s)
B 12 250 kHz NS SHE
Fig.12 Time-domain signal at 250 kHz

*4 BT NETHRMSINERMEFERGHRERE
Table 4 Route data based on Morlet wavelet and multi-frequency
data fusion

1z 1-2 1-3 1-4 2-1 2-3 2-4
L/mm 120.522 5.095 10.573 120.522 92.922 18.581

R 14 5 ALy AT A0 B A, FE R, S BE b AT,
BT BT B 9(—43.8,43.2), 1 Z 5 6.98 mm,
WK 13 Frs.

150

HSR U &

sol . - TN H g 03 L

O +

y/mm

=50
-100

-300 -200 -100 O 100 200 300
x/mm

Bl 13 3T Morlet /MR AR #1022 AR HOHR il 5 BRTAR 0486 190 E iz
Fig.13 Ellipse localization of damage based on Morlet wavelet and
multi-frequency data fusion

-150

ih]

gt it

AR SRR Lamb {5 AP ASCRE P4 0] I [ 2 35 A 22

SO, R T I NBO T AR R AR

453 03 58 17 1% 0 % J5EEE T Morlet /MBI BT HEHL
T Z2PR TG SR [ ARG R, S5 7 2R
I TR SR A, AR TR IR K, )R 2
P RE A5 PR B < ATHEAT 1 Bodiamit o, HET2E T 4F
[ 5 ALt AT 1A A RIS IRAE, X AR
JTiRITE S H RIS 5 I AR RAT T LR 4
RARH], ZITVER A ROE G Lamb SBARHUR N 5
IR B E AR IR, MBS SRt
BAEHBUFHENREEE, Bhe T 2 PR T LIRS
P, AR TN ARG ERENE, MR E RS
NGB IRZE .

(1

[2]

B3]

(4]

(3]

(6]

(7]

(8]

2 F X W

Y. SmppE M. bRt EE5 Tk Mtt, 2007.
YUAN Shenfang. Structural health monitoring[M]. Beijing: Na-
tional Defence Industry Press, 2007.

TR, ZEYS, BRNE, % FE3) Lamb PG R BRI UG
ITED]. ABFRAER, 2011, 32(11): 2468-2474.

WANG Qiang, YUAN Shenfang, CHEN Xiaohui, et al. Active
Lamb wave synthetic wave front damage imaging monitoring
method[J]. Chinese Journal of Scientific Instrument, 2011, 32(11):
2468-2474.

R, &, KT, F. T BEOAMER Lamb ARG5S 4
fift BB L[], R3S ph, 2014, 33(24): 200-204.

WANG lJiangiang, YU Long, ZHANG Yu, et al. Damage signal
decomposition of Lamb wave and tests based on similarity[J].
Journal of Vibration and Shock, 2014, 33(24): 200-204.

Alessandro Perelli, Luca De Marchi, Alessandro Marzani, et al.
Frequency warped cross-wavelet multi-resolution analysis of guid-
ed waves for impact localization[J]. Signal Processing, 2014, 96(5):
51-56.

Ben B S, Ben B A, Vikramb K A, et al. Damage identification in
composite materials using ultrasonic based Lamb wave method[J].
Measurement, 2013, 46(2): 904-912.

XA, IRERE, AEE, . BUREM T Lamb SRS
BRI FE[T]. TR, 2014, 31(4): 232-238.

LIU Zenghua, XUE Yingzan, HE Cunfu. experimental study on
defect imaging based on single Lamb wave mode in plate-like
structures[J]. Engineering Mechanics, 2014, 31(4): 232-238.
IRFE, RIS, S8 RS E3) Lamb P AL BT
FE[I]. WA 2R, 2004, 25(5): 446-479.

XU Yingdi, YUAN Shenfang, PENG Ge. Study on two- dimen-
sional damage location in structure based on active Lamb wave
detection technique[J]. Acta Aeronautica Et Astronautica Sinica.
2004, 25(5): 446-479.

TR, wKigRE, MER, 5 OIS BV BB BN 55
Wr[J]. 7548, 2013, 38(5): 576-582.

YU Yongling, ZHANG Haiyan, FENG Guorui, et al. Matching
pursuit time-frequency analysis of Lamb wave detection signals[J].
Acta Acustica, 2013, 38(5): 576-582.



2 Pale st : He T Z MR EAR R (1 Lamb H854005 R AL0FAT 139

[91 Fenza A D, Sorrentino A, Vitiello P. Application of Artificial 2010, 57(9): 2005-2016.
Neural Networks and Probability Ellipse methods for damage de- [14] ™%, FRN. & T30 7 E MR RE IR S A R4 IR 1R
tection using Lamb waves[J]. Composite Structures, 2015, 133: ). IS5 ehs, 2012, 31(13): 76-80.
390-403. YAN Hong, ZHOU Li. Damage identification of composite
[10] Pai P F, Deng H, Sundaresan M J. Time- frequency characteriza- structures based on reconstruction algorithm for probabilistic in-
tion of Lamb waves for material evaluation and damage inspection spection of damage[J]. Journal of Vibration and Shock, 2012,
of plates[J]. Mechanical Systems and Signal Processing(S 31(13): 76-80.
0888-3270), 2015, 62-63: 183-206. [15] Boggess Albert, Narcowich Francis J. /N5 18 B 23 #7 LAk M.
[11] GE Luyao, WANG Xinwei, JIN Chunhua. Numerical modeling of Jeat HF Tk H AL, 2013.
PZT-induced Lamb wave-based crack detection in plate-like struc- Boggess Albert, Narcowich Francis J. Wavelets with Fourier analy-
tures[J]. Wave Motion(S 0165-2125), 2014, 51(6): 867-885. sis[M]. Beijing: Publishing House of Electronics Industry, 2013.
[12] 289, ZUEDT, IRFUh. JET F3) Lamb BA/NEART M 4451 [16] XSHAME, Price D C, Scott D A. 24 AR 2k P RS 1Y SEI& M52 [T].
BT[], JRE) TAR=R, 2004, 17(4): 488-493. PSR, 2005, 31(1): 1-7.
PENG Ge, YUAN Shenfang, XU Yingdi. Damage location of DENG Mingxi, D.C.Price, D.A.Scott. experimental observation of
two-dimensional structure based on wavelet transform and active nonlinear effects of Lamb waves[J]. Acta Acustica, 2005, 31(1):
monitoring technology of lamb waves[J]. Journal of Vibration En- 1-7.
gineering, 2004, 17(4): 488-493. [17] XIEI8E, EAAG, ffukal. BERmaaHAR RS HM]. dba: B
[13] LUY, YE L, WANG D, et al. Conjunctive and compromised data Tl A, 1998: 1-12.
fusion schemes for identification of multiple notches in an alu- LIU Tongming, XIA Zuxun, XIE Hongcheng. Data fusion
minium plate using Lamb wave signals.[J]. IEEE Transactions on technology and its application[M]. Beijing: National Defense
Ultrasonics Ferroelectrics & Frequency Control(S 0885-3010), Industry Press, 1998.
BRSPS R S SR SN SR SR R SR SR SRR SR SRR SRR

P EREREFMRMFEMRY “BEFFERK
RYRHENEER LIERHRIE

HIFEE R IR RAR TR Sl & 3 F B BRI R 3L R RO A 2 35
BB T BN B R TEAT” REESE _ IBREIE2 T, ERFER
5510 R BRI LR L EEREIE, B R SRR AR

AR PIRIAAARE KR, FIRGAE RS, FRAEEA BRI T A s TR G 3 ST FLAR, ¥ /KAE R AS B 1F
TEANENE, XEHREIRTR TN B Aeh R g — 2k, ol T a2/ MR R KL =0 E D,
Gygyif MW s R, A I/ ROESR B BT R

T (37 AT R AR A BT X RIIREE S BRI IS S I . AR DOR AT A AL
P AL S — AN AT SR S T KT R AT T Hah, R &5 & “LRIT ) « WM " BRE NIFEWESIA KK IHE T
HIRhms, 5T T4 ARSE, NATE.

2017 ¢, R 70 A EBE NIRRT, PG, 2588 AmtRREEsl, N EEIRe O B
PR B BE R RLA I DTHR, ARl AR I R — T AR, ANEHIG, REEhTt.

R B ES— L h e G 1E,
AR FURI ARERE TU (I AR AR T

BIEF R A RGPl (RS YL T AR BN R

CHEZEHR) ST



