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Fig. 1  Semi-analytical finite element model of Lamb

wave propagation in a plate
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Fig.5 Layout of excitation response calculation

WORh IR A = A P fE 5 WA 6 TR . = AMUfE
SRR TE W A 43 T R 5 5 AT LA B A4 R
AP TRE S FEE . S T B A JRE AT HC I R E AT LU X R

1.0

0.8f f

1
Zos [
R
o2t § Y
00 I‘ 0.I2\ 0.I4 OI.6 0.I8 110

t/10°s

K6 s

Fig. 6 Exciting signal

B SR Z R 5 T AT A AR e, 15 3] = A
WA = WG . i 7 Fis .

R 4533 P& L e B 2 MIHz DL A A £ 558 K 0 4 %
mEEAT R K R R E AR A () 15 3 B A RE,
AKX QOB FHE 7 & U, U,

PR A5 5 Tt AE R AR (B SR 2 O 8



1064 & Zh. W

w5 & W

%039 &

Xx10*

BifE
S = N W A L N
T T T T T T

(=]
—

2 3 4 5 6 7
f/10°Hz
W7 = E S

Fig. 7 Spectrum of triangular wave

BB RN 1L AT 0 UA p K. 4
2, =0 m,x=0.1/0.2 m, KB (D), JFEFr A HHR
B HCy, 2, O ARARXGER VIy, 2, ). ERHE
FLI AR L 45 B g 2 R 3B AE R 8 B
/N o P 8Ca) g BEEG IR AL 0. 1 m 57 B A 3Dl W
S50 18 8(b) Ry 0.2 m i Y R NLEE R

2
_E
©
Z0
B
8 |

20 02 04 06 08 10 12 14 16 18 20

t/10"s
(a) 0.1 mAb I . 45 5
(a) Response of exciting signal at 0.1 m

_E
°
)
o

“0 02 04 06 08 10 12 14 16 18 20
t/10™s
(b) 0.2 mAbBRHm 45
(b) Response of exciting signal at 0.2 m
Kl 8 il f= 5 i B 45 R

Fig. 8 Response of exciting signal

Y I R] DL, Lamb 35 7E A% 3 2o % v 40748 58, iy
BT BRI G . DL ESR R T M A R oT T i
HAERF 2 175 s, R A BR IC 53 B 35048 [ R AT LA 3
A7 VAl el 17 43 A7 A B ANSY'S #44 L £ X5 300 mm
£,200 mm 5, Ry 2.5 mm A48 AR, A% KD
%N 0.125 mmX0. 125 mm X 10 mm, 3R fift i3 2 75
FERT 28 h 17 min, LAl W, R F BB BT A R T T
T LR K 3 )

S P18 o S 7 45 S5 /0 0 48 B L 75 5
AN L B 9 R

L 2
T4
5 6
< 8
<
10
12 . . . :
0.5 1.0 1.5 2.0
t/10"s

(a) 0.1 m&bmRiAE 5 /N AT 45 1

(a) Wavelet analysis results of response signal at 0.1 m

N 2
T 4
> 6
=~ 8
=
10
12 ! ) . |
0.5 1.0 1.5 2.0
t/10%s

(b) 0.2 mabma A5 -5 /MBS 45 2R

(b) Wavelet analysis results of response signal at 0.2 m

B9 /N o3 B 2R S i i

Fig.9 Wavelet analysis results and peak points

B 9Ca), (b) 435 0. 1,0. 2 m Ak il i vy (5
SN AT A R FE B B S AR TR [ A R
AR 5 AR 1 9 Cad s () o I (i A5 A% I %0, 7T 1A
B AN [R5 % R 9 Lamb J5 5 80 B (8, 1154 45
m#k 1R,

R1 FARBMETHEHEERE

Tab.1 Group velocities at different frequencies

Fre f/MHz BEREE/(m» s~
1 1.008 1787
2 0.935 1787
3 0. 862 2 262
4 0. 789 3053
5 0.715 3 643
6 0. 642 4124
7 0.569 4505
8 0.496 4 902
9 0. 422 4914
10 0. 349 5141
11 0.276 5319
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4 KW

T TR A A S 56 P — A 58 I SR e G 4
Ho LI 2.5 mm R 1060 Tk afi4h i . 4
RN 99.6% Rk H A AR A 1 MHz #8 7
B RHE L AVEN Lamb 309 & 93 RSk 383k A S
fh 45°, 85 K 1P137 13 K1, 44583k % FIHE A FkS
TERRAR L RS A B 11 PR .

T, R, R,
N A1 1
40 mm

B 11 S A

Fig. 11 Experimental layout

40 mm

TER SR T it s JE Bk vh 555 ) Lamb
BeAE B A8 - R 3k R Ry SRR B BOE 1A
12 s, EECIHE T, R O5AL 40 mm (7 # AL,

0.051
g
a 0
@
~0.05, 1 2 3 4 5
t/10°s
(a) 40 mmAEWARE ST
(a) Received signal at 40 mm
0.1
g
gg 0
@
ol 1 2 3 4 5
t/10°s
(b) 80 mmAb B (5 5

(b) Received signal at 80 mm
K12 s 5 e

Fig. 12 Receive signal waveform

Tk Ry IR BIE T B HSL Ry #0308
SRy BEE Ty &SR L 80 mm,

XS S/ A2k, /T LA 3 Ry LR, 13K
B A5 = 0 i 01 A S 0 Y I 20 43 S
17.64,40. 04 ps FZWCHR K [ FE 40 mm , 3 34 B2 {E N
1785.7 m/s,

T T AT O e TS A AR SR AR R T P AT
B AR 7 1) it I O 15 S BRARUEEBE S 2.5 mm, U
&5 AR 1T MHz, 40 13 fis

1.0r ¥
P
o 05 ﬂ M
. A m
% Odvﬁ"w i \fif
E 0.5 ?\’\u |
o
19 : 0.5 1.0 15 2.0

t/10%s

13 WilE S
Fig. 13 Exciting signal

b L R R s 1[N S S8 o D AR
80,120 mm, & 14 fs.

S,
T, 80 mm T40mm T
[
P14 o me A A

Layout of excitation response calculation

Fig. 14

Bl 5 S s i E 15 s,

x10°*

|
|
01 2 3 4 5 6 7
f/10°Hz
K15 s 5

Fig. 15 Spectrum of exciting signal

B

8
7
6
5
4_
3
2
1
0

PR # [0, 5, 1.5 MHz 1 Jg 4 % it
SEDKIR] L 43 5K A B A BE RN 22 A7 R AL 1) & UL U
WEp KA 2,=0 m,z=0.08/0. 12 m, R fif
V oz 43 B0 W e BT 545 2, W sl 16 iR,



1066 oo oKX 5 2 W

%039 &

16 Ca) hy B B 384D A5 0. 08 m 37 ¥ 1740 384 Dl i) 1oz &%
HLE 16(h) SNy 0. 12 m o7 B i i oy 45

o
E ot
=
~ 0
R
:131 _1 1 ]

0 1.0 1.5

t/10"s
(a) 0.08 mAb Fry¥ il Y. 45 S
(a) Response of exciting signal at 0.08 m
2 -

E ot
=
~ 0
R
é _1 g 1 1 J

0 0.5 1.0 1.5

t/10%s
(b) 0.12 mA ¥y i 45 1
(b) Response of exciting signal at 0.12 m
16 1% 5 i Rz 35 45

Fig. 16 Response of excitation signal

B 16 w8 il e o F A SR B T L AT /N
AR 17 i, B/ 17, (b) 435 A E 16
(a) s (D) [E S 1 /NI 43 b7 45

0
2_
o 4
S 6f
< 8T
10 (}
12' 1 L L 1
1 2 3 4
t/10%s

(a) 0.08 mAbMa R A5 5 (19N AT 45 R

(a) Wavelet analysis results of response signal at 0.08 m

0
2F
5 4
e o
SO
10f i
12E 1 1 1 1
1 2 3 4
t/10"s

(b) 0.12 mAbWRNAF 5 /N o 46 1
(b) Wavelet analysis results of response signal at 0.12 m
17 N Hr s R

Fig. 17 Wavelet analysis results

FEL 17 7 s B S 3Rl 462 0. 08,0, 12 mm 4b
49 ] JO7 38 T 10 U L A5 BsF 1] 4 391 A 47. 85,70, 1 sy [
SORFE A 0. 04 m, B[] 22 22, 25 s, W] R A5 A R

JEON 1797 /s, R MR T J3E 0 1T S J3E 00 A a2 X
Lo niEl 18 fron. FEE HARE Y 2.5 MHz « mm
V7 B AT EE AT I £ 5 0 7 45 2R i A T )
JEMEOA 1776 m/s. R XIFRBEZS Y Lamb .

FEEPE / (km * s™)

JHEA/ (10° Hz + mm)

P18 il e R AR AT ) A R (E

Fig. 18 Group velocities calculated by excitation response

S R AR BE AR O 1 785. 7 m/s B
TR 1797 m/s. S50 FNR W W T 55 45
R—BME R R AT 1 MHz BHESL L FE 2.5 mm &
(AR AR b Al LSRN So X FRAEZS 9 Lamb 3155

5 #RiF

i A > AT A BR T 7 3SR i WA R Lamb 5719
— e 3% 55 R T A S SR A Dl R L ) AR R A
B L 5L T S I e B Al DU SR P Lamb 3¢
Pl M SO 5 2R o 0 S I A U Y T S
L5 R A ARG 19— Erk, PR 5 AR IO Kt L S
Mréfie — 20, Wi B3 05 i 2 05 B A
ot H S A R Y — A RCEL T 507 35 L T DL
B SR BT N R A L B RO %7 ik
i ] Ry B ST AR A S5 v T e A A o
T B B B E I

z % X ik

[1] Gunawan A, Hirose S. Boundary element analysis of
guided waves in a bar with an arbitrary cross-section
[J]. Engineering Analysis with Boundary Elements,
2005,29(10) :913-924.

[2] Lin Chuni, Lu Yan, He Cunfu, et al. Measurement of
circumferential Lamb waves using a line-focus poly(vi-
nylidene fluoride) transducer and cross correlation
waveform analysis[ J]. Journal of the Acoustical Socie-
ty of America, 2015,138(5):2738-2743.

[3] Astaneh V A, Guddati M N. Improved inversion algo-

rithms for near surface characterization[ J]. Geophysi-



LR

VEP 4 ¢ AR Lamb YR W BV 5907 %

1067

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(11]

(12]

[13]

cal Journal International, 2016,206(2).1410-1423.
Marzani A. Time-transient response for ultrasonic
guided waves propagating in damped cylinders[J]. In-
ternational Journal of Solids and Structures, 2008, 45
6347-6368.

Loveday P W, Wilcox P D. Guided wave Propagation as a
measure of axial loads in rails[ C] // Health Monitoring of
Structural and Biological Systems. [ S. I. ]: SPIE, 2010;
7650.

ARV VE T SR LT AR AR 7T D D e g
R E R LT] AR 4. 2015, 36(9):
2068-2075.

Yu Zujun, Xu Xining, Shi Hongmei, et al. Study on
the method for response computation of ultrasonic
guided waves in the rail under sinusoidal excitation[]].
Chinese Journal of Scientific Instrument, 2015,36(9) ;
2068-2075. (in Chinese)

Lee C M, Rose J L, Cho Y. A guided wave approach
to defect detection under shelling in rail[J]. NDT&.E
International., 2009, 42. 174-180.

Rose ] L, Avioli M J, Mudge P. et al. Guided wave
inspection potential of defects in rail[J]. NDT&-E In-
ternational, 2004(37). 153-161.

Inoue D, Hayashi T. Transient analysis of leaky lamb
waves with a semi-analytical finite element method[]J].
Ultrasonics. 2015, 62 80-88.

TR, 5 i PE G A9 Lamb 5 FE A 26 B 1 1 8 1% 5 1
10, PR 3h LK 52 W, 2017, 37(3): 507-511.
Wang Qiang. Research on lamb wave and linear PZT
array scanning based on directional damage imaging
and evaluation[ ] ]. Journal of Vibration, Measurement
&. Diagnosis, 2017, 37(3): 507-511. (in Chinese)

FH L MY B AE. EBh Lamb ¥ P 2 [ IR
a4 A R L. 4k 3 i 52 W, 2011, 31(6):
794-797.

Wang Yu. Yuan Shenfang., Qiu Lei, et al. Direction
filter method in act ive lamb wave structural health
monitoring[]]. Journal of Vibration, Measurement &
Diagnosis, 2011, 31(6): 794-797. (in Chinese)

XU SR IV AL, M 3 A, 55, JE T Lamb 3 Al Hilbert
SR T B ARG LT ] K26 6k
4%, 2014,31(3) :818-823.

Liu Guogiang., Sun Xiasheng., Xiao Yingchun, et al.
Damage monitoring of composite T-joint using lamb
wave and hilbert transform[]J]. Acta Materiae Com-
positae Sinica, 2014,31(3):818-823. (in Chinese)
Mg ks, AR, 55 28 M BHE 5 IR 5
SRR R ). PR L5 2 W, 2017, 38(1) .
1-10.

Chen Xuefeng, Yang Zhibo, Tian Shaohua, et al. A

review of the damage detection and health monitoring

[14]

[15]

[16]

[17]

(18]

[19]

[20]

for composite structures [ J]. Journal of Vibration,
Measurement & Diagnosis, 2018,38(1):1-10. (in Chi-
nese)

bt TS B8, BT Lamb 3 A9 B K280y
FE WM. 963 UK LT . 2018, 38(1); 143-147.
Yang Weibo, Yuan Shenfang, Qiu Lei. Crack growth
monitoring of horizontal stabilizer shaft based on Lamb
wave[]]. Journal of Vibration, Measurement &. Diag-
nosis, 2018, 38(1): 143-147. (in Chinese)
TR RO KT, 55 ST R ORM IR Lamb
POIME 50 i R ar R )], Hikah 5 apidi, 2014, 33
(24): 200-204.

Wang Jianqiang. 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. (in Chinese)

Blifi 06 2R E A BT Lamb P % B2 IR 45 4 31
Pk wrsEl) 1. JRal 5 apidi. 2012, 31C12) . 63-67.
Lu Xi,
damage detection for a channel-like thin-wall structure
[J]. Journal of Vibration and Shock, 2012, 31(12).
63-67. (in Chinese)

PRIRAE, Faf, B4R E, 4. 35T 75 - 75 A 0 0% 04 Al
ZAERE R BTN B ARLT] LW LR R,
2013, 49(16): 57-61.

Chen Zhenhua, Lu Chao, Lu Minghui, el al. Integrity

Meng Guang, Li Fucai. Lamb wave-based

evaluation on spot welded construction of thin steel
sheet based on acousto-ultrasonic technique[J]. Jour-
nal of Mechanical Engineering, 2013, 49(16). 57-61.
(in Chinese)

Mazzotti M, Marzani A, Bartoli I, et al. Guided
waves dispersion analysis for prestressed viscoelastic
waveguides by means of the SAFE method [J]. Inter-
national Journal of Solids and Structures, 2012, 49.
2359-2372.

Otero J, Galarza N, Rubio B, et al. Semi-analytical fi-
nite elements methods for dispersion curves using
higher order elements for long range ultrasonic testing
[C]//1EEE International Ultrasonics Symposium Pro-
ceedings. [S.1. J: IEEE, 2009:1966-1999.

Bartoli I, Marzani A, Matt H, et al. Modeling wave
propagation in damped waveguides of arbitrary cross-
section[ J |. Journal of Sound and Vibration, 2006,
295: 685-707.

E—EHEB AT, H,1979 4R 12
B PRI, SRS 7 1k Bk B
SERb IR I . R RCERT A
PR G 32 3R A 4 40 v B 7S R I T A kD)
LB 2 1) 2014 4R 45 35 %45 10
WD 3,

E-mail : xuxining@ bjtu. edu. cn



1068 & .0 X 5 2 W %039 &




