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Fig. 1 Group velocity dispersive curves of circumferential waves in a plexiglas annulus
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Fig. 2 Gabor function and its Fourier transform
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3 The schematic diagram of the

annulus with a radial crack
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Fig. 4 Time and frequency domains of 9 different excitation pulses

B AR

x10* AU 7 casel x107 A Bifii Y5 casel <107 AR5 Y5 cases
3

2 ® 2 2

: 20 Z

0 ] 2

| ®-2 =

=) -4 ’
0 0.5 1 1.5 0 0.5 | S 0 0.5 1 ) 1.5 2 l?
1111 (s) x107 1) (s) %107 I 1] (s) %10

(a)
x107* B ifii ' case3
Il ’:f;

8 A i

-3: 0 ~ A '|'t‘_ ““l 4 Z

4 N/ N ;‘.; %

722 y R

4
0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5 2 2._5‘
I 1A] (s) <107 5 fi1] (s) )10 BHfi] (s) %10
(b)

K5 AR B S HIAE casel, case3 Fll cases YEFH T B sh &5 5

Fig. 5

(A (), Bai(b)

Dynamic strains at (a) point A and (b) point B under case 1, case 3 and case 5



%5 ZEUKEE - WA Dk b A5 5 o 2 T R 1) S B A4 TR 458 3 A I ) ) 611

SE case3 5 ME L PR BIMME S A 2%, 0 L RIANERI K bR A SR B S 3 A AR {5 45 22 IR
K CULIEL5) 33 158 W i 1] 5 35 75 B 2 b A% R B B R P . DRt , 3l 385 0 728 1% 5 19 22 85 28 RO 0Pk o ol
FFARME M B S B . e Ah NIEL 5 Je RS RS0 B A N AR A S Y LU AT LU L RB A
TERG TN T AR BT (43 2l W] DA T B BF o 2 A5 A7 A 2440, {H 2 0 vk e i e a0 L

N T RE A NIk 14 i AR *%4ﬂ%ﬂﬁf§1‘%ﬁ$ﬂwﬁﬁlﬁﬁﬁ’]wﬂﬁ THE 0 14 T 90 00 A B o L AR SR
Gabor /INBAZ e W A8 A5 5 2 HOCG 38 1 S0 15 8] T S0y e n R I . g, FRATT 40 i 3 e R B0
BHGIERT A SRR 5 #ﬁT%%ﬁ/Jwﬂiﬁr}ﬁ@éMﬁ JUFP 81 098 5l ik b T 04 g A2 {5 5 A8 4 14
Bl 67 .

_4
e, A, casel %107 {55 L, A, case3 x10 150 P4, A, caseS XEI;O
o N =
e 8| 3 2100 e:__, 4
3 2 ‘f 3
" P 50 2
0 0
50 100 150 0 S0 100 150 0 50 100 150 200
] (ps) I (i) (us) I | (us)
HHL, A, casel  x10* HRL, A, case3  x10% | f340, A, caseS x:o4
6
= ) 6
[ = = 100
3 E 4 :f_,
2 Aé_s- _:3‘ 4
I > > 2
0 0
0 50 100 150 0 50 100 150 :.0 100 150 200 ©
Tl () I 1 ) I 1) ()
(a) (b) (c)

Kl 6 7 casel(a), case3(b), caseb(OVEHT A #5048 By 255 /)N i A e [/
Fig. 6 Multi-frequency CWT of strains at point A under (a) case 1 (b) case 2 and (c¢) case 5

XF LG IR 6 H 2% AN bk i T R SR A BB 22 0N i 4 KD FT LLE L st mode SR 5
2nd mode FHIAE 5 HUEE BB, A SC HE & 1st mode FPMIMEE . 7E casel IEHT, 7@””
SUH) 22 W /N ?ﬁ%l’é—lﬁ/tf:‘ttﬂﬁﬁ”ﬁﬁﬁ%ﬁ%ﬂj%—/l\?}i W P 0 jlg R Bl D o 3 BRE D 9 8 0 P2 f
SLLL I 1] R B i 0, AT WL R 3 3k A I8 W X 7 1 4T AR AE 100k Hiz BT, iy LA AT LA SR H B A3 /)N i A%
FrdE i 100kHz Wﬁéﬁﬁﬁ}?{?ﬁﬁﬁwaiﬂﬁﬂwﬁz DTG A R G0 BE BY B . case2 Fll casel 15 2] Ay 45 R
Fd o fHRZ N cased T4 3X AN BN AY i 06 & 28 TF 1R A8 15 AR AN B (i 5 78 caseb B I fige 3 A4 BN 6 ¢ 0 2
ZEAHT .

N T HEBR BEER I AE 5 R 55 BRI S MEAE 5 R AR S X WA PR AT A BRI
B PR A B A0 AR 1Y 2245 S A8 2 /N s e, 45 R 7 B

MEL 7 AT LUE T casel MERITE o ol R G0 S 04 38 8 1o i) gl g A i B S P 60 ) R B E D L T
LK 7 A BRI /N D5 A A AR AR T B I, FIEL 6 75 B 45 R —FF L3976 100kHz FHilE . {HJE, A\ case3 JF
0y » LU S R X L ) P 0 A8 A AN I . 3t b R A i IBORT ke 5 R ) BB D A g R AR A TR
XE 7T BF AT /N I 742 45 A3 Xt I BCJRS B8 1) AN A S o o (BR324 8 o e ) i o 7 R AR RS2 0 . [] )

3 133 Bl Ik i 5 BE AT 308 31 JBORT it 4 50 JR% ) SR/ N AR R A AR R Y S . B Rk S A

A [5) F9 Bf AL /DN DB A 45 A3 ke T B B s T LA SR XS B AR 5 A 22 /)N e 78 48 3 #

Sy i — L WE T X AR FHALIL, o e 4R T 5 2 Bk x4 B A /N AR AR R f, Ll f, i E Y
GBS BB IRZER || FoRk. AN R T RIS f, 22 4 2k Hz BOAR MU D
AR A S SU ERMIRTIR S | BRI L,



612 S, (2012 4F) 45 27 4%

A G, casel 107 AMZAGS, case3 %] 0" ANLEE(S S, cases x10™
3
)
2 Z 00 2
T
3{
5 l
- 0
0 50 100 150 0 50 100 150 50 100 150 200
IEf 1] (us) I i1) (us) I f11) (s)
(a) (b) (c)
B 7 A S AR BT LT B AS AR 2515 5 1 22 B/ i AR 4 5]
Fig. 7 Multi-frequency CWT of different strains between damaged and healthy states at point A
1 ATk O R A e D0 /0N A 2 R e D0 /N T 23 5 R P R A AR Ak
Tab.1 The right CWT frequencies and changes of group velocities
during these frequencies for corresponding excitation pulses
case 1 2 3 4 5 6 7 8 9
AT
2.25 4.5 9 13.5 18 22.5 27 31.5 36
(ps)
[ = AS,
(kHD 101 4+13.3 |1024+13.5 | 454+5.9 |43+£5.7 | 46+E6.1 | 524+6.9 [29.54+3.9|31+F4.1 | 344+4.5
z
7l
1.99 1. 38 1.95 0.65 1.43 0.49 2.35 1. 26 2.57
%)
| 7] 2.73 2. 66 3.67 5.17 1.93 3.04 21.98 19.79 25. 95
23 2.73 2.68 4.48 11.88 9.05 4. 39 25. 11 29. 04 19. 44
AC,
17.6 17 48. 2 51.8 50. 4 42 61.9 65.7 60.5
(m/s)

B /N AR e A O A3 f R — RS L B Af o R T EE— 2 b bk ek vE B S S A S O
F L FRATTHRE A A e e /0N I AR Fo A1 23 31 L RS D A (B B e 0 5 R E 1 R ARk L A0 AT HE TR A RS
FEI P s Lst mode B 3 %8 R A9 3F 8 B A A8 AR 1Bl AC,, WZ5 R ILFR 1. R 18T LUE  AC,, ikl % ik
T B O G 0 K

XFF R kb 1A 2, SR R AR AR A, AR A S o iR T A T Ik s = S v o B A
W[ BN

M1 AT LUE B 255500 bk b B Bk b 56 BE AT HRAS /NS (Al casel \2) » B, BT B9 300 R A 52 A9 24 8¢
7 B ) AR X 158 2EATH THAR /) 5 (ELIE Bl 25 ok o 5 B2 00 38 0, 5@ e, BRI B9 400 S5 i o 1Y) 24 60 7 8 906G B I
A T BEAR (U cased \5) A B I8 23 Y BAE X352 22 ORI I 00 . >4 AT 3 — 25 19 i 6% B 4 (AN case? ~
9) s B HUAY /)N I A 48 B AR I B DI A 38 LR AN 25 — a5, (ELAS 30 0 A 58 2 2R R R, W B R R AR
I AU
2.3 WP ESEESHXER

Y3 MO Wk b 5 T A S A I A5 22 TRD B O FR  FATTHE A A Tl Ik v % AR S /)N i B B
14 B AT 6 55 e TR B8 ) A P D e 45 G A R AT 3 BT AN 8 o, BT 8 L B A AR R AR, AR LAk
S T JRE A A A B 2 S DI /DN T8 28 4 03T 2% %) s A ok a0t 4 v B R o 2 K o B KR 9 ' A3 T
IR RS S LY o WA D LY S S T UL NN DB 3 /S O VAN C s ER R QU LD WIVAE IR 71K
bk b A 3 it 2 P B AR 10 %0 ~ 90 26 M0 B B 65, 5 45 A 1Y 8 — 3. casel Fil case2 (4514 1 [l 43 5
7 389k Hz Al 193kHz. 7E K 8 s g 7s 7870 . REUER R P R T 1st mode P, T I 8 H
f7R T 1st mode P BYFF R BEM I 2 . BT case6 1540 N UM Fl case8.9 A H S, Ny T EIE H



%5 ZEUKEE - WA Dk b A5 5 o 2 T R 1) S B A4 TR 458 3 A I ) ) 613

BB 8 BEE T case6 UL, M T 2 AT B ok o ) SR TROAN 2 U B R JE AR AL R A L R L RATA H 1st
mode I 1Y FE R JIE B AR ) AR R, nE 9 TR,
5 T JEE il flfﬁ?% A, Ist mode

0 50 100 150
i (kHz)

i (kHz)

19 1st mode I ) 3 32 I A1 2 1) 78 Ak 2
Fig. 9 The rate of change of group velocity

L8 45 Ik foe D0 401 5 155 ) 8 3o %) 0 1 it 2%
Fig. 8 The right CWT frequencies

) o to frequency for 1st mode wave
for corresponding excitation pulses

NI 8 o R] LAAS 3 < Bl A Bk v 8 2 AT (R4 T Jok v A0 ed3 8k A i DA /) D A2 46 T4 1 A JDk e
A IRt 2 v A o 2 K b B RBREL A T LG 6 L R B R I B N . B case8 FI cased Y
P, SEZBMMT T 1000, XFEREH AT AU IN . S 0/ I A B A f 6T I A9 99 14y e (L A 22 030 /)N il A2
A [ oK A A ORI W] B VR B f, R BORBR ME . e Ah L IR 8 AT 9 FTLAA H L 7R LA
I o (IR T 40k Hz)  Lst mode I A A I 2728 AR AR DR 31 38 Xt A3 3R 1) A8 A0 R AR KR, G IR 01 %1 14
TR X 7 ) A SRR AT AR A A o 2 A48 T2 T 18 w55 1 st mode 3 A FE 2 B it 28 8 T K 7 L B
JE X B AR A AR AL R FL BN I B WO T 0, R AR I 10 e A o S TR Y B DR 2 AR D sl AR B A
SO . DRI I SRl Jok s B JRE ) 38 B A 7 B v A AR BE (AT R I /) DR A AR BT
() IS A R B2 B A2 AL AC, , WK BT E R (R 1D, S ECREUE MRS EERRIR (LR D,

23 LB IR A T R ) S 5 A0 ARG I 5 3k v Dl ok e R X ARG 0 4 2R 0K B A AR R B R e T
o 8 BB 3 D il Pk ke SR 3 9B 1 RIS S DDA O o AR DK b B RE /0N B T L T 5 AR G L 5 1Y
T T2 A2 A 32 /0N 8 35Dl ok b AT 4503 A6 TN S T 552 S R I ) YRR S AL 5 AH B ) 2 0 gk I E o AR A AR
PRI

3 Lo

ST 6 TE ER A A AU AS 20 0 25 5 L AR S R N ER B AN R R I Al AR AL T S A R R B R R ko
T i 2 G0E A B L I X 45 SR AT T SRR b .
3.1 BEHENRR R TR RLE £k

R T AL TS R K v AR SCRH AR R 20mm A AN ER L AN 1. 2m = 0L B TR T el A LB 5 R OA
SRS BUEB R 0 — B oy ) R B UL 3, W JE 4 AR A SR B SV R AR R IR S B
B AL (SDY2107) # #2  H LeCroy® LC574 AL BRI R AT IC T A B IS SN EES.

XF A ST ZEEORNTC 2L S0 B Y AR 15 LT I 2205 S AR N AR S An 10 B

H1 P 10 AT D0, 7 B Sk b 58 5 0% Sl bk vk R El T s A S T E A L T AN U AR R S A
Sl 2 A AR DB, B R0 45 SR 7R TE K i Rl T, SR S S T L A I AN T W
T L 6T E A B GCR TT RSO LT 1 22 0 /)N ke 75 i T AR X B UK Sk 563 50U 1 B /)N I A 98 B % T ok
ZE{5 5 1 22 000/ )N e A 48 PR A, BB R MEAS 31 8L 250 S S D 1 B3R L A S MR ) A ST 4 UL A 5
BRI /)N i A f8 L 45 3] 1 AR BASRT/IN IR AR 4 P AN T 1 TR L 6 1 S S0 S S O AR X R 22
#2 PR,



614 S, (2012 4F) 45 27 4%

AL 2 SN e AR 230N A e AT R4 7 R A

1.5 70 0.3
60

§ 1 é‘ S0 0.2
= = 40

= 0.5 = 30, J0.1
20

0 100 200 L L 100 200 100 700 0
I (0] (ps) IFF ] (us) IR} 1] (s)

10 SEEBIIK bR A S5 S 0 2 00N AR 4 ]
Fig. 10 Multi-frequency CWT of strains at point A under a broad pulse

A RN A4 30k Hz B s LA/ i lUL 30kHz
25 ' p— ] .
— R 8
— 20 ki —
= LS T B 6
wg 15 1st mode hie
oy =
=10 Z 4
S s 5l
05 0 05 1 15 2 25 05 0 05 1 15 2 25
I 1) (us) x10™ I T (us) x10™
B 11 ek R AB A5 5 1Y 30k Hz ST/ i A8 46 ]
Fig. 11 CWT of strains at 30kHz at points A and B under a broad pulse
2 TEWIIK R R B WS B S I A R 2
Tab. 2 Relative errors between estimated crack locations and the real location
at different CWT frequencies under the broad pulse
f(kHz) 30 32 34 36

[ | (¥ 19. 87 15.79 7.07 11.19

M 2 FTUL G /N AR AR B 34k Hz WRURIN  8 5E 1Y SO B IR 2200 7. 07 )0 IR ZEAE 1] A% 32 1978
FELA L T IA O 34k Hz S22 0F ik o SRR A 00 55 {EL R 24 4 B0 34k Hz B 30 A9 931 3 I, R 9 12 A 0t 5 A
34kHz MIZEAR/N EAG B (9 15 22 FERAE B . X U6 AR AR IS B N . Tst mode I8 19 4 1 )8 25 A AR K
. 5‘%@(@9*%%@25@/]\%’2%%%%{@%5@ﬁi@lﬁ%ﬁ%*ﬁ%ﬁﬁ/]\JE F 2T 5 1Y R B B R 25 AR
Ko X — i MEE B 4518 — 2L

WA -0 A IR E)
2.5
2
= 10
g =
0.5 ki
0 0
0 1 2 3 4 5 0 2 4 6 8 10

I i (us) *10 4 % (Hz) x10

12 2 0l Ik e oy Sl 5 58 A

Fig. 12 Time and frequency domains of the narrow pulse

3.2 FEFHENAK MR T B RYUE L
T A 0 A I S A Pl e A SCRD TR R B R AT D . TR LB R BLAR 8mm, SR Tmm, B Y
Jok v A5 5 B DG1022 AT pR RS 5 e As e 7 A BRI A = B9 e SRR P An 181 12 s o AR S 36 v 3R AT



%5 ZEUKEE - WA Dk b A5 5 o 2 T R 1) S B A4 TR 458 3 A I ) ) 615

KM PSV-400 2 mi #7140 CHOL AR G 2 IR B b A S0 Bl CAnE 13 frs) B2 ) 242 155

SKAESR R 2560k Hz,

XA A SESCR TC B S0 R 9 A i I
Z /NI AR B 14 BEs . HIEET UL T R
GO (r DR N 1 QUL IS I QUIR N R 1B A
FRIAR 56 JIT A /DN U A8 J 5 14 A 5 0 2 1 4045 31 R

He i

{ir !

WAR G, HAREECSHE 5 0T I A ¢ e o e %5 ]
IF) B A A0 0 45 2R — L X LA 4 SO e S a1
DU B 2200 /1N e 728 e PR AR 25 5 e B 54 80 S 39 e ke
7 1) 0 e, 00 AR A B i HORT B B R A B 0
NP AR T E R O O 3O A Y S AR

8 S P 0 I U R B0 991 % Lk B 18 bR SR

HEFE 140~ 150kHz Z [\], 7£ 140 ~150kHz & [

Fig. 13 Schematic diagram of PZT excitation
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Influence of Excitation Pulse Signal on Circular Ring Damage
Detection Based on Guided Circumferential Wave

LI Bing, LI Zheng, LIU Yu
(State Key Laboratory of Turbulence and Complex System, College of Engineering, Peking University, Beijing 100871, China)

Abstract: This paper presents the results of investigation on the influence of different excitation pulse
signals on the damage detection of circular ring with radial crack based on guided circumferential
waves. Circular rings without crack or with radial crack were acted by excitation pulses with different
pulse duration, then, strain signals were numerically calculated by ABAQUS program. These data
were processed by continuous wavelet transform (CWT) to locate the radial crack. Results show that
the pulse duration has strong influence on the accuracy of damage location. According to group
velocity dispersive curve of rings, the crack position location was discussed. Finally, to verily the
right selection of pulse duration in the damage detection, two experiments were carried out. Both
experiments present the same results.

Keywords: excitation pulse; guided circumferential wave; radial crack; Gabor wavelet; damage detec-

tion



