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APPLICATION OF CSM IN LAMB WAVE BASED STRUCTURAL DAMAGE
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Abstract: Signals reflected by structural damage are inevitably coherent during wave propagation in Lamb
wave based structural damage detection, which will decrease detection accuracy. Considering the superiority of
spatial spectrum estimation in signal source identification and location, especially in the signal direction of
arrival(DOA), spatial spectrum estimation was applied to locate structural damage so as to obtain accurate damage
information in Lamb based structural damage detection. Thus, a coherent signal subspace method(CSM) in spatial
spectrum estimation was developed so as to solve coherent signal problems. The numerical simulation of a
damaged aluminum plate illustrated the feasibility of the CSM in the spatial spectrum estimation of coherent
signals. It indicates that no matter the coherent signals were reflected by the boundary and structural damage or
the two types of damage, all the structural damage information could be well obtained by this method.

Key words: array signal processing; spatial spectrum estimation; Lamb wave; CSM; DOA, structural damage

detection

Wk F399: 2013-12-13; &k H: 2014-09-15

4 TH K E AR 4 IR H (50905141); 1845 2 18 - 22k A U 4 1 H (1 2 R R 473K (2012610213004) ;5 1H 4041 75 A A vt %1l 5 H
(NECT-10-0078); b Tk A 243 RbAT 7t 3% 45 101 H (NPU-FFR-JC20110258)

EIER: 5K 32(1984—), Y, BRVEA, f/E, 3 BNE BN 7T (E-mail: yuzhangzy@126.com).

EE W BnBR1954—), 5, RN, #i%, L, M5, FEMELMB0 ARSI B IS 5 HR RS IR 5T
(E-mail: yjyan_2895@nwpu.edu.cn);
& HQA976—), F, HMA, BIEZ, L, EEMNELMEFEN. (5500 AEEE 2867 (E-mail: dryulong@gmail.com);
BEAH1962—), B, TN, BIHEIR, A, FENEL KI5 (E-mail: xizhuyou62@163.com).



T &

71 e 23

Lamb JHAMERRIEEAC, 2N, XG0
P AR BURSE AL, 2T Lamb 307
TR R I A A AR AR . TS &0F
SR QEER T CIE AL S =W NS o PNty s
AR b e 7 s 2 yu DR R AR R R O
T A Lamb 5 13 AT [ %o 7 A 6 B 1)~ P ik
ARG I I AR 36 3R 4T 7 36 E . E9R2%MA A Lamb
PR BAG BARHEAT S5 5 . Staszewski %51
XL B AR A P ) b 5% 3647 Lamb s
Mo PhpR SO & 3 Tk A M T & R BUR L
R

F—I7 1, FEFE S A I A B AL AR AR
FWCTIAE S, WG S SIS Cay =z
R FIEAE. ik, RS, Al M, B
HIE 5 AL ER Y B )2 8 B AU S 5 AT
LbFE, SEGRPTEAE T, EITCH IR, A
MRBE S EIE R, JLHEMESNE 5 A H
180 22 TA) B8 Ak v 7] AR B 21 R 200 28 (814 5 1 9%
1577 A (Direction of Arrival, DOA)#EAT 5, RIS
SR N EMN. 25, UZEHGES L
(Multiple Signal Classification, MUSIC)57EP A48
RINVFZINERR 720N SR, IXEET77%
K2 UL E T HBRE 9 AT ioe, T2,
KA ARG B EE R AR T B AR IR 5415
SN2 T RS SR ST IR 2 A
GINECAFEN, FIEEMETES F2mET
1% Coherent Signal Subspace Method)RAR HifE =
AHA TR, AT IS B0 38 77 Tl ik o 24 H

A SO F #1208 7 1Al o B A
ERTERE, K LTI H BT Lamb 25 M40 G Al
o B, fESN RIS AT o B AR IR A

1

4 exp(—j'nsin 6)

exp(—jn(M —1)sin6) exp(—jn(M —1)sind,) ---

M) T LAE H, ¥IE LR MR F i B Va
TSR LE R, IXPVRRER I SR A S R MR R
% RAFHITERE.

B — ANl M ANPGRS LR, A
D(D<M)A~ iz 3 % 45 F S SN D AT 10
O, =[0,,,0,, 0, | NS EIZIEFE . IX M ABEIC
Bl BHOE 1 5 R R O

x(n) = A(Op)s(n)+n(n) 3)
Hr: 4(0p)=[a(6)), (), **+, a(Op)]& MxD 4EFF

exp(—jmsiné,)

R 20 Lamb 15 5 . JBRBIHANME 5
P EHARTFIF,  anids s 38 51 421 Lamb 38 A3 51
SHE S AT B ARG S R RS ST, R
H CSM J732:, FIH SRR BN E 5 AT R AE T4k
H 5 XS 5 R 48 MUSIC SLE73A 7 1)
fliih, WISk i 858, 2587 HEEN
iR

1 MUSIC BEEN4E

ARSI B 9], HPTA BT HESIE — 2%
B b, H&REuEEARE, w1 pos.

(=1)dsifi0 A
. Lo s /

d

—>>

#1 #2 #i #m

K1 Ya&MErEE
Fig.1 Schematics of a uniform linear array
— R — N TN ZERE IT, BETIEERN d,
TS NI T AL E SORAE T N7 RS 8 2
TR 0, —n2<0<n/2. Ht, F5EIEE i
SRR TTIS AR X 225 [ T I SE D«
Ti:(i—l)dsin@ D

C
Hri, ¢ NBEE. BB, TN TR
MmN, GkEd = A/2, 2 MK, EEASH
N kI, SIS N

1 1

exp( J1:rs1n 6,) 2
exp(—jn(M —1)sind,)
SITRFERRE s s(n)=[s1(n), s2(n),**, sp(n)]" /& Dx1 4k
FFURME; n(n)& Mx1 M, — IR
GHEMEARAI . BT 2R LRIR N

R =E{xx"}=A©,)RA"(O,)+R, &

R =01 5)
Hr: R, 5 R, 7358 DxD 4i{5 5 W J7 Z5E 5 Mx
M HEMEFE YT ZEAERE o) f i R A S LR A
R DI W7 2R R, N IEE IR KOKR R RERE
X FeEAT R 7 A -



24 TR h %
R=EAE" 6) MRFEREMZWESRE. A(f,,0) 2 MxK 45

U, A S P HES R R R R 6T £

Fi, E=[E,, E,|/2 77 25 FE R RHE ) &
E, 5 E, 5 5l & BRI D MR EE 58BN M -D
AR AR X . PR SR OE 17 8 2L B 9 5 5 1 2 i) R g
TRl AT, AT LA M —D A/ NRFIE(E X
MR R B S A 1 D MES SRR E
1E%2:

{a(@) - a(0)} Liey,, - ey} 7

MUSIC 552 i it 348 5 /NRFAEAE XS B
FHIER B RZIE IEH F M, M Th 54
WS 5 M ORI 75 1) 5 5] % i, 3E I 43 21045 5 11 DOA
fhTHE.

B 7048 MUSIC J5 47 3 2R £R «

1
- 0O
P(6) a"(O)E E"a(0)’ ©

A, O RS R

ik O FERLEE B T N T TR (S &
J7 X B R R, 12 bR AU Y BV (1 5 Az B
e i THE. R 1 P, 0 RN E 5308
Ji Tl

2 T ESTFZEELEREER

EAR MUSIC HiERA REFrflihtege, HL
AN ENESHEERERESAMTINS. BT
Lamb SR BN fr52mal ), HA5 5 T LA 1R R —
PR SR B, B AR I B & K E
FEMTENAS S . XU S S B TR Y i ik
(AR 22 Sl oy s, DR e A ) SR 4 ) MUSIC B
VI ARREE I S5HE T Lamb 45 05 RG 0 o
[FEF, Lamb JETESEH AL FEd, ANATE G
218 3 A [ 31 57 B 495 5 R 1) S ST R 7B T 3
M5 S HIT, MR CSM ik Al A Rt i v
&5 AH 1A R

AT RSG5 — AP R R R OR, M
WA To, B HA N KATEB, BN TBRAES
Rl B A, IR (3) AR AR B T R X
TR E SR

X (f))=Af;, DS (f)+N(f;),
J=12, 05 k=12, K (10)
R10)H: X, (f) FUN(f;)7& Mx1 4R 8 S, (f))
& Kx1 4E%8, 8 RIS f T o & =

®)

[FFERE, o, 3 K SIREN:
aK(f/):

—i2nf;7 (6 ) —J2nf;7, (6 )
[e e e

CSM FIE M SBEAE T R AR PR SR A, BT 5
FEAR R AE AR P 5 ZHRERE AR N, SRS B
BRI A 5 LR AT DOA it

YT MK [FESIRAT A(f,0), FEH—D
MM BIHER 7B T(f), A8 Hm A2

T(f)A(S;,0)=A(f,, 0) (14)
KA, TR R EERE.

BB WA TE A T si(OF1 so(n), I H
s:(ty=si(t—t), S AKREABHEDNAFIIT 6, F 0,
A s(O)=[s1(t) 21" IAMKREGEREN:

R, (7)=E[s(t)s' (t+71)]=
|: R (7) R1(T_t0):|
R/(z+1)) R/(7)
RASH, Ri(0)&2 s EMKHEL, o R15)IEMH
A, 195

~ R (f)
Ps(f)_{])l(f)exp(]'znﬁo)

e—ﬂﬂijM (HK) ]T (1 1)

(15)

PR (f) exp(—j27fﬁo)}
A(f)
(16)
WK, P EANTHRRI, R IR BT =
FE R AN BEREMAAR T 00 o JRATT AT LIORHAE 5 7 5 20
NJ AT, SR B AR T, B

1 J
ﬂ—;_;&(m—

J
P(f) R%)%Zexpmznﬁo)
=1
J
R(ﬁ))}zexpoznﬁo) P(f)
7=l

(17)
— iR, HE 70, RA7)RIET R,
TESERR R, SEECATA ST P 7 Z HE BT
B, BEef 7 ZHEREA T2 A M, BEUE S
75 ZEFE R RR S TR IR, BB HAH TS
SHIHET.
M CSM B JE 3] DUE Y, il i is AR
Bl m] AR 77 {58 1) 56 BSOnt 56 7 A T3 5 UK DOA
The BT RARZEN H T RS



71 e 25

D IA(fy, O =T (f )AL, 0)] 5=

Jj=1
J
DA, O+ AL O Iy -

Jj=1
2Re{Tt[A(f,, O)A" (f,,OT" (f)1}] (18)
S TATBICRIBES], J7 R AG0) 2 T

B 2 ),

K

1 A(f, O) 7= lla,0) |z =MK  (19)

i=1
R MONFETEANEG K ONEENL B9
A1), w1
J
DA, ) -T(fDAS, O) |7 =

J=1

2JMK - iZRe{Tr[A( Jo- A" (1, OT" (f]}

Jj=1
(20)
HF
A(fy, A" (f,, OT (f)) =vAU"UV" =vav"
21

Her, AN AFOA SO MR, 713
Tr{ A(fy, ) A" (f,, OT" (f)]=Te[VAV"] =

K
> ALAfy, ) A" (1, 0)] (22)

i=1
RQ2)HF . LA, A" O NERE A(f,0)A™(f,0) 1)
i K AR E A8, AR AT AR E], L[A(f,0)A"(1,0)]
AONSH, N
2Re{Tr[A(fy, O)A" (f;, OT" (f )]} =

K
2) ALA(fy, 0)A" (f;,0)] 23)

i=1
@3RN (20) T3
DA, O =T ()AL, 0) |7 =

Jj=1
J K
2JMK =2)" > A[A(f,, OA" (f,,0)] (24)
j=1 i=l
PRl L A SR AR AR Ml SR AR 2 /N, A T
i L[A(f,0)A O FIUERCK, 4
J K
F=max, | >3 A[A(f,, )A"(f,.0)]| (25)
j=1i=1
X TAE R IBES, RERE oA M K TS
PBEANEK, WERAAH T koL

> ALA(fy, O)A™(f,, 0)] <
i=1
K

S ALAfy, O)AA(f,, 0] (26)

i=1

S, z (A" 0)] 0 4w FRARES), 8

ATf?iﬂtZiﬁEijtﬁi
F =max {Zﬁ,i[A( fos H)ui]} (27)
i=1

WRHE A (27)— B € MBI AR S 5 (K40
HYEH, A T EE I A A — SR R AR E
HERREMR, FRREHR)E, HHH MUSIC
JHEXHE S R TT ATl v, wl ] DASRAG 45
W15 R

3 RS

3.1 WpRSEESNFRIEEEM

ASGER— R EEA Imm IR, )14 1000mmx
1000mm. 7E45H 1(559,970)8F — /NLIE AT 1515
TE o [FIT, Fe s [l (10 T S S e A0 Sl ad S St
PRI, e 2 R . R RGHES y AN 8.0,
& H T 4235 ) BB I E Fuf ik s, LRI R A TERR
WU Lamb K —2, WE R, BT
BEAELH)(543,670)4k . K HIBUINE 5 Sy OaiR
300kHz, 5 MEABIEZES&N TEIRGISER. /£
Z LN B4 Lamb 3455 Fil S GHE S48,
l%%@wMﬁ%&ﬁ%@%ﬂ¢%wﬁmmm;
BAE T, XEIETT AT A

A . oy
) 0T A
x ®
o 1\
« ;O\ SR
ol \
S p’ 441
P { |Je——>
[ 120 \
% \

1000

ooooOoooo [©)

1 W2

457
[——

v

N
>

1000

|l
'

K2 mAsaHES S8 RN ES TR RER /mm
Fig.2 Model for boundary reflected signal and damage

Y|
71

reflected signal are coherent



26 T 1%

2

Hah &% il Lamb 35, P H R A1) s HL A% s
B AE 5, IO — M R B
3 Fis. WTULVEH, ARG RNE] T S M 4,
MEIEB, R, #0550 KIS 5 510 7 A
FORREICIEEE M. TR, FIH CSM J5i%
X BEB A S AT A, B AT A AR
SR Xt FLAR AT B SR B BEE J7 TR AT Al oh . S5 SR
P 4 s 1 e A A DA 6T L) £ € 73531 g 8° A1 20°
Enas it R AL E, XS IRE 2 — B

06 } Bl RS
So . URREHE SRS
Ao W

i) I 0.1 I 0.2
F+f 18] /ms
K3 —/MERERER Y

Fig.3 Lamb wave signal received by one sensor

_Qo 6,=20°
. (o "
@ -10f
S
HL
iz‘
Rl
;_____HEJLL,,H__
_30 L
1 1 1 1 1 1 1 1 1 1 1 ]
90  —60 30 0 30 60 90
A RE(0)

K4 505G S S5 RS S BIETT T
Fig4 DOA of damage reflected signal mixed with boundary
reflected signal

3.2 ANt RSEE M

ATh I B — JELFE A Tmm AR, SS9 1000mmx
1000mm. 7EAR EA A NUE NG E, i
KA B (450,850) (750,720). [k HLAL AR
FH 5 5 B AT BN E =, A 5 B .

[FIRE (R AEREF BT e AR IR B 5 S, 2B —
MERIEE WA 6 Fras. vJLUEH, B 17U
H) So F Ao BeTE, TR RSP NEIAZ |/, P
AN SRR RSB AT IS LR A . X BEFIE 5 F)
F CSM 7 AT A0 BE,  SRAS P55 i 18 77 1)

3 R-8.5°F1 48°, 5Kl 7 Fran, HiREMLE,
SERI A AL BT AR A LB HE R 11 o

A
K 2] o< MMl g
— o0
\ \ a
\
450 v , 250
<> \ 8 ;e
\—. 48° ¢
\‘ I\’//
(=} N Cl 7
WA v,
§ @ O000V0000
¥y 514
¢ 400 >|
S
w
2 >
L 1000 N
[ Y 71

Bls A RAHE ST AR B /mm
Fig.5 Model for two damage reflected signals are coherent

0.6 -
PN SRURHE 5 &
0.3
>
=
@ 0
E
-0.3
-0.6 . . . !
0 0.1 0.2
i []/ms
6 —MERESRIBOE
Fig.6 Lamb wave signal received by one sensor
6,=48°
01:*8.50 K
0 —
m —-100F
z
HL
i:_‘
R _200F
;____HJL_,_JKH__
~300 1 | 1 | 1 | 1 | 1 | |

=90 60 30 0 30 60 90
A /)

K7 AR RS S A T 1A
Fig.7 DOA of two damage reflected signals

4 Z51p

AR SR B A5 5 b B v 22 (8] 3% Ay v X s Ty
[ AR A T 77925 F T3 T Lamb 98¢ 45 R4 e Ul



T &

% 27

W MEER R Z ARG 2 5] Lamb 15 54
T, ToVR E R I A R I [R] AR SR AT S5 1)
WG R ik, FH CSM it FE51] Lamb 3
15 ST RAN TR0, XG0 B AT AR, 3R
BT E S 50 E ST FHEA 515 5 4
TR O BBR T il . nTRAUEH, FEIME
S A Al THEFE T Lamb 45 5 045 M 3 kG
W RERTATI, XFTEALL Lamb PN FEWE S
(B e, A5 T30 RS I vk B T s (AR I A
FEE T R £ 7 FH I 55

EE P E

[11 SuZQ, YeL, LuY. Guided Lamb wave for identification
of damage in composite structures: A review [J]. Journal
of Sound and Vibration, 2006, 295(3/4/5): 753 —780.

[2] Ostachowicz W, Kudela P, Malinowski P, et al. Damage
localisation in plate-like structures based on PZT sensors
[J]. Mechanical Systems and Signal Processing, 2009,
23(6): 1805—1829.

[31 Yu L Y, Giurgiutiu V. In situ 2-D piezoelectric wafer
active sensors arrays for guided wave damage detection
[J]. Ultrasonics, 2008, 48(2): 117—134.

[4] Tok, FIETY. 323h Lamb 250 (8 FE IS (5 5145

5845 A8 T7 ], A R, 2008, 29(4): 1061 —
1067.
Wang Qiang, Yuan Shenfang. Amplifying signal and
imaging damage method for active Lamb wave structure
health monitoring. [J]. Acta Aeronautica et Astronautica
Sinica, 2008, 29(4): 1061 —1067. (in Chinese)

[5] Staszewski W Z, Mahzan S, Traynor R. Health
monitoring of aerospace composite structures- active and
passive approach [J]. Composites Science and
Technology, 2009, 69(11/12): 1678 —1685.

(6] #MR, JENH. J Tk iR S Lamb P& RFMERT
F[I. LREFI2E, 2012, 29(9): 50—55.

Sun Hu, Zhou Li. Lamb wave propagation in a cracked

method. [J].

50—55. (in

finite element
2012, 29(9):

beam using special
Engineering Mechanics,
Chinese)

[7] EARR, BRlE, ZNT, % S0 5 5%

[11]

M]. dbE: JEE RS H A, 2009: 1—4.

Wang Yongliang, Chen Hui, Peng Yingning, et al. Special
Spectrum Estimation: Theory and Algorithm [M]. Beijing:
Tsinghua University Press, 2009: 1—4. (in Chinese)

Krim H, Viberg M. Two decades of array signal
processing research: the parametric approach [J]. IEEE
Signal Processing Magazine, 1996, 13(4): 67—94.
Schmidt R O. Multiple emitter location and signal
parameter estimation [J]. [EEE Transaction on Antennas
and Propagation, 1986, 34(3): 276—280.

Wang H, Kaveh M. Coherent signal-subspace processing
for the detection and estimation of angles of arrival of
multiple wideband sources [J]. IEEE Transactions on
Acoustics, Speech, and Signal Processing, 1985, 33(4):
823—831.

A ARIERERIE R EM]. dbat
2009: 27—31.

Zhang Guangyi. Principle of phased array radar [M].
Beijing: National Defense Industry Press, 2009: 27—31.
(in Chinese)

Stoica P, Nehorai A. MUSIC, Maximum likelihood, and
cramer-rao bound [J]. IEEE Transactions on Acoustics,
Speech, and Signal Processing, 1989, 37(5): 720—741.
ZEEA, Wt AU Lamb WARECRFERT 7). 23
224, 2008, 57(7): 4265—4272.

Li Fucai, Meng Guang. Dispersion analysis of Lamb

FE By Lolk S R,

waves with narrow frequency bands [J]. Acta Physica
Sinica, 2008, 57(7): 4265—4272. (in Chinese)

Bienvenu G, Fuerxer P, Vezzosi G, et al. Coherent wide
band high resolution processing for linear array [C].
International Conference on Acousitics, Speech, and
Signal Processing. Acoustics: Speech and Signal
Processing ICASSP-89, 1989: 2799—2802.

Sellone F. Robust auto-focusing wideband DOA
estimation[ ]. Signal Processing, 2006, 86(1): 17—37.
$49, 3EF. £33 Lamb i I INEA 44 &2 o1
AT BT T[T s 4], 2006, 27(5): 957—962.
Peng Ge, Yuan Shenfang. Optimization for collocation of
sensors in active Lamb wave-based monitoring [J]. Acta
Aeronoutica et Astronautica Sinica, 2006, 27(5):
957—962. (in Chinese)



