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Damage identification and scanning imaging of glass fiber reinforced polymer composite plates

based on empirical mode decomposition and correlation coefficient

WAN Taolei' , CHANG Junjie"** , ZENG Xuefeng' , LI Yuanyuan'
(1. Key Lab of Nondestructive Testing, Minisrty of Education, Nanchang Hangkong University, Nanchang 330063, China;
2. Yangtze Delta Region Institute of Tsinghua University, Zhejiang 314000, China;
3.Japan Probe CO. LTD., Yokohama 232-0033, Japan)

Abstract: Aiming at the problem that the influence of environmental noise and insensitive damage factor make
damage identification difficult and imaging error large for composite plate, a damage factor based on empirical
mode decomposition(EMD) and correlation coefficient was proposed. The air-couple probe was used to obtain
Lamb wave signal before and after the damage, and a group of intrinsic mode function (IMF) components of signal
was obtained by EMD. According to the correlation coefficient, the IMF component which has the greatest correla-
tion with the signal was obtained, and the relative change of its energy value was defined as the damage factor. The
validity of the proposed algorithm was assessed by identifying damage and scaning imaging at composite plate. The
results show that after EMD, the IMF component with the greatest correlation with the original signal is most sensit-
ive to damage, and can be used as a damage factor to identify damage. Combining this damage factor with probabil-

ity imaging algorithm for the air-coupled Lamb wave scanning can not only effectively image the defect in compos-
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ite plate, but also has good noise resistance in simulated strong noise environment.
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Fig.1 Schematic diagram of air-coupled ultrasonic experimental system

SEERAEL A GFRP, RS h FJN-2-25/QW200B,
]St N 280 mmx280 mmx4.1 mm, 46 JZ 0 F N
[0/45/90/-45]5. &2 G A BRI T —H HZ
k1 35 mm [ 15T 5 DU 55 2 975 T S SR A0 4 2 B o
2.2 {5 SELE

AP KB, A0 A Lamb B 3E A5 A5
AR B . H A0 #5125 Lamb 9 25 i i
B R, TIE A 23 R 75 4R Sk B WoRR it U
Lamb % , 5 H3E 5 30 A0 £ 7 Lamb I #F 17 52
B oSG Bl A rfe B %l 400 kHz ., A RS
A 14 mmx20 mm {25 HE A Rk . B 2 s HE
S NSRBIl 2. WAL, B4R A0 B Lamb
W5 B AL S A A 290 132, A T AR IR R I
PRk e 8 78 43 2 i A MR Y it s Lamb 3%
PR 1) A BN 12 5 R SRSk 14 B R — B

SCEIE, ] JPR-600C 15 5 % 5 2 0 2% it
HL R O 300 V., HLO L 400 kHz AR B 7
)R T Tk b e A S B A 5

SRR . RS, JFi#E T EMD i
TeAG 5 5 BT VU B IME 434 K H o 7 951 1% 43 A
wE 3 ME 4R, AIAL, F#E IMF 4 a5 B 800

20
~ A0
s
[}
=
810+
5
=t
Q
£
S0
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Frequency f/MHz
B2 S EEAEER A S R R Zk

Fig.2 Air-coupled ultrasonic probe incidence angle dispersion curves
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first four orders of no damage signal

B, Ferp O IR AR Z W RS Bl . X K W] EMD
G i RE R R0 1 5 R AT s BRI AL 1y 43 8 0

WG @) S Oiar . J5 55 BT A IMF
oy AR A R R, AR 5 R .
SRJA R (3) sk (4) A BT . R AR5
25 B IMF 731 5 275 {55 X5 B (9 IMF 73 8 e 5 25
{E, 4RANIEN6 PR .



EEMRER

1924 -
E 16
E 301 No damage ;‘ " _ —=—No damage
Elsp g I —e—Damage
2, >
0 n 1 n 1 n 1 n 1 n 1 n 1 N
2% 04 08 12 16 20 24 512
g L
= 10 F
7 =0
330} IMF1 2 gl
Z15p g
g" 0 1 1 1 1 1 1 “3’ 6F
< 0 0.4 0.8 1.2 1.6 2.0 2.4 E L
o 4|
z E
—
508 IMF2 g 2r
2047 a
% 0 . | | | | Ok P —a—8 8888 |
0 2 4 6 8 10
< 0 0.4 0.8 1.2 1.6 2.0 2.4 IMF
E 6 YRR S 104 B IMF fighi2:
E; 0.4 i IMF3 Fig. 6 All IMF components energy differences of signals
% 02 /le before and after damage
E 0 L 1 1 1 1 1
< 0 0.4 0.8 1.2 1.6 2.0 2.4 N o
BN, KA EAR KR, X ULHHK BT IMF1 43 £ (1
> N .
%0, A (A A5 B 4 . ol T LA 5 B IMIE
g v IMF4 5
2ot SrE AR 2 EHO A AR ES, T
a NI w » o e WIN
B ool AT, PRI T A 0 A

Frequency f/MHz
4 T HsfE 5 BT UK IMF 73 45
Fig.4 Spectra of IMF components of the first four

orders of no damage signal

1.0 - —=—No damage
—e—Damage

S g S
e =)} o]

Correlation coefficient

S
o

IMF
K5 IMF 73k 55U RS A R AL
Fig.5 Correlation coefficient between IMF components

and original signal

MIE s AT%D, AT 555 B9 IMFL 43 i 4R
SRR S A R, A = By o i S R A
MM TG . INE e il %, iR lES 55 %
{55 1Y IMF1 fig it 22 (8 B & b6 JHC Al =5 By IMF 43 4
Mgt 2K, BMOHIHES 52 %551 IMFL
il fik 22 [ At 25 B IMIF 43 55 % 7 1) fi o 22 {15 4

Uit 2 b, MOHRAROC R BT LUR s = o
X 454 473 o SRR ) TMFL 238 08 2R, A S U1
BB o

3 A Lamb FHAERE
3.1 HKREE

T X B E AT 4k WoR, {3 T EMD
F1 IMF BE & 1) 1 15 [ T (Energy damage index,
TIEDI) X it i #4725 #l Lamb 35 A8 R 351405 1% o B
G 25 SR G 7 R SR VR A WIS 1E 32 1Y 7 1) %
BT, R EMEBERE ., xR
0°J7 [a], y Ji I 2k 90° 5 i), ol FH ot B ML 42 ol 4 Sk
WEWA LK AR 1 mm i 7H2,
BATJ A 170 mm, 53] — RS 170 mmx
170 mm B9 F128 X3k, DA X3l ok 36 ot ST A A
2, O EEE O AR BR A (92,98)

EEXE 2 SR A B A RSk, X B R e &
R AT AR . BRI TE B & T L —
LRI L RE NMES, WA T 1
A N -, AN EE T ER RS
1) dpe ZME SR 45105 18k N A B 458 405 1R 7 1) 9 1) 5
Wi SR & A B, X FAEE A TN, HARER
SRR B 516 A

N
Pj(x,y) = ZIIEDI(i) Wil Ri(x,y)] (5)
i1



T A BT BRSSO M FURH O 22 500 B 388 21 i 39 5 A W0 2 A BRI 1 A 00 13 A A 1R - 1925 -

X joREAETE, 7R =00, 90°; P(xy) &R
PEGTE j 7 49 & J5 ARAR AR 0 s Tgpoy M
i AENRERGHE T wlRMOy)] AE i %K
A2 (R 545 BLFE 43 A BRBL; R(oy) MR K 05 (xy)
PRSI L BRI Sk (R AR T R

Ri(x,y) =

V=302 + =32+ =0 + -0
\/(xj—xk)2+()’j—yk)2 6)

s () BRI ARRR : (roy) i
S04 o R B B RCoy) MR A (ny) 1% 8
Vi e T (B o) 0 B B 0 ko i
B (o) 2 I OB B 2 A5 . B Sk 1
B B B H 0

S SUBU U 534 wR ()] h— 1B 0 22
SERMAI 51 BRAC, AR TF -

CoRieY)  py<c
wilR(ey =3 €§ Ri(xy) > C (7)
0, Ri(x5y) <A
c=2 (8)
C
b =a?-c? 9)

b C o FEE A 52 i DX R 2805 a ok G T
KBhlhs b MBI A0 5 ¢ i I AR IR R A —
s ARk AR R DX 7 S R
A AR 7R B o T UL, e B o A 2
R PR Sk 0 MM I8 ) B 0, R Sk =2 T i B g O AR B
2¢, RE A (oy) B HR Sk 22 8] 1 1 2 A €
2a. T AL 14 mm, b 14,

Receiver
R(x,y)>C—P=0
Direction path

Transmitter Damage

R(x,y) <A—P=0

Transmitter

Receiver
&7 WGTR A3 A A A s 7 R
Fig. 7 Elliptic distribution probability damage diagram

Bk Z 8 (I HE 25 4 170 mm, c 3K 85, AR#E R (8)
AT, CHL1.01,

R 8 M S5 51 105 S L, 4 S A B R A 4 A T 1)
ERSETBRESNREBOEE, B2 m
1) E 3 45 495 SR FH AR TR 1 O AT s il L ok
S B G o 11 T 4G I B BUARORT FE R
P(x,y) = Poe (x,y) X Pope (x,y) (10)
Kb Poly) BT 0oy AT A JF IR E A (xy)
BIBERBIIE s Pooe(x,y) AT 90°77 1] #EAT 4 #5 J5
8% 05 (xy) IR R I (E
3.2 BHEFHEX

H T5 545 EMD 73 fiftf5 , o IMF1 4 & 1Y
HAERE NS X B E AR A0, L DL IMFL 43 i
AR X AR LR A 5 R R R AT R,
13 BB 19 % SRR TE B 2 % {5 %5 19 IMFL fig i
5N By, H1# {55 IMF1 BER(E N B, W& X414
55 I T Dgpr M

min(By, B)
D =1-— 11
IEDI max(Bo.B) (11)

o> aob

1<}
B
1=
B

3.3 ETIEDIWBRGHRIGER

A A, BRI LIS GFRP
M AT A R BB S, R4E Q) iHE B
Ho R, AR RIEEM AN ESS K L, fi
iR FRE AR SN OCR, WK 8w, wH,
N R R, BEER AR
HIR, BRELTETCEBA X BT A i, B 150
ML HA B FE T, B R, XRW S

1.0

x direction

0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
1.0
y direction
@0.5
0 1

1 1 1 1
0 20 40 60 80 100 120 140 160
Scanning distance /mm

8 GFRP AMEALASAERMIA T (IEDD) SiHEH B ER
Fig.8 Relationship between intrinsic mode function energy damage

index(IEDI) and scanning distance of GFRP



- 1926 -

EaMB=ER

4 Lamb ¢ B A7 45 1574, H IEDI 5 45 A 7 fE 151
A

K 05 I ARABE SRR Tk AT iR, I
HEMBERS CHRRE R AT X L, HE
s 9 pr s o FERUR I R, BB TR A L (0 X
N ERBE X, RS AR 5 251 C 43 2 iR &5
A HCERER W) & o 1X Ul W1 T TEDI 35 433 A 1 ) A8
HRAREE R, RENs B E O B Bk G A1 &, JF1
B0 2 BB ) SR AR

y direction/mm

0 20 40 60 80 100 120 140 160
x direction/mm
(a) C-scan imaging

y direction/mm

20 40 60 80 100 120 140 160

x direction/mm
(b) IEDI imaging

19 GFRP z=H# C A8 {% 5 IEDI /%
Fig.9 Air-coupled C-scan imaging and IEDI imaging of GFRP

3.4 E-F IEDI M= IRNE Py R 45 &

SEBR B, A A R OREE AT RS I R R AE AR
B T HEAT Y, X ME LLE 5 25 32 B R85 v B s
AIFZIA o FR T IR X488 4 PR 1) B2 36 LR ]
PRI I A3 495 PR B e M 75 i 0 % ke o g TR 5310 A A5
ERAFAEAR B R A5 o 2 3 a8 05 K+ i B
— & WIHT MR 75 RE I A RE Dy S PrAar il $2 (1 2 2%

TR R IR FEAE T 4 i VS A
[t 9dB. 5dB. 1dB#l0.1dB 1M, &R
HMERA S, A, THRGES mE 10 i,

43 6 S AN [ {5 W L M 75 ) £ 5 1547 EMID
oy, R T BEIORHR A5 e U IMF 43, 430l
WHETIES 5 IMF /- & M C R, H IMF 4
5 EAE S A OC R EEE R E 11 FroR . Al
MUIMAE ML Ry 9 dB ) HS M, BGTET . SR
S IMFL 4 i 5 55 5 A S ok . 2453 31
TS M L 5 dB. 1.dB Al 0.1 dB 1Y [ M 75 1
HIMF2 3 5 5 5 AR K. B
B RN R SRR A (55 5 2% 05 5 X

(a) No damag;WW;;i
8 \

Noiseless

9dB

Amplitude/mV
N
i
oL
i [~}

. . I L . I . I .
0 50 100 150 200 250 300
Time #/ps

(b) Damage signal
8 WMN
9dB

Noiseless

Amplitude/mV
S
3
E

0 50 100 150 200 250 300
Time #/ps

10 YIS/ GFRP A LG5S

Fig. 10 No damage and damage signal with adding noise signal of GFRP



P E

BT 2 IS A i R O 28 BONT 35 B £F A 1 9R IR B W BB B R A 5 3R B A U - 1927 -

1.0
(a) Before damage —=—9dB
—e—5dB
0.8 ——1dB
- v 0.1dB
8
Q -
2 0.6
Q
<3
Qo
=
S041
=
e
8
Co2f
P y
0 -
1 1 1 1 1 1 1 1

IMF
1.0
(b) After damage =—9dB
—e—5dB
08F ——1dB
v—0.1dB
Q - /
% 0.6 /
3
=
£04r
=
e
15
Qo2+
>
0 -

11 GFRP M55 15 H IMF 40 A G R AL
Fig. 11 Correlation coefficients between noise signals with

their IMF components of GFRP

) IMF Sy e RERE 22, HZE RN 12 i, A,
MW fS, B ES S5 S%5 55 0=/
IMF fig it 22 {8 W3 0 L 05 i 15 5 5 2 % (5 5 10
ZBr IMF e 2 (H K. Hrp, SEEML R 9dB
(4 55 M B, B4 JE AR S IMFL 43 6 19 g i 25
TR o U INAE M L4y %04 5dB. 1.dB Al 0.1dB
(9 M B, B R A S IMP2 43 6 19 fig i 25
R X5 E 11 FT 7R i AH ¢ R BB L RLEEAR R .
X2 H T EMD 43 fiff G415 5 6 AR 400 0 e A3 53 2
IR 5 5 5 R s A 5, DRI 2 R A 18t /s
T 9dB. Mg YR R (55 44t EMD 43
J&, HIMFL 533 K8 53 R 5 JEAR 5 48 5GP T /)
[ W 7 RE R, I IMF2 A 515 5 A O M A
X e UR I oy AR S, IR SR an e L
IMF2 [ 8 2 25 {H K .

i (a) Before damage —=—9dB
—e—5dB
——1dB

v—0.1dB

N
W

[33
[=]
T

—
W
T

—_
(=]
T

V.

I [ =4
0-.Y%—.—!.

0 1 2 3 4 5 6 7 8 9

Difference between the IMF energy /(mV)?

IMF
%95 | (b) After damage —=—9dB
S Y
2 —e—5dB
i ——1dB
2990 1 v—0.1dB
g
E L
Z 15t R
£ b4
B
z 10
Q
e
3
B st
<
a
0 1 1 1 — L > -
0 1 2 3 4 5 6 7 8 9
IMF

12 GFRP BifiififE A (5 5 52 F S IMF M ht 22 5
Fig. 12 Energy differences of IMF components of noise signal and

reference signal before and after damage of GFRP

gi L, AEASIR] SR B A WS PR T AR R AH 5 R
Hrdm I, AT L SE A 28 IR AR S o 454
U IMF 43 6

N A NS IEN TR AR L Sy S kN
FS RGN, I AR R O SR AT R
ZERANIEL 13 B o 3 1 AR TRR 1 R 0 L 45
Ho WAL, BORLEAS ST T AFER R H
Mg, (HJE AL T IEDI B9 AR 45 AT IR RE % EUL A0
FE AL B BB AL E, RS B4 2 B R SE AR R .
55 ORI F R A AR 45 SR LU TR, S AN [
15 I8 L 1 M P I 0 AR 45 R AU 181 P 8 v (8 B
R BE SR 7 AR AR AL, T €8 X3l 5 B 8 43 O T W
A
3.5 ARG EFHARGLE R

N WBGZS I T R PUE R RE T, S
R [14] v HE T 71 & 4E £t £ BT (Box counting



- 1928 -

EaMB=ER

y direction/mm

o]

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

y direction/mm

o

20 40 100 120 140 160 20 40 60 100 120 140 160
dlrectlon/mm dlrectlon/mm
(a) SNR=9 dB (b) SNR=5 dB
20 : -
40 ’ ’
£ 60 ' £ '
£ : E .
£ 80 £
;.o—; . 4?—; .
£ 100 . 5 .
-~ =
120 . .
140 : :
160 ' '
20 40 100 120 140 160 20 40 60 100 120 140 160
x dlrectlon/mm x dlrectlon/ mm
(c) SNR=1 dB (d) SNR=0.1 dB
€13 T IEDI AR RSFE % T GERP {5115 U4
Fig. 13 Damage imaging based on IEDI under different levels of noise of GFRP
&R 1 GFRP AERGEFHIILER
Table1 Comparison results of different damage factors of GFRP
Box counting-dimension IMF energy
Noise level BDI IEDI
No damage Damage No damage Damage
No noise 1.14 1.53 0.057 25.85 2.62 0.90
9dB 1.55 1.60 0.03 19.55 1.15 0.94
5dB 1.58 1.63 0.03 21.39 1.09 0.94
1dB 1.62 1.66 0.02 19.61 1.52 0.92
0.1dB 1.63 1.66 0.01 15.77 1.92 0.87
dimension damage index, BDI) £ M2 75 ¥ 55 v (1) 5 Tl JE KRR FR AR R e B P iy o ek

BE5 35 A7 (IEDI) B AR S5 R EAT X L
€ 14 2y BDI 1E A [7] 25 ¢ e 7 1 1) 8 £ 1A% o

AR, B MR R A O, T BDI R K]

H Y RE Al R RR DR P B T 22 BB R ST A

ROh 72 e A= 2, X 53 A 0 R 1 O 6 L B
BUNE

EHT*E)EK?J 13 I AB 2 LA fi TR )45 3R A
BRI AT AL, PSR FE TS 0 e R

RN 2 7R o 8 ANLTR2E N SEBR R AL AR A
B BR AR R LA

SR TR A [ 4540 TR T R AT B B 2 AR
PEATE AT, SR FH 6 dB YA X IR I s 1 L S ik
a0l L1 ) AN e S B s = A T BuR 3
AE 45 00 DY 9 B R B — SR A (i Ak 2
(8977 4% 3 G ARG R ST 1) LA RGSE 45 R
N 3 Pan o w2 R J7 ) B SE bR B RS 5 1



TIBAEE A BT G IR A IR G R BN B B £ A 1 1R IR B W A BRI A A R B A U - 1929 -
1.0 1.0
20 0.9 20 0.9
0.7 0.7
E 60 E 60
§ 0.6 E 0.6
g %0 os £ % 0.5
£ 100 0.4 £ 100 0.4
~ ~
120 0.3 120 03
140 02 140 0.2
160 01 160 01

20
40
60

100

y direction/mm

120
140
160

20 40 60 80
x direction/mm
(a) SNR=9 dB

4|

20 40 60
X dlrectlon/mm
(c) SNR=1 dB

100 120 140 160

100 120 140 160

Table 2 Imaginglocation results of GFRP
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Fig. 14 Damage imaging based on box-counting dimension damage index(BDI) under different levels of noise

Noise level Actual position IEDI position Error/mm BDI position Error/mm

() () (xy)
No noise (92,98) (92,99) 1.00 (92,100) 2.00
9dB (92,98) (93,98) 1.00 (92,100) 2.00
5dB (92,98) (93,98) 1.00 (91,100) 2.23
1dB (92,98) (93,99) 1.41 (90,100) 2.82
0.1dB (92,98) (93,99) 1.41 (90,101) 3.60

# 3 GFRP ARAHBGETFRGEE x 1 y FiE EHE

Table 3 Imaging results of different damage factors in the x and ydlrectlons of GFRP

Autal size IEDI size Error/mm BDI size Error /mm
Noise level

X/mm y/mm X/mm y/mm X/mm y/mm X/mm y/mm X/mm y/mm
No noise 35.00 35.00 38.40 37.20 3.40 2.20 30.20 31.50 4.80 3.50
9dB 35.00 35.00 38.70 39.70 3.70 4.70 27.90 29.60 7.10 5.40
5dB 35.00 35.00 39.10 39.90 4.10 4.90 27.70 30.40 7.30 4.60
1dB 35.00 35.00 38.90 40.30 3.90 5.30 30.00 98.20 5.00 63.20
0.1dB 35.00 35.00 38.20 38.40 3.20 3.40 52.60 98.80 17.60 63.80
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