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Abstract The formation of carbon fiber reinforced plastic (CFRP) fatigue damage is complicated, and fatigue
damage continues to expand over time and as the load increases. Focusing on the problems associated with existing
probability-based diagnostic imaging methods, i. e., high misjudgment rate of damage location, low damage
imaging clarity, and poor visualization effect, this paper proposes a CFRP fatigue damage-probability diagnostic
imaging method based on a time-of-flight (ToF) damage factor. The method uses a new damage factor to improve
existing probability-based diagnostic imaging methods, and studies the fatigue damage of CFRP plates under
different fatigue loading cycles. Experimental results demonstrate that, compared with existing methods, the
damage location error of the method is reduced by at least 49.85% , which provides a new method for the accurate
quantitative analysis of CFRP fatigue damage.

Key words image processing; damage factor; probability-based diagnostic imaging; carbon fiber reinforced plastic;
structural health monitoring

OCIS codes 100.2960; 110.2990; 290.5870

KB 2020-10-19; f€E BHI. 2020-11-13; FABHE: 2020-12-03
BE£WmB. EXARB¥HS(62063012)
BIEMEHE . *310345884@qq. com

1610002-1



¥ 5845 F 16 #1/2021 £ 8 B/H A EXEFEHE

1 5 =

AL Jm A4 ) Bk 2F 4k 52 5 B B (CFRP) B Ay
PSR B2 R o LG DO E v T 6 el R e | R
B BT 55 SR R AR RE . 8 I B TS ALK L fE
TSR L B T AR U 0 CFRP 7E 4 KL
T ER A 3 A B e % ok o 2 A BB 7 A A% SIS Bk I
A543, A RH N 5 A v 00 2F 2 O 2%, 30 1 i i
FEHR A9 73 2 R e B A R A R R
Wiz, WAt B e, CFRP 9 4% 2 o/ 2 45 52 4
JHERE] R | el L 280 45 R 2K A9 52 W8S W K T L4
RS A R 45 A B4 RS R R B SRR . CFRP
4982 57 10 103 4% 14 2 B R A BB AE 400 B B B JE A B/
B3Rl AT ) R AR B K, HE W R H A
TR A3 9 T B R X LA 6, — ELRE 55 45 7 R 3
— B R A 23 ™ H Y 28 3 0RO U 2N B
LA R, B R B B F A L R R
GFHAREZE L,

45 4 £ B WS I CSHIMD 52 R RE 52 I8 75 £ 1
S5 R B0 IR B0 BT T A S A R AR
Foop, TR E S 009 SHM 2 H | 19 #F 58 $4
ML T SRR Lamb I 7 25 %
FEBE B R T /N, 8 B/ A R A A% AR A
SRR LIRS = R N R R IR S e o
OF I AE BG5S R YA S Ak BT kL A
TESS K AL 1 1) Lamb 385405 15 5 B8 A 203K 4G
PR 05 15 8 o A8 0 RIS T vk T B L AR M
AR L R R TN U R A PN NN 3 [ RV S SN
2T AR 2B IE . H AT 32 AR AR T
WAL LT M B B A B I ] R B R AR AR T
A B I R ARy R T R O s
TS A8 A BRIk 2 EAE T
KIT UBOE WY IR DA R e T R S
BOAME S RS & R L& Xy
T Y4t R A B4 A2 Bk 3 3 A B S BUME 0 10 4 0
I S B R P CFRP 25 89 & 2% L 41 R AY 45 1)
Sl IR A S EOME LR HORT 80 1 BOd (B . 0
13 E 3R AR J7 15 R A A7 B R A AR R R
o HLM 45 A% 20 18 19 458 400 I FUBUEE 0 A e
BT AR S AN 75 BRI P 0 7% B L AT
TR s kh . PRE USSR IR R
B (R R R VIR R A N L RN 5 o T |
AR GG VT 0 50005 77 76 A % 1 0y . Wa A 4R
Tl TR S Ak 23 i A4 B RO AR T ik

MG 5 22 73 5 B0k 3 453 05 A 3 70 A I . Sharif-
Khodaei 45" 5 42 ¥4 £ 15 15 ¥ 2% (19 = 4k A PR e A5
T ) 458495 AR 2 80 AR D 0k R A Al 48 05 0k AT
T AR E LT . XM RS T 3 AR OC
A TR I3 R RE 22 458 1 3 B 450 00 BEE 3 0 R O
LI TE A MR T BUEE kL 0405 W rp
Tanaka 2517 H2 T — Bl 5L T B BE S 40 BT AR B
AR 3 AR 0 1 00 46 I 7 i . Lia S50 B T — A
T8 I o3 A1 R 3 B O3 AR O iR L OF R
FIR) D2 S R4 0 i 50 e AT 4 4 5 4 M X IR R 1Y
S X A R A 0 DR R A -
12 JERGE T EL IR AR R OF B B YO0 R MO TR R i
P L3R AR T3 125 04 453 405 A8 38 A 53 A BR K, JF X
S5 BERE I A7 BE Al b A TR B A 2R AT TR

R AR AR Ty ik B T RE R R R T
FVE AR OG5 PR 7 EECAR BB AT GRSl 463 )3, ELHE AT
PASCR 22 00 5E LK BEARR , ELX T 384 00 1) 2
PAAGAFTERE R A . BT BR[0T T
— BB 5 R, B T — B LT R AT I (]
(ToP) #1451 I F 1) CFRP %% 95 41 43 % i A% 7 v
I 5 25 A Sl T B A AR 1 L T 9 Lamb ¢ ToF
HE5HEBUIR LT ToF 19 3¢ 2 XF 4 1 8k 28 iU A4 J5
T HEAT WO L AT B2 e 458 0 R LA B LA B 45 s Il AR
] IRAL RO L IF FRA 461 05 9 R BOB R RN 1l
Ab R R SIS BT T CEFRP 1 P4 3 9% 95 Bt 443, IF
XF A7 1 A R AT T RIE .

2 WO IR Tk

2.1 HmGBMERGT AR RE

50 B A€ AR 7 0k B DB < E 5 R R R A IR
P 265 v B 0 DX R 8 2340 D NS/ AR R
AN A — AR R IR ) [ 25
T A TR 4% o g 2% - 1 G TR T Y
A SR W DX IR T AT (R ) DX s s L3R
RSB LB A7 A8 BE s d m s A5 R R
P 463 473 A7 76 AR R W 53 O 45 3R (BT 2 A7 AR 1R
V] v 40475 B 3 A5 R I Ao L BRIV Sy 458 0 R RE A A B9 £
B R R 2% v AT MR e - A% JEGE 1 L
fERAR R A (o ) AR AT AE AR R AT 3208

M
P(x.y)=>,F,W,[R,(z.y)]. (D
[=1

P F, 5 0 2k - A% S 3l i B0 1 AT R
fIF 4 D0 A5 5 15 4 B 2 o 4R 5 22 ) id 22 S
W.[R, Cesy) INER @ 4% - 80 3 19 AL 52 3 A

1610002-2



¥ 5845 F 16 #1/2021 £ 8 B/H A EXEFEHE

PR, SRR R A (20 ) B ¢ 25 W - 1% 8 1
FLR BRI A X EE B R, (2, y) F R, AT Rm h— A
24V Sl P M 1 A BRI

Jl*Ri(I’y)
W, [R,(x,y)]= B
0, R,(x,y)Eﬁ

yR. (x,y) B

(2)
D,.(x.y)+D,  (x.y) (@ =) =+~ Gy — )’
R (x,y)= —1= —1.
D; - D RN CORER
(3)

Ko, p o 5 6 R 43 A 52w IXBE R RS 28
(Tyisya) NIRINEIESS @ WARKR, (2,0 y.)
WAL IR AR s BIARHR . D, (x s y) U AR 1% 458 3T 2
BER A ) WIE D, (o, y) S S BT
BRFE M () MEEE . D, N 1% AR 2 Bl %
AR B BE RS, BOAR B A B R, R, (s ) B 7R B B 0
K1 s,

(@, y)

B AR B B R B
Fig. 1 Schematic diagram of the relative distance
2.2 WGEAF
D AT RL& B, B 55 0 4% 8% % 42 1) 5
PR 1 03 A 40 1 A 3 AR O 1 1 T B 3R L 4
PR ¥ B IER 5 0 B TSR A R . B R T
475 RE 28 AR O V8 B I 5 b R UL R A R
AH A5 43 PR R RE BB A 7
HAH R 7 5155 B ARG A & 1T 3RR
Do =1—p,. =1— Coes _

0,0,

Ub (e, (t)dz} 2

ﬁ%,?(r)dzjﬂ-f(r)dz

Koo, AU SRR -5 IR B A T 24 A 2k
5% e, () SEBEMERES 0, () I E A RE
Co. NELWMAES ¢, (O SHBELERS 6, (0
WU T 2 00, o, G300 R X BEAR B 0 bR i 22 0
N EL IR R TF AR 2 e, R E IR AR ), 2

, D

K 5 I 7 2 DN 15 5 it B 0 A5 5 S AR P A 25 ]
I 455, ) (4) 2] 5 1 g

B [0 (@) || c; (1) | cosO

D =1 —1— cosd,
“ 6, [ ¢, (@) | o’

(5)
Kb, 0 s E A iy Je /. N s C Fon BAH
Ko ATLAREL, BAHCH M N+ 515 % IR (BB &)
T TS S W T AN S AR A 22

fe WO N 5055 M IR(E (Be 8 A ¢, il &
RN
JJ [d2 () +d? ()] L
Dy = :
U (b2 () + 62 ()] }

d. (1) =c;,(t)—0b, (), 7D
Kf.d, () R HE @ S0 -1% BB A2 0 5 40 B0 A5
S0, (OR b, (OB IRAAR S d, (O d, (O
i RO R AR, M AR E ROoRAER .

2.3 ToF #Hi{5EF

I BE = U0 PR R E A S 45 TR A% 4
PRk 2R B AG T 1k BOBR e A 30T I R A B s
N E AR PR3 2 0400 A5 TR A B AN 5 T LA OR A
I BB A BRI O . X b A g ) R
e T —MITF ToF Hifh H 1 CFRP %% 557 i 43
WER AR Tk . ToF $ifh K+ nl oA

Tir—Thaw
-
ST, T o 3B A% MR- I8 5 e
FEUEAT 5 MG U E 5 1 ToF.

FEF ToF 495 A 1 458 405 M >R A% 7 ik B4k
TR ANE 2 Fros T R I X B A3 RN
SIMMR 3R A5 SR 1T B Ok Bl -A% B AR T
ToF i A 5 H vk, M3 4l 0 45 M % 1% 07 11 3
AR R B RER T R MR R AW
1475 HE 58 X 0 e 00 DX st A 7 AR

, (6)

Dy, , (8

1610002-3



$£58%5 £ 16H81/2021 £8 B/B A EREFEFHRE

monitored area is
divided into pixel points
of uniform size

damage factors of each
sensor channel are
calculated

calculate the damage probability
of each pixel in each excitation-
sensing channel

Y

superposition the damage probability of each
pixel in each excitation-sensing channel to
obtain the damage probability of each pixel

damage imaging is performed
according to the damage probability
values of each pixel
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Fig. 2 Flow chart of the probability-based diagnostic

imaging method
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Fig.3 Schematic diagram and physical diagram of the specimen. (a) Schematic diagram;(b) physical diagram
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(b) frequency domain diagram
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Fig. 8 Probability-based diagnostic imaging results under different cycles. (a) Cross correlation damage factor;
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Fig. 9 X-ray images of CFRP fatigue damage at different fatigue cycles. (a) L =10000; (b) L=70000; (c) L=90000
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