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Structural damage identification based on VMD and AP clustering
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(1. College of Civil Engineering, Suzhou University of Science and Technology, Suzhou 215011, China;
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Abstract: In order to identify the structural damage status with a small amount of unlabeled monitoring data, an
innovative damage identification method is proposed in this paper. Firstly, the dynamic response data measured by each
long-gauge fiber Bragg grating sensor in the experiment is subjected to variational modal decomposition, and the time-
domain and frequency-domain characteristics of each component signal are extracted. The sensitive features of each
sensor signal are selected by Relief-F, combined into a sensitive feature set and input into the affinity propagation
clustering for damage identification., Two different sets of experiments are used to verify the effectiveness and

robustness of the method, and damage recognition rates of 100% and 98.7% are obtained in the two sets of

FASFH B 1T

experiments. The results show that the method has practical application value.

Keywords: variational modal decomposition;affinity propagation clustering; feature selection; damage identification

0 3

S TEEEF AT BN E R W, — B
HIMERB K SERENRL., MERN TREW
ZAME SR ETEAL R IR S B & SRR A
—ERET . R, 854 3 A ALE R A S ot AL 8 g ke R
ARG IR AR H A D,

FBG & B AE h — Fi i AL S » BT L ofi: 48 W ) 45 44
B Bl 285 e 0 B0 » B 1 SR BT N TR O
3 g R WA 5 R A S0 g A FBG AR B R I 4L
W HA RS, R TFRIWRGIRA TR RBE LK
B IE T 2R, 0. AR S5 R SRR 1 B L (SVMD
ot L DL 385 A7 0 0 R 07 s Li 6T R T — B A
BRI E A 28 [ 45 (DCNN) 1 51 & B 4 B3 1 R A B 77

i

W5 H 311 . 2022-03-28
*» HATH . BRH AR EHE4 (51308369 T H YT

%3 Yang % FI ] EMD 5% 40 R 4% s 45 5 i B AR 15 4
RIFLE A SVM 52 B IR 3l 3l R (932 W, o6 2 %5 R
CNN M1 LSTM #2 B35 455 S 4E X 2445 T80 sl . LAk
T3 SR PR AR S B AT R SE R TR W I AR AT Y
B R TR 5l . BB T % —Fh,
AT LIRS TCAR 2 BHE VEAT 2 4R IR B A 42,

AR TR B R B T B THOE LR
K 1R R GRS W 5 T T BT O ek, a0 SCRR L9 ]
s /N AR UG B R AE R 45 & AP RN R sl Rk
SEHLS W 5 STk 10 FH AR R 4 2R 28 sl o KU B A 15 4R
8 DR AR W 5 SRR L1010 RARE AR I A 4o i 45 A B0 R 2%
Sk v Sk AR B HERR IS T SCERC12 IR AP RRE
Bt g Ak A SR T RIS & S HL A R T

« 5]



545 % woF o

¥ #H K

R, {HX S5 vkl i T AL SR B 40 R B
BT KRB TARG M A, AP B2 Wei M T 2007
ERHBERTE, BAFHEMITAERAREETHE %
BEAR RSB AR A S B S B IS Pl X B w0 AR B S BURR
ASEE SR AT AR L) S R B S R A . TR B4R
RLARSCEE AP RSB S TR S R B4 IR0

A SR B P LA [R) R 36 40 0 X6 7 3 A0 SR R s
FTIE , 7 vk BRI 1 ki3 T & FBG (£ IR A5 R &
W Sl A58 B A 5 BB 0 — 4k 2R G | A VMDD BRI 35
S S B B2 5 B O 5 VAR BY BT W B R R AR L SR A
T IRER AR 5 15 BN 43 A5 -5 11 B 3 R A0 3 4 11F 40 4 1
FRIEZE . FUM Reliel F Bk A WIHIRIEE R B &40 &2
{55 W BB AL » B J5 416 U R AE B fr A AP IR 2888
PAR R e AT B A IS .

1 BxE®E

1.1 VMD &%

TR TR A, A SR A VMD 4 i 4b 3
FBG & B4 2 ¥z shmi i, VMD 832 EMD 8319
it BT B RS A BB R A A B T R AR R R
BN S SRt s T, VMD &R E R — 424 W
PR A8 43 ] J51 . 38 3 VMD 7 DLUAR I M 2 o5k Mgt 7 o = o 4
B, ELAT DU AT BE AR 8K T B AGOR B R S 2 R 2
UL R VMD 838 Lagrange ¥ :

LI} Ao )2 ) ] =

a D130 +j/at) X p ()T |G+

||S(z>*zk:;¢k(t) H§+</1(t),5(t)*,z;zk(t)> (D
K A N Lagrange T+ 0, (O AGHENESTERE
5w AESEFESHH LIRS NEFES o HET]
HWT.K N B2 MK NACREWE LS. 2
BIES 0 (O M RES T OHE o, WEHAXMF .
o) — D pi(w) +ilw) /2

“ okl — 2

pi (@) 1+2a(w—w)’ @
f”w|,1,e<a,>\2

ot =2 (3)
j | e (o) |7

VMD H ik ) BARTHE 7 X W 2% ik [17 ], VMD &
WA R R KOS E o R R R 0 SRR UR
A ST AN 5 9 A E OIS T KRR S B O 3
s,

1.2 Relief-F &%

Relief-F 55 3 02 DA Relief 5% Sy B At (¥ BE BT AT LA A
[ b 28 B4 A E AT PRAN SR 4 AR AR A AR 78 . o0 B4R
s — AR BAS T A0 1 55 AR L BROPR T IZ AR AL BE A 6 [R] 2
FRIEFE RS IE . BIATEIE AT 225 30191,

¢« 52

1.3 AP E#HEX

AP BEFLMEHCA MR RBEIRE IR E PO m
i 39 0, 388 3 TR RE AR A 22 18] (A (U E /AT 2L R K
FG 1 B 1 S A AR p 22 18] A4 4 L R 0 o e KB A
B MR IS0 IR LU 2 F sk 8 2o . MBI Y
RN

SG,j)=—|z,—=,"| 4)

AP BB T INEES YA S FEA SR R I D
IR EFEE P (— B A ML B 19 8 4ED BRI T lam
GEFBETLE M 0.5~0.9 Z [, /EH 2N T 85 kAT
R KA B, T AT JE TR % AR B BE AT A B
AERE R Al HBEA B0 M b AR T WS R

Erpu,
R(k,k) +A(kE) >0 (5
H, R AAIMERE, A B M. AI{EHE R fa] fHE A
MEF ARG T
R(Gi,k) = (1—lam) « R(i,k) +lam « R — 1,k)
(6
AG,k) = (1 —lam) « AG k) +lam « AG —1,k)
P

K RG—1,k) 1 RG k) 433 R 5B §ir 5 9 7 A5 B
AG— 1.k MUAG k) 5350 R RIS 0 a]

2 BRELTTRRE

2.1 KA REM

R RH—RITERKERN 4 m &0 0.4 m IREE 1
fAisc T AIZE,16 4> FBG {58 3 0@ & T MM IR % +
W, R ETH&ARET 84 FBG £, Lok 6 4~ im
AR TE TR, R4 = HM i B LIk R 4
¥4 32 250 F3AE G 1 B 5] R B B 45 5 40 30 2 state 1,
THRE sstate 2, BB AR RB AR P40 E
ek sstate 3, P HRG , 45 WA FEER T ZEBIR, 2
IR, KB MIREAWE 1R,

A1 R R

1 AR R R B S W B AR 5 ) o A5 5 Bt AL B 7 ¥ BV
TAR M 2 iR .



TREE. AT VMD & AP B X B LB 4 2H 7%

17T

) IMF 1

34?1 o

% z IMF2 | %
H ok 5 %%
= - ) 5
1w IMF K

13 fi#

|

i1
&

SRAEREREE L

K2 Jrima

2.2 ES4bE

WHH .16 A FBG 2 RN T E 5 REF 59X
EREA 16 XN (5 I 3 1R A8 I IR 3 15 5 19 R B I3
A 250 Ha, il BAEARIER N 3 000, R AR IS #E R 46
50 ME SHEA AEAR BB 150 A, FXH L1 S AL AR
W5 E s Bl 15 3 S FBG A& B 45 1Y Jt 4 9% 35 %
WAL )5 B M55 B 8 PRI 65 5 A AL G 5 ok vEws
B EERATIRZS R G B VMD 3 R G R 315 5 .

state 1

1000 2000 3000

B3 EGRE SR

IR VMD B35 S8 8 1 2 R 56 R 8
SMER K =3, 45 3 HREN S BESEINE 4
B
2.3 Relief-F $51F % 3%

% VMD 45 B 8 & Ao/ FES IMF 1w
B 0 B0 L R A 45— RS 5 4 R 3K AR 1 IME #(0A
T RE 25 5 1405 B R AR A BT L R AR SCR Ay i A5 B Y
34N IMF 554 IR 3R 1 09 J5 I e i 42 BEAT R 1F 48 548 21
3X 14 1Y 42 HE PR IR REAE AR B

W W R AR 4R 9 iy A B Reliel-F B0 oy, 3+ 5072 3 &
AFRIEALER QN IE] 5 FTR , 3 B R AE AN R B DA R R R 4 (B
TENR) O RR1E 4 B U IE T 48
2.4 iR

H 4 15 4~ FBG & )R 2%, & 18 1 5 (& A% 19 R 1E 42
B PR BB R A T 4R L W 4 R i A g A AP R 28
R R AR AE AR . 8 T 1R B A RIS A 4 A )
APREB A p  BARANRBLER, BEREEN
K 6 fros .,

%102

0 1000 2000 3000
(a) state G FHHEE

1 000 2000 3 000
(b) state 2155 /-EHE
%102
0,558[ . T™MF, 1

1000 2000 3000
(¢) state MBS EE

B4 #HOPRER S VMD 73 &
*1 BERBHMBRHESE

e REAT e $HIT
1 o 8 WL T
2 W g {1 9 e B T
3 bRt 10 WEAT
4 s 1 I
5 i 12 ¥y 7 i
6 eI 13 T e
7 W T 14 BA AT 2

S5 R R BB RFEA BN 0. MERE S 1009, A
P EE T FBG L FI AP RAEH Lm0 0 U 77 i
HERR BN R BE T T RIKE h i & 3 A IR

e« 53



o5 45 % W F o om OB K
07r Zi4% ;state 4, =S T RL4E L 1 N DU S PR T — 8 4 4%

s 10 15 20 25 30 35 40
LR S
K5 RrIRAGER

1.0 - §
state 1

08 F

0.6 -

state 3

ol

0.4

02F
state 2

- iy

0 0.2 0.4 0.6 0.8 1.0

K6 HRAERCRE

3 IFiRPRARE

ZH P A NSRS Z R 200 48 & TR S
MESE AR SCBT R 00 O B B i M AT IO L O S AR S
WE AL R AT R LB, 16 4> FBG & /R8s 22 % 4
35m B TFWBEWM AL 2L B, 10 NMFE—L R
30 cm AR EHE,6 NTES —BLL 50 cm [AIEE, BL4F 6 4N Hm
AR AR B TR TR, e % B R AR B R B R
AN 7R 8 Fias . ZiAm T B 5 AT AN
R RBGE G, 53R 5 AR TR state 1,
THCRAE sstate 2, =50 P H BT —E B 4% ; state 3,7
state 2 B L, 78 =5 BT PRI I — 1B 4 4% L bR L E

10 Q
state 5

0.8+

0.6

04l state 1 state 4

02}

ot state 2

0 02 04 06 08 10 12
(a) R RAR+ R B IR A

state 5,7k _FIRELAN b, 78 TS OGN — TH R4 s
T FBG RS 5 MRE SREEL T lie— 30 Ihh
BRSO S i AR 3 15 5 FEAS 25 L 30 AN, BEAR R E A
3 000, FEA KN 150 4>,

B7 TrmztulmeE

5 X 4,
N ~ . <
< ® @ @ @ ®
FBG

B8 Trmgtalsn A

TFHEIXE P, 25 5055 4 i (variational mode
decomposition, VMD) S5 # 28 K IWEZ 2 KR
TR E R 5 1R IME | RBUHNRE, KRB RERI#E
S5REE T T Bialie— 20 m B2 =R 10 J0E A 3 08 5 A<
W E T Y FBG 48R — 0. 1 THRIEAR R, AR, T
4t FBG A% A% e 00 K040 R 4% 5 Jn 3 1 30 M 0 5000 1 1R
BICR XTI, U05E 2 51 9 B

®2 FRFRFHNBR
2R3 RRRER WOREAEC KHE/

FBG+ AP 5 2 98.7

g+ AP 34 29 80. 7

],O:
state 5
0.8F
0.6
state 1
oal Baan
0.2r state 4
£ ) state 2 state 3

02 0 02 04 06 08 10
(b) INEEEFUEBERER

H9 RAEMAH

« 54



TREE. AT VMD & AP B X B LB 4 2H 7%

17T

WAL 9, AT LR B F 4/ T A R 28 2 8] i 2
i, JLH state 2 5 state 3 Ry JR]—FRLIC & A 5, RIEPIR S
R AR AR T T 2R h /b, (B FBG £
TRER 0 IR 25 & AP BRI 2RI T 98. 7% 1
FLIF R 5 TR 0 M T 3R T 45 1% 40 0 2 A% B A 114 1 T 28
PSSP LA R AR A B AR state 2 5 state 3 3%
PN HE T A 5 497 00 A A s T B T B 5 PR R R

4 % it

o T B A5 R R A W0 S AR v A AR A AR S
TR, ARSI LT VMD F1 AP B 28 i3 4538 9 7 13, A
BF&LSH CNN 5 SVM §y3R 51 5 R, %07 300 A R 3k
1800 0 B 0 B T 2K R 2 A L
AR EE L T R TR MR 5T % U FBG L1528
WG RAS AR E MR . FoAMEEFNRE T
WBAGRHTE . 2T VMD 1 AP RS 345 11 3 77 ik Bl 7
IR A M O 0 TR ME S 1 KSR A B R AT 1 R HE
A, ETE B T A 7 vk 6 B8 1 L B 7E 25 0 4 45 15 3
HRE Ry, wlh, S RGNS R D ey BAEE
BrTRE b, AT & AP A TR T B E0R YR R
A G B A% e R R B T A R TR 9T E &, T AR
KRB .

S % Uk

[1] ZHANG W D, WANG D P. Damage identification
using deep learning and long-gauge fiber Bragg grating
sensors | ] |. Applied Optics, 2020, 59 (33):
10532-10540.

(2] BRME, BEE, BELHE. BT FBG MA LM% 1
REMBRDISHEHIRLI] BF&HE AR, 2020,
43(9) . 155-160.

[3] MM, BA, T AN, ETKIRE FBG 1R85 72 5
BHEARMBAGIRMP L] Mok 5km Firi R,
2014, 51(1) . 74-79.

(4] HEE, Bk, &, 4§ T FBG A ERE i s
fasE rLI]. #3287, 2011, 31(4): 479-483.

(51  mig. tRfl, BRI 30, %. & T KPCA 1 SVM #)
BHIAOL R SRR T] B E SR
%, 2020,34(4): 118-123.

[6] LI S, SUN L Z. Detectability ol bridge-structural
damage based on fiber-optic sensing through deep-
convolutional neural networks[J]. Journal of Bridge
Engineering, 2020, 25 (4), DOT: 10. 1061/ ASCE)
BE. 1943-5592. 0001531.

[7] YANG Y, YU D J, CHENG J S. A fault diagnosis
approach for roller bearing based on IMF envelope spectrum
and SVM[]]. Measurement, 2007, 40(9). 943-950.

(81 #HiT, &8, BT, % T CNN-LSTM W R4
27 L] B S T R R, 2021,40(7)
1-6.

[9] HUANG H Z, XU F, JIANG Z S. The fault diagnosis of
rolling bearings based on wavelet packet entropy and
affinity propagation clustering []J]. Journal of Physics:
Conference Series, 2019 (3), DOI; 10, 1088/1742-6596/
1345/3/032073.

[10] EFEF, XK, X0, FEZTFEK NSET FEH KR
KRB R A RS W LT SRR,
2019,40(7) . 138-146.

[11] 5%, TM, TEEHE. FT DLMD A4 5 s 5
KRR EZ L)) P EVW TR, 2014,
25(19) :2634-2641.

[12] WAz, s, 2HE AP REUS BB RAT
Wiz ksh L W [T s sh o %4, 2019,
34(8):1795-1804.

[13] WEIZ X, WANG Y X, HE S L, et al. A novel
intelligent method for bearing [ault diagnosis based on
affinity propagation clustering and adaptive feature
selection[ J]. Knowledge-Based Systems, 2017, 116;
1-12.

[14] ®WWrE, 3RARE, Z2HE. & ETF VMD 0§ 5 RAE
fFeRB T EN]L &3l WX 528, 2018, 38(1):
11-19,202.

[15] #Z4%, HHER, MW, % XTF VMD 1 MP &
B IEEE MU R IR SR IR ], E A F I R,
2017,36(8): 11-17.

[16] WANG Y X, WEI Z X, YANG J W. Feature trend
extraction and adaptive density peaks search for

IEEE
Transactions on Industrial Informatics, 2018, 15(1):
105-115.

(171 Z=hosk, B4ERE, B¥k®, % HET VMD M1 K-SVD
FAE S K S E MR IR B0 (E S R AR R sk L]
AL F 4R, 2020, 41(3) ; 49-60.

(18] BRI, XUk, BRACH . 5. 5T VMD LI§ J £ A
R4 8 Nk e BIF SR LT DL M R R, 2021,
44(22) :37-43.

[19] HUANGL L, TANG J, SUN D D, et al. Feature

selection algorithm based on multi-label Relief-F[]J].

intelligent fault diagnosis of machines [ ] ].

Journal of Computer Applications, 2012, 32 (10);
2888-2890.

[20] ¥ M. FEZE, fLBUH. ET EEMD MR NES
WAk AP BB K] R R GHERE,
2017(6):129-135.

[21] WUJW,LIYN, LIUSY, et al. Identification and
location of ship pipeline leakage based on VMD[J].
Vibroengineering Procedia, 2019, 28: 35-39.

fEEE N

TRE LG A, ZEWIE T 0] B B4R .

E-mail;1797141819@qq. com

FREBCGEFERZ L, Rl TR w53
et W 5 A5 A B AR

E-mail : wangdapeng@usts. edu. cn

e 55



