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Fig.1 Moving vehicle-simply supported beam model

P 32 0 PR Bl 45 1 7 FE h
myii, + cotty, + kyu,=N" f (1)
Py, R AT SR G HE BT I ey, S B TR A R M
K% 5 ok H Rayleigh BHJE RS, ¢, = am, + pk,(a F1 3
R E O R G B JE A B N IR Rk i N
R HEEE ) f= m\,(g— ii»,ﬁtlj ,g M J1m
R di, Ay A R ) 0 ER E sdd, a, R, 53 ) R A
B4 7 I B AN R )
TR I S 5 R R
myii, + cou, + kou, =0 (2)
Ao, o G R T B A N B 5 RN g 3 R
A o A i A Y R RS 2
MR A 68 M AE R ) Z M A AH BEAE G &R
AT ST G G IR S A O R
Mg+ Cau+ Ku=F (3)
Hrf M, C K F i d Flu 5y 5108 -

FEE B, 55 RO S R 38 VA A6 2 BT e A R 4 R A5 45 1R ) R A R 1099
T
Mg:[mb m\,XN} (4)
0 m,
C o Cy 0 (5)
C c, X (*N) Cy
Ks—[ %, O} (6)
—hk XN—c, X XN, &k,
X g X NT
I

] o
U, u, U,
Kb N, FTRIE BB 23RS 5 i, A, 43 590 R 7 4
Jo 14 135 ) 3k B R RS

K F Newmark 15 3K fif 15 21 3R #2675 2 #r 32
A R R R e

1.2 BEASBUDR

328 H 7 R T 3l 0 2R e v kA L 1 AR B
30 R R P R AR Bl ) R G S i 2 RS
SAEAN A (A B AU . Eckmann 254 H 36 05
D75 W B 1 R G AE R 4R AR 23 R) b Y 3 0 Rk
A5 i 3] — 2 K A E A s I 4 s 3
VB WSLRIEIE R =E SR

i 5 BT RC B R BEhy —A Hy AR A ] g 2 B
B 0-1 0 M. 8 E kUL, X T — A B R P8 2=
x, b, P T 5 U PR A AL RN R

(1) T 5 — 1y B[] 3 9] I v ) 3 — > e B 1Y
AH 23 (8], BT S AR A 32 I [) P 27 o A L 55 A A 245 1)
ARSI s
X:{XlsXZs L X X X =

(2 Tis s ---,x,+<,,,+l),)},N= n—(m—1)r (9)
AP w R IFR] 51 Y 50 R A N O E A A A5 R X
PR 28 B 5 a7 3 530 Ay i A 4 JRE L (8] 22 3R

(2)FEAH =S (8] X o, Bsf 8] 3 31 o 14 356 U 1415 AT A
N

R,=H(e—|X.— X); i,j=1,2,--,N (10)

A R FRBIE A E (4, ) AR e B AN
TR A 5 || - || e JE 8k, 38 R 2954, RIS 7R A
a1 R X R B 5 H (+) b Heaviside pR %L, 21 F X
7w

{Ilal'zs Tt

1, x>0
o, x<0

WRX 5 X HMEESE/NFEME:, WR,,=1,
T3 H B 2R s S 2R s 10 B % 1 R A A R A A
MM ZEEEIEAN R Z R, =0, fE# K
RN A S Z R TS H IS X S SR
F s I 2 A 278 38 I 1] b 36 B 45 Fh B SR AE , a0

H(x) (11)



1100 & 3 T

S

%37 &

REER R R RN KT B AR i T R e S B E)E B 2
f14 33 D BRI
12 5 P H O T PR AR i 8 B £ 5 1 R 4
F14 45 ol I 2l R R 1T A a0 PR 0 LR R A
5ok B R G R Mo T L S bR R R S B Y
Zbilut 25 T 3 3 5 &R RRAE Y 3 H A
3BT IZ T AR A e s E 8 1R 45 2 EDIE
UF A B8 B 43 A 45 %k 336 U9 PR 2 W+ ) R I AT
b, IR EA T BB B A A LU LS
B H R B CE T AR B KRR F
W LB B, s R T —
AT 1B (E 8 H [ B 45 405 48 B 36 A Hf B A S
T, TR T, M S5 R R A B 8 U A AT S0
B o X 225 4 B /N SR SR A A0 A Ry AR . B AR R —
VEU R 5 R R BE (0 35 A5, I3 2 122 48 s X 4t
B RIRBSNE 5 ARt UEAT T 20T . Rt 4R
R FH e AR RN X A 26 AT A9 9 1) B B0 o) oz A 3
A5 HT  A7 8 T 25 M 453407, oA 285 4 st /N 482 495 1
R BB T —Fh A k1%
T 336 VA LA N F 5 v, R A T Y ) R B
g o B, i R 3o U T {2 BB A AR S S RE KT B
AME S VAT AT 5 o DRI, 0 3 2 o) S, 2 2 T T 0
WL A A s O AT T R
(1) = XL # )2 B/ (Cross Recurrence Plot, CRP)
CRP"HE —Ff 0%t 338 VA &1, BE 0% b 7 > 15
(6] J3° 51) A0 25 (8] 3Lk =2 (8] i 2 0 2 B . X T PR A~ B[]
J7 A0, HOAE 28 [ B0 43 50 o X5 Y, I A 1 Y
CRPF/mR AT
CR,=H(e— X, — V) i,j=1,2,- N (12)
K CR,;8 CRP#IHE A7 (7, ) A E s Ny
X5 Y, A L[R]3 H A 2 18] P Bl R L WfE
A8 S I B v, — 23 I A AR AR Y S S AR
R R BRAE
(2) REALE )2 B
JC A 336 9 1 iy Twanski 2898 Y 2288 T K]
W DA 28 U1 A s A e A AR O B il A L
138 U1 11 i 4% 28 /% A A 2 ) O B s I R 0T T Y
a7 2 T R
D =X —X]l; ,j=1,2,--,N (13)
SC K G5 A X T 2 3 IS AT R AT 05 4R B0

2 BpERRHIE

BB VA LR AR 5 e e i — 4R, S T O P 4R B
By 3 WL ) SR R AR AR L SR T — A [ 5 B 1 3 3h 7

F HCSERE 4, B 8l 28 K A, HUCHE 31 g i) Bz A
IR /N B AR 5 04T 238 U o A 23 A, 0 T 3R A L U
FRAE, I 2 s

0.015
0.010
0.005

0
X -0.005

IERE / (m « s7)

-0.010

-0.015

0 5 10 15
R /s
P2 i sl B O B R A s K
Fig.2 Schematic diagram of local acceleration signal

extracted by sliding

%hﬁﬁ%ﬁ%ﬁﬁ%ﬁﬁ%%%&m@%
FH) As = 1 BB —/NBHE S R xl
ol ={a"(k),a"(k+1),a" (k+2), -,

a“(k+1{—1); kb=1,2,-,N,— [+1 (14)
K @ R AR AT R 25 A AL A AR I ek
e 1 5 N, oA @™ B W) 1 A 2805 e, O ¥ B0 B A et U
M5 R B N, W 3l e AT DU N, — 7+ 1 B
N7 o [R) L HR AR A 400 05 1% SR 2 R 3 45 4 UG
Bl IR s B e 1 @™, ', a8 8 e, at a

Fa 1 e W A 25 ) 0
X={XM1), X(2), X(3), o0 X2(2), -,

X“(N)},N=N,—(m— 1)t (15)
X\"(1)=
(zi(e) sl (et 7)oy 22+ (m—1)7))
(16)

AP XN ) R EE B 5 N A a0 A
oo R OB A S R a2, 2 B M S T8 B
XXM, X
IR R B IR A4 G B (R 6 U 4
D= Xx(0) = XxX(j)lls ij=1,2, N (17)
D= X)) — XX(j)ls i j=1,2,--.N (18)
TR b B R A4 TE R U R W G R
(2 24 P A 038 U9 6 140308 0 S8 2 5 8
SAITE L

1 N
RSi=— D!, (19)
' N%Z]’
1 N
RS{=— D¢ (20)
SENE ,-;] '

SE SCER kAP 5 154

pulay

e



JO7 328 U1 A5k Ak 23 T AT % 45 R 45340 TR v ) )z T 1101

587 FEE R, A5 A B Sl
RS;— RS
RK,=—+——"" (21)
RS"

H e AT A B 45 4 B e R o R R
P 3 s

BT BUARK,

AL
_K..K

4
AR TNV
P35 s i M ek i O A

Fig. 3 Construction flow chart of damage index vector

3 FEIGIE
3.1 #HEER

A& 4 JIF 7% 1) 5 52 32 SR ), 6 T 488 4 1k i A
SOVE RAERPE AT R . RS ECE IR 2K
L=30 m, ¥ M5 o &% B R 50 ) E=
2.75 X 10" N/m?, p=1500 kg/m F1 I = 0.175m*, 4%
F4) T 9 B BELJE LE oA 296 5 2 5 5 o L I A BELJE 4 31
J om,=2000kg, k=2.02xX10'N/m # ¢, =
390 Nes/m B} [ii] [i] B o, = 0.001 s, %ﬁé%ﬁi&fz
1000 Hz, #2246 45 43 2 100 A 5T, il i B AR
e B4 2 BT I A DL A5 A

30 m

A |

|
oo N i
& 1 Bl feman

K4 fi SRR E R
Fig.4 Schematic diagram of simply supported beam

i 1 Newmark 75 38 BOMF 92 45 A 15 S 09 %
JEE RTINS Sk S R s ) . ] 5 (a)

T 3 A 2 HT?FEXT&EOZLLE’JJJH@FHHT“@
o XA S BEAT R 3 A R A R B BT = B AR 0 A

3.067,12.2%[1 28.27 Hz, WK 5(b) TR o
3.2 HiGIR

3.2.1 FEHHEE

b T 00 42 Y R % S 2000 kg, i 2 m/s,
045 7 32 8 Sy W IR B T I BE 3000, A% 8 i o B R
FHXF A7 B 0.2 F10.4L Ak, 338 10 2 80k m=2,

0.010
»F; 0.005
g
< 0
g
iﬁ
= -0.005
|
0'0100 5 10 15
ENEIVAN
(a) XA B 0. 2L 40 A Jom gk FBE 1l 2
(a) Acceleration response at relative position of 0.2L
X10*
18 T 3.067 Hz
16 -
14}
12+
m 10|
E |
or X122H
4 | VA
2+ X:28.27 Hz
0 20 30 40 50
HiF / Hz
(b) TIEEEE
(b) Power spectrum density

P 5 AR B 0. 20 Ak i i 3o J32 n o7 1 Dy 531 %
Fig.5 Acceleration response and power spectrum density at

relative position of 0. 2L

o H TR 00 B (4 4 PR 2 2 B s
ﬁﬁ%ﬂ&zﬁﬁkﬂ A SR B EES W
%%jv'* TEUTR%H)W%&E;E J 58 B TE A

TR B2 R PR SR T R IR b K
&éxﬁﬂ%ﬂﬁ:‘#ﬁ%?ﬁiéﬁﬁﬁ%uﬁ,ﬁifﬂf&ﬁ%ﬂﬁ
WH R B @i mBsh KA MiEknh/i=
653(/=12 X 1000/3.067), As =1, 8K J5 1E B {1 5 30
AN E (X AL B 0.29L~0.3L ) Ab % & i . HiAs
L2 R AN 6~8 PR .

MIEL6 Hha] LLF 45455 46 $ ) i RK ) K B
BT FRIAPE S T W Rk 3 09 52 ma K RK 2R 45T
PIus I A AT B K, il 7 s .

NI 7 FR 2T 28 B 0 K i) AT LA A AR X
7 0.3L kb A5 B 5 1) F e R . A 45 il 4

0.01

0 -
-0.01r

2

-0.02

-0.03f

-0.04

0 03 05 10
FXHA B x /L

F 6 R E N 0. 29L~0. 3L By RK i
Fig.6 RK values when damage location is 0. 29L~0. 3L



937 &

1102 = ! -
0.01
— RK
o —K

-0.01f Ul
= ‘mim‘h‘h‘\M\H\WWH\ bR
E_O‘Oz- Hmwwpwq “H”WWH

-0.03

~0.04; 03 05 1o

ML B x/L

Bl 7 B0 E N 0. 29L~0. 3L B ¥ RK K Al K A
Fig.7 RK values and K values when damage location is

0.29L~0. 3L

1.0
0.8t
0.6}
3
04}

0.2}

o 03 05 10
AHXS L Box /L
8 i Gifi i K 0. 29L~0. 3L By DIfH
Fig.8 DI values when damage location is 0. 29L~0. 3L

ELUL ¥ K 1w 2 A5G0 0L V) 4R B o A AR B DIl 48,
I B % (A AT U — b 3, & 8 BT o

WL DIl 2 mT LLBA & 3R, 7 10035 547 7 i Ak
F R B WA, V(B B A T 0.29L~0.3L Z i), H:
453 TR 43 S AE AR 7 B Y 1% 2 P, PR R
RAF o 5 Ah, % i g g i 7 359 8 Dk DA K Bl U0 26
T Ak LT X A 468 45 i 5 1) et A T 5 3OS AF X
1B RS |, B 6~8 B A5 5 76 20 b7 2k B P AR gk A7
TR A AL B S5 2k T LR B

R R E 704 B 5T (A X B 0.69L~
0.7L) b B 05, AR 805 L — To AR,
B9fiw. WA, EHMSH— BT, K
B A5 A3 7 T A A A B A 0 156 B O ik
A AT O 43 7

1.0
0.8}
0.6}
3
041

0.2}

FXHA B x /L

9 L E R 0. 69L~0. 7L B iy DI
Fig.9 DI values when damage location is 0. 69L~0. 7L

3.2.2 RREHGEAL

AR T AR 07 B R AE S 1 55 30 A B 5T (R X
£ # 0.29L~0.3L) &b, 453 195 7% B2 43 53] i B kg W B [
K 10%~50% , KR ZH 558 —A> Lol & A A, H
B2 R an & 10 B ol 1 BB H i e, 452 405
TR BE Ry 10060 B 1 ity £ e (A K ) ., T v A 340 o
ol 2 ) B G RE B R 1090 IR RICR R . AT RLE
Wi A 100003 R T J I 45340 48 A 1 R 1 B 2 B, 3R
S RCRTE g WY R AR A5 0 AR BE SR 1026 A B
%5 vk R E R BB G

1.0

'\ — R 10%
s RIFERE20%
BT MR RO RERE30%
— WG FERE40%
0.6} — B EES0%
a 0.08 —
Gl oM o |
0.02 ; |
0.2F oM sl
AHR L Eox /L
% 0.3 0.5 1.0

AL Ex/L
10 Bt FE B S 10%~50% I iy DIfH
Fig. 10 DI values when damage degree is 10%~50%

3.2.3 AR Fik

TR il S 2o 1,2 4 m/s, Hp S
BG A T OR EAR E Tl AE R 11
Ro ATLAE ML TE 4 m/s BT , DI P IR AL
B YA, AEA B AR 031 AL BF T, 1 BH 4 X}
WU BORA — 8 09 520, 42 B, R0 R 25 UK .
1 m/s BT, DIAERB 34k 30 T WA~ 2
O TIZ AT 1Y K ) A 6 B AL A W
P IR RS Al 12 7w |, I s 5 X6 K 1) 2 i R
VIR b 3, g 25 I AN 2R I I IR 42

0.5 ,
i — &3] m/s
—iEZ m/su
" 4 m/s
VX L ———
3 |
-0.5
BV
k05 03 05 1.0

AHXS L Box /L
B11 ZEd k1,214 m/sHH) DIfE
Fig. 11 DI values at vehicle speeds of 1, 2 and 4 m/s

3.2.4 "RFEHw
SR I3 MR PSR S e R TG VR R e Y, Ol T F

FERTT 1 AE WS 15 G IR 858 v (0 45 R R A AR T
HRI S TR A £ g 30 M P AT UL R P ) [



FhE SR 45 R BORS R 198 U 3 BT E A SE A A 1R A0 U o N T 1103

0.02

2 002f
=

-0.04 -

-0.06

0 0.3 1.0

0.5
AR AL B X /L
Fl12 o 1 m/s I RKAE S KAH
Fig. 12 RK values and K values at vehicle speed of 1 m/s

RN
$iguoe = 5ig + N RMS (s5ig ) 7 (22)
P siguoe 227 A 7 W 7S (19 8 1 5 sig 7R AL IR
157 5 Ny 9 16 7 7K S 5 RMS (sig ) 29 56 1R 37 435 5 #9
07 MR 5 R 35 (R RN B A U 25 R Y IE 3 4 A

] i
TH 5% ,10% F120% =Rl K-, i T
SRS BG4 T 0015 B A ), A5 51 n &l
13 F1 14 Fi 7R o A X 57 B 0.29L~0.3L | W 75 7K
5% ,10% F120% W1 5L, B 45 46 An 28 1% A B 3
IR 0, (L i 5 MR 75 KOT B G R, i R S B
B B, FEME R KOE R 10% S BL T, 8 bR 7E K
Uiyt B A R WA A, (FLAR T BB R 408 403 7 5 5 A W 75 UK
FR20% MAEOL R Uk B AR B R, JF B B 0.8L
A7 B AL A DR AR S A R . B B A R A

1.0
AN
0.8} [
0.6}
v
0.4}
| — KT 5%
02 — K 10%
I 75 7K F20%
% 03 05 1.0
FXHAL B x /L

K13 MK 5%, 1024 #1120 % 0 1 K {H
Fig. 13 K values of noise levels at 5%, 10% and 20%

1.0
— BRI T5%

sk — BEFKF10%

: I 7 7K SF20%

0.6
X |
04}

0.2}

o 03 05 1.0
AL B x/L
P14 WEGE KN 52,10 % 1 20%% i DIfE
Fig. 14 DI values of noise levels at 5%, 10% and 20%

IRV 3G O 45140 1] 2 B g B R
1 2 W, {H 24 W7 7K SF- /T 1000 IF 333 1 R0 45
AT AT B B R

3.3 IR

7 3 B 45 3 55 b, R R AZ O TR TR R
B AR 2 R M ERGPE T TR 5T A 2 A E TR
A} 2 A 45405 B4 B0 SR O 1 VR R A 404 7
B HER T

LA I B WA T, T 00— B A 45 45
AH X 57 8 43 59 K 0.29L~0.3L 1 0.69L~0.7L, T.{%
TR P S 05 AR X A B 4 ) R 0.39L~0.4L Fi
0.69L~0.7L , & & #1475 72 B R 10%~50% , 3 51
SEARNE 15 R 16 fTos . o LAE 71 8 WA 460 4
(A5 LT L 3% 07 1 B A% Y 0 R 50 19 Ak 45343 % 7 1) 7
B o HRHR AL 500 I A0 A0 R A TR (A A
i BONR B /N EDAS — B, 33X T g J2 i 3 7 1 5 A% R
A OC R B TS A B e AR
TR 0 A 7, HEARUHROR AN A0 57 T T A A5 kR 22 1)
55— b5 . (A BEBA Y2 % TS 3.2.271 1%
L —3, BT B L n] 8, 5475 72 R 10 %0 11
LT, 3003 (AR SR ]

1.0 - |
| — ATEE10%
08} A — SRAEFRE20%
LI W EAlL WHFERE30%
| — BT E40%
L 06r — BFRES0%
Q |
04} | \
02f lp A
0 d ‘ : ‘!m vl ..“ u ‘*‘»;.‘\“A\vu '
0 0.3 05 07 1.0
XL Ex/L
E 15 #4500 8 R 0. 29L~0. 3L, 0. 69L~0. 7L B A [7] 51 153
¥ 1) DIE

Fig. 15 DI values of different damage degrees when damage
location is 0. 29L~0. 3L and 0. 69L~0. 7L

1.0 , ,
n —RGGTEEE10%
0.8} A A — RGTERE20%
BT | | R TOIFEE30%
— WL E40%
o BEH — TR E50%
Q
0.4}
02} A |
0 — - — A 1l "ﬁ‘mi.‘ﬁ\" P
0 0.4 0.5 0.7 1.0
XL Ex/L
16 #0568 K 0. 39L~0.4L,0. 69L~0. 7L I} A [ 35 17
TR DIE

Fig. 16 DI values of different damage degrees when damage
location is 0. 39L~0. 4L and 0. 69L~0. 7L



1104 B’ s T ®B ¥ W %37 %
e g ST T ) 124

3.4 EZPEIR ,:““”u‘m}m$ o COEERRE
WA 17 Frzs , I T 850 R XU4E 5 3 22 2, HAR %IEE&\r.LﬂJ R H e O

G B R R SRR R B RO (] T A A R Sl 234567809

SR R MR B IT R S 3.1 T IR E B
M T A5 495 5L T TS AE AR O 62 8 0.29L~0.3L &b, 46
3 7 2 3 530 5 Ry W JEE B A 1026 ~5026 , PR 28R
WE 18 s o AT LA A SCT7 5 8 RE A A%t 0
H 3% 252 TR AN () R BE B 5, 0 TR TR B R
F18 3 17 TR o

30 m

R |
N

P17 EZRR A

—

Fig. 17 Schematic diagram of continuous beam
1.0 ~
S S
- — — 1 £E20%
08 BORT — srireaon
— RO 40%
0.6 — HREES0%

0 03 05 1.0

XL Ex/L
18 2 B 5 A R 0.29L~0.3L, i 15 & E R
10%~50% ) DI

Fig. 18 DI values when damage degree is 10%~50% and

damage position of continuous beam is 0. 29L~0. 3L

4 K I

4.1 KIGER

T IR AR SCRT AR 4545 U 7 ik A M R
AR AE S == A TR SRR A A A AT
Shfar 250 . 7 S R ALR FH R A A b R, PR
U A G B BB K 3 m, #m R T
124 mm X 24 mm, EHRBAEIEE 160 mm, G258 m, =
2.47 kg, PSR LS R — A KB X LA
45, K/ A 15 em X 3 em, 37455 7 B 0015 9 4H X 7
B 0.6L~0.65L. 7E 3 b4 5] 24 3% 9 A n i JiF A% I
i LA AR IR 32 Ry, SR A 43R Bk 1000 Hzo 12l 56

FERR B E 0 19 Fras , 38560255 B 40 E 20 s .
4.2 REERSH

4.2.1 HAGR
21 W T 8 52 R A 37 2] 4253 8 0.29 m/s

| i |
P19 e B R 2
Fig. 19 Schematic diagram of test model

(a) R
(a) Test beam

(o) Bt el

(c) Damage simulation

(b) ZEme Ay
(b) Vehicle model

B20 g%
Fig. 20 Test setup

B8 Bl 4 A B, R 405 A 405 45 1 R A SR
AL W) R A P e N B 3R 5.941 Hz, 1 3l
B AR Sy 336 (3 J2& 2X1000/5.941) ¢

1.0
— Rt
— Wit
£
i
b
R
e % 10 12
B8 / s
(a) J03E JBE i )7
(a) Acceleration response
el — kBt
— it
0.015F
- X:5.941 Hz
Iz 0.010
0.005
LA ) "
0 10 20 30 40 50
MF / Hz
(b) hF L
(b) Power spectrum density

P21 SRS A 0 9 £ o s 52 o o7 ) 3 3 o3
Fig. 21 Acceleration response and power spectrum density

of undamaged and damaged bridge



]

FhE SR 45 R BORS R 198 U 3 BT E A SE A A 1R A0 U o N T 1105

4.2.2 RF Fik

B TR0 A B A, DA S LR A5 PR, AR i
B E 0.29 M 0.57 m/s AN EH T, B EHT
K R IR A RO &, R —RH 153514
B TR R 1S M7 S AR A o T B Jn
S W) 7 ATV A O ok Ak B Bt AR 4R R, %
51473 4 H ) ik R RE SR B AR AE Fh Ab B PR T4
P40 X 3 R /NS S il 26 ) L Bk A 0 R R
AR 5 1 2 A R AT 25 308 D R L VT £ A Ak B
HAHCR A 22 Fros o NI 22 Ff ] LB Y 7E
N T 25 5 AN () A% IR 2 e B 26, % 1k i T e
B, R R — ZE SR, 5 % i 46 AL
i (B v T O — UGB A0 0 A A AT S
i 22 B BB A - b R ) 840 7 R R

5

R
4t W —AR=
A it st

00 0.2 0.4 0.6 0.8 1.0
AHXS AL Ex /L
(a) ZETHH0.29 m/sif A [F) AL R A 1 BT SRR I 45 21
(a) Identification results of different sensor selection
schemes at speed of 0.29 m/s

30 [
T
25¢ iy —FR=
2} i ™ e
X 15 ik
10f i
st i
0 1 : : \Ar-
0 0.2 0.4 0.6 0.8 1.0

AHXS AL Ex /L
(b) ZETE70.57 /s A7) A5 RSB BT SR IR R S 45 51
(b) Identification results of different sensor selection
schemes at speed of 0.57 m/s

Fl22 0. 29 F10. 57 m/s B AS ] £ S 25 5 Uy 2 (138
BIESES
Fig. 22 Identification results of different sensor selection

schemes at speeds of 0. 29 and 0. 57 m/s

5 & it

AR SO T — 3 T 2 SR 3l 2l g e I e
P73 BT B A SR A A5 R O 0 3% 5 % DL A A A 488
il "~ 5 % A A D PR 7 Ay g A X G DL I
o3 A o S S M R O R AR B TR T 2 AR R
1] {7 38 U PR ) e o 4D 3 45 A 4000 45 A, )R T Bl 7

PB4 b ) B TR E AL . O T e e Oy
5 A BRI PR SR T RC(E B 51 R 6 ) G
o A S8 M . A5 SRR W %07 T RE R 5E {7
1] S 5% 2 2 % 1 452 s, s RE 8 3 5 451 40 16 s R 2
{14 22 S A B A ) ) 450 00 7 2, O ELZ A AR AR 45 1
03 5 /0 9 o A o O AR A 4 3 X% T T R P IR
PEBEAT T RE 15 1000 fY W PP JE Bl Y, 45 AR 2
RERMERA MR BB . SCrP it — 22 e T 42 X
D5 PN 25 2R (9 5 R, R UE T 0% 05 vk B T SR
R R Tz 07 kAR S PR T B R AT . RUE S
o1 i 6 A8 18 6 IR 1T B 5 vk A AR L S 2
3 2o S T R T A2 A B 2R R X% T R A AL
PEIEAT B — 2Bk .

S E Xk

[1] Doebling S W, Farrar C R, Prime M B. A summary re-
view of vibration-based damage identification methods
[J]. The Shock and Vibration Digest, 1998, 30(2) :
91-105.

[2] Malekjafarian A, McGetrick P J, OBrien E J. A review
of indirect bridge monitoring using passing vehicles[J].
Shock and Vibration, 2015, 2015(1): 286139.

[3] Zhu X Q, Law S S. Damage detection in simply sup-
ported concrete bridge structure under moving vehicular
loads[J]. Journal of Vibration and Acoustics: Transac-
tions of the ASME, 2007, 129(1): 58-65.

[4] Law S S, Li J. Updating the reliability of a concrete
bridge structure based on condition assessment with un-
certainties [ J]. Engineering Structures, 2010, 32(1) :
286-296.

[5] LiJ, Law S S, Hao H. Improved damage identification
in bridge structures subject to moving loads: numerical
and experimental studies[J]. International Journal of
Mechanical Sciences, 2013, 74: 99-111.

[6] Cheng X X, Wu G, Zhang L., et al. A new damage de-
tection method for special-shaped steel arch bridges
based on fractal theory and the model updating technique
[J]. International Journal of Structural Stability and Dy-
namics, 2021, 21(3): 2150030.

[7] Zhang W W, LiJ, Hao H, et al. Damage detection in
bridge structures under moving loads with phase trajec-
tory change of multi-type vibration measurements[J].
Mechanical Systems and Signal Processing, 2017, 87:
410-425.

[8] NieZH, LinJ, LiJ, et al. Bridge condition monitoring
under moving loads using two sensor measurements[J].
Structural Health Monitoring, 2020, 19(3): 917-937.

(9] iR, B IR, BRE, & KEEN WSS
e 3 0 0 B DR A0 R0 O ik (U] PR3l AR R,



1106

%37 &

[11]

[13]

2020, 33(5): 1062-1072.

NIE Zhenhua, YANG Weixing, CHENG Liangyan, et
al. Bridge damage detection based on moving principal
component analysis combining with transfer entropy[J].
Journal of Vibration Engineering, 2020, 33(5) : 1062-
1072.

Yang Y B, Lin C W, Yau J D. Extracting bridge fre-
quencies from the dynamic response of a passing vehicle
[T]. Journal of Sound and Vibration, 2004, 272(3-5) :
471-493.

Lin C W, Yang Y B. Use of a passing vehicle to scan
the fundamental bridge frequencies: an experimental
verification[ J]. Engineering Structures, 2005, 27(13):
1865-1878.

Mo, FE, g, BT AR N AT S ] 4
W5 55 0 D0 AIF R £ 0k [T ] b [N % A= Al 2021, 34
(4): 1-12.

YANG Yongbin, WANG Zhilu, SHI Kang, et al. Re-
search progress on bridge indirect measurement and
monitoring from moving vehicle response[J]. China
Journal of Highway and Transport, 2021, 34(4): 1-12.
Eckmann J P, Kamphorst S O, Ruelle D. Recurrence
plots of dynamical systems[J]. Europhysics Letters,
1987, 4(9): 973-977.

Zbilut J P, Webber C L, Jr. Embeddings and delays as

derived from quantification of recurrence plots[J]. Phys-

[19]

ics Letters A, 1992, 171(3-4): 199-203.

W, AR A E . T B AR I A S R A A5 00 1R vk
[T]. #R3h 5 uhiki, 2012, 31(3): 60-63.

YANG Dong, REN Weixin. Structure damage detect-
ing using singular entropy of recurrence matrix[J]. Jour-
nal of Vibration and Shock, 2012, 31(3): 60-63.

Bk, ARHR, 220, 4 TR ER IH AR 4 B i Bk 3
FoAFRIEM T PR R ik (ARB R,
2013, 44(7): 3024-3032.

YANG Dong, REN Weixin, LI Dan, et al. Local re-
currence rate analysis based non-stationarity measure-
ment for operational vibration signal[ J]. Journal of Cen-
tral South University (Science and Technology) ,
2013, 44(7): 3024-3032.

TR RE T 3 U A R i Al 2 AR Sl O UG
[T]. RHIJ32% 24k, 2015, 32(4) : 636-641.

XU Jin. Damage detection for non-linear vibration using
recurrence similarity[J]. Chinese Journal of Applied
Mechanics, 2015, 32(4): 636-641.

Zbilut J P, Giuliani A, Webber C L, Jr. Detecting de-
terministic signals in exceptionally noisy environments
using cross-recurrence quantification[ J]. Physics Let-
ters A, 1998, 246(1-2): 122-128.

Iwanski J S, Bradley E. Recurrence plots of experimen-
tal data: to embed or not to embed?[J]. Chaos, 1998, 8
(4): 861-871.

Bridge damage identification using recurrence quantification analysis of

vehicle-induced vibration response

DU Changjun', ZHANG Jing', YANG Dong”’, CHEN Cheng', HE Wen-yu'
(1.College of Civil Engineering, Hefei University of Technology, Hefei 230009, China;

2.Earthquake Engineering Research &. Test Center of Guangzhou University , Guangzhou 510006, China;

3.Key Laboratory of Earthquake Resistance, Earthquake Mitigation and Structural Safety, Ministry of Education,

Guangzhou University, Guangzhou 510006, China)

Abstract: Based on the dynamic response caused by moving vehicles, a recurrence quantification analysis-based structural damage

detection method is proposed. The acceleration response is split into several segments using a moving window. The recurrence

plots are constructed to analyze and present the characteristics of each segmented response signal. The recurrence quantification

analysis is used to quantify the damages and construct the damage feature. The damage features of each relative position are assem-

bled as a vector for the location of the structural damage. The proposed method is validated by numerical simulation with the single-

damage and multi-damages. The influence of damage location, vehicle speed, noise and other factors are discussed to illustrate the

robustness of the proposed method. Results show that the method is a potential way for structural damage detection under opera-

tional condition.

Key words: bridge structure ;damage identification ;recurrence quantization analysis ; vehicle-bridge coupling; sliding window
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