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Fig.7 Seismic acceleration time history curve
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under seismic loading
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Tab.3 Damage identification results for cases 4~6 under

seismic loading

T8 P 3 mBR PR/ %
4 0.29995 0.3000 0.02
0.29995 0.3000 0.02
’ 0.20000 0.2000 0.00
6 0.29869 0.3000 0.44
0.20478 0.2000 2.39

2.4 INVRGIRTHIRGIRS

R T WS I BRER ) O 1) i A 2 i SZ 45
BN DL W RO ROCR s T T 7~9, b
1o 48 A b 2 07 2K
2.4.1 FiHed R a LR

DL 176 5 45 5 R ), i i B ek 4y 7 1) 5 vk A
1) b 752 o7 E R B9 /N 3 T 00 T~9 1 45 4 ) )
P48 5 I 11 Fs o

K11 R W] ARG M K e /NS 1 TR L1765



1524 W oz TR % M %36 &

gX10* 035
ok : 0301
4k i 0.25¢

Z ol . $0.20f

= ob N S0.15f

St i 0.10f

i 0.05F 175176

] L 0, e —! L L 1 L
005 10 15 0 100 200 300 400 500 600

20 25 30 35 40
BFIE] / s
(a) THLTIR M 2R A 45251
(a) Identification of the damage existence in case 7
g X10°

6
4
2..
0

TRF /N

_2.—
_4._

S 5 10 15

A

20 25 30 35 40
1R /s
(b) T 8H 475 ) ZI R 31 45 2t

(b) Identification of the damage existence in case 8

i
10
6f |
4+ i
;2— “H\
o i
= i
_2._ :
-4+ i
05 10 15 20 25 30 35 40

T I8] /s
(c) Lo AR 2R 5 55 R
(c) Identification of the damage existence in case 9
P11 bR far A R T80 7~ 9 45 3 e 220 1 5] 45 2R
Fig. 11 Identification of damage existence for cases 7~9

under seismic loading

ShAS B AR A R 10 s R AERAE LS
B G ZIAE AT . AR 11(a) ~(c) , TE 4544
R N AT B 6 TR B R R ) T 7 R B g
S A T 0 8,9, 38 o i 48k % Ay A7 o R A i
10 1t 0 55 R 1 488 0 B 22, MR 7 O R 48 49 s 1)
1) 5 M 55 /8
2.4.2 BHIEEARERALER

O3 SR N A T 7~9 45 0 4% 45 A5 AR 05 7
B IE12(a)~ () iR,

K 12(a) 2B, 175 F1 176 545 5 00 353 405 11 & 48
B iz R T H At 45 A, U6 T 7 R a3k A &5 s X
1) 165 BT kA T i, 5 B iy 40045 07 B AHAT
T8 AN 9 4 Bl AE T 7 W BERE VRN T 10% 0
2% KO By ) R RS X e 4 A 12(b) , () FTEL 9
(a), A LA & B0 7 M 75 52 ) 1 473 BB 55 Ay o 1 i 38 531 1
e AN R L R R RN el B A ]
BN,

R 5 43 107 B A TR 245 5, mT A /45 T
B 7~9 % A 5 175 R 176 5 45 s 6 R A28 16 5 B0
KA, VA 4 AR B AU R 25 a0 ] 13 R R
NN

ST
(CYRRUNE LT vA=RESIE P

(a) Identification of damage location in case 7

0.35
0.30F
0.25+
8 0.20+
~0.15¢
0.10F I I
0.05F [175 176
I\ 1 1 1 1 1
00 100 200 300 o 400 500 600

Zim's
(b) L8Rt h BRI 45 R

(b) Identification of damage location in case 8

0.35
0.301
0.251

8 0.20F
~0.15F

0.10f
0 100 200 300 400 500 600

SRS
(c) Lotot i EiRAI L5 R

(c) Identification of damage location in case 9
Bl 12 #7510 7~9 38403 07 1 R ) &5 SR
Fig. 12

Identification of damage location in cases 7~9 under

seismic loading

0.10
0.08}
006}
ﬁ 0.04}
0.02}

0

0.029995 0032338 0.030858

TH7

RUE
P13 M for B0 AE R 00 7~9 453 43 i BE 1L 5

Fig. 13 Damage identification results for cases 7~9 under

TH9

seismic loading

H 13 R 4 BT, T8 7 3R 50 H 2548 16 5 51
SR, AR A R R 0.029995 , M HE T 1135 1) 45 4
R 0.03, 1820 0.02% o FEAR M WAE T, w]
LA S o A i R0t 285 4 A /N A B A A R
FE o TB0STE T8 7 (1 a7 45 F Jin 3 BE m Jo rp
WANT 10 %6 K P Al e S L ot T A0 R O 16 5
PALTT Y A5 405 B BE R 0.033338, A 8 T 52 B 1 45 45
BE0.03, R 2 R 11.13% , IR 288 10%; T
B0 O FE T 00 7 0 B Rl b 7 45 A6 i 5 B8 e 1 e s i T
2% JK P (I R R O T R IR B 16 5 BT
PG FE N 0.030858, H Il 25k 2.86 % , LB 152 2%
BN G X AR B T 7~9 Y45 45 e R AR 0 &% R ]
L, 6T A e A /N A3 1 T L 45 R 1



R, S o FE T IR AR A 7 16 A 23 A A A 5 R 0 Rk AT Y

1525

B SRR 22 32 WGP R R B, TR MR P KPR I, R
IR 22 K, 7 BEA WS m o R P K P BRI 47 AiE
852 2 W MR S A 5 B0 B 5 0 R

R4 HMERHMEATIRT-9RGEERINER
Tab.4 Damage identification results for cases 7~9 under

seismic loading

T OIS BiEsit BUIRZE/ W
7 0.029995 0.03 0.02
8 0.033338 0.03 11.13
9 0.030858 0.03 2.86
3 &

AR SCAE AR GRS Bl A O 1) 2 i Sk A e
I B0 g W SR HfE S T 980 AR BT IR A g 18]
LRSI W i3 TR R R VAR I S iR IR VACR D B
AR I i SR R A 22 S, M A R Sk AR
i) 2 f 453 473 IR 220, )P HGA S 2 0E SCR A it
B bR IR0 e 0 A0 o AR A b R 2D
L) SRR O R 1 /N W= 7 /N W S
3 T R0 I B R I A 1] AN e A 7 A AR %
AL i 450 00 i B2 [ 20 78 Ak, iy JH AT DA BB e 4%
13 7 2 B4 500 W8 R AT A 1) 7 Ak 3R K VR D 2 A Y
ot 0 i 5 2 0, LB E SROoC B i R . SRS
BR AR T3 1o i AN TR IR SRR Ay O 1) AL S A A
S A1 B A5 8, AT LA e R W 4 0 e A I 22
B g J7 95 T BCBUAE L R B4 451 403 RO, TR 45
F W] - T A S A I 05k A 1 e AT T B R A
2 RAVURN T B 25 R A5 475 TR, B A% v At U 4 0
(9 A ik 2, %€ S 451475 B G, HLRE 8 ME B U BT Y
PO RESE , H B0  A R P 5 R 2 SUA  AA
PR 45 28 Lo B SR T B A SR O ERs . H AT
PR B 453 73 PR BRORS B2, % A% 7 1) D7 9 R
A TR 2l g 0 R B AR A% g e TR 2 S TS
LR BB RY T A IR A A R
) A5 5K 22 B ME AL

S X ik:

[1] Zimmerman D C, Kaouk M. Structural damage detec-
tion using a subspace rotation algorithm [C]//33rd
Structures, Structural Dynamics and Materials Confer-
ence. Dallas, TX, USA, 1992: 2341-2350.

(2] JHSENE, Wk i, PEA = . AR 31 2 B0R B BOR 3R
I - HE SR AT WO AG [T]. AR TR 24, 1998, 31
(2): 39-45.

Zhou Xianyan, Shen Pusheng, Cheng Xiangyun. Dam-

(6]

(7]

[10]

[11]

age assessment of reinforced concreter structures by vi-
bration parameter identification technique[J]. China
Civil Engineering Journal, 1998, 31(2): 39-45.
Fukunaga H, Kameyama M, Ogi Y. Damage identifica-
tion of laminated composite structures based on dynamic
residual forces[J]. Advanced Composite Materials,
2001, 10(2-3): 209-218.

Ge M, Lui E M. Structural damage identification using
system dynamic properties| J]. Computers and Struc-
tures, 2005, 83(27): 2185-2196.

Amiri Gholamreza Ghodrati, Hosseinzadeh Ali Zare,
Abdollah Bagheri, et al. Damage prognosis by means of
modal residual force and static deflections obtained by
modal flexibility based on the diagonalization method
[J]. Smart Materials and Structures, 2013, 22 (7) :
075032.

A%, WRiE, 1, 5508 Sk SR Ay 9 1) R 1 254
PR BT 5 [T]. 3 8h WL 512 W7, 2009, 29(4)
379-382.

He Wei, Chen Huai, Wang Bo, et al. Structural dam-
age identification by using improved residual force vector
[J]. Journal of Vibration, Measurement and Diagnosis,
2009, 29(4): 379-382.

Behtani A, Bouazzouni A, Khatir S, et al. Damage lo-
calization and quantification of composite stratified beam
structures using residual force method[J]. Journal of
Physics: Conference Series, 2017, 842: 012028.

Wu J, Luo Y F, Wang L. Practical residual force de-
composition method for damage identification of exist-
ing reticulated shells[J]. International Journal of Steel
Structures, 2019, 19(6): 2024-2038.

KT, PNERSE, AR, AR TARAY D 1 A A e AT Sk
HEHES G2 W AT T [T]. PR3l S eh i, 2016, 35(4) -
188-192.

Zhang Gan, Sun Xiping, Wang Qian, et al. Damage di-
agnosis for high-piled wharf piles based on residual force
vector [J]. Journal of Vibration and Shock, 2016, 35
(4):188-192.

TR, TR R T 4 Y 45 4 S B0
HLI) W R m i CH AR ), 1999, 26(4) -
39-43.

Yu Dejie, Lei Hui. A method for structural parameters
identification using neural networks [J]. Journal of Hu-
nan University (Natural Sciences Edition) , 1999, 26
(4): 39-43.

R, R, BRI, S JE TR AR I 1) 4 vk Ak gt
e B 1 1 A A B 05 U 5 (). A )
2007, 24(2): 224-230.

Yuan Ying, Lin Gao, Yan Dongming, et al. Study on
structural damage identification based on residual force
method and improved genetic algorithm[J]. Chinese

Journal of Computational Mechanics, 2007, 24 (2) :



1526 W oz T B ¥ iR %36 B

224-230. [16] Doebling S W, Peterson L. D, Alvin K F. Experimental
[12] Yun G J, Ogorzalek K, Dyke S J, et al. A structural determination of local structural stiffness by disassembly
damage detection method based on subset selection and of measured flexibility matrices[J]. Journal of Vibration
evolutionary computation[ C]//Proceedings of the 2008 and Acoustics, 1998, 120(4): 949-957
Structures Congress. Vancouver, British Columbia, (171 Fn &, X03h . e 145 58 53 i AR 3o 58 A808 43 M7 1)
Canada, 2008: 24-26. HE B2 25 Ky #5105 IR0 50 Jr i (7). A2 54k 2, 2018, 6
[13] Saberi M. Damage detection of space structures using (1): 8-15.
charged system search algorithm and residual force He Yuhan, Liu Kun. Damage detection method of
method [ J]. Tranian Journal of Science and Technology- frame structure based on singular value decomposition
Transactions of Civil Engineering, 2015, 39 (C2) : and time domain sensitivity analysis [J]. Open Journal
215-229. of Acoustics and Vibration, 2018, 6(1): 8-15.
[14] B—F%, XNEERL, Bdae, 4 5T a4 J1 1 & 5 [18] Clough R W, Penzien J. Dynamics of Structures [ M].
PR ) gt B 0 U — Pk [T ] Pl R (A New York: McGraw-Hill, 1975.
SRFFRR ), 2017, 56(4) : 46-50. [19] Weng Shun, Tian Wei, Zhu Hongping, et al. Dynamic
Zhao Yilin, Liu Jike, Lyu Zhongrong, et al. Structural condensation approach to calculation of structural re-
damage 1dentification based on residual vectors and sponses and response sensitivities [ J]. Mechanical Sys-
Tree-seed algorithm [J]. Acta Scientiarum Naturalium tems and Signal Processing, 2017, 88: 302-317.
Universitatis Sunyatseni, 2017, 56(4): 46-50. [20] Weng Shun, Xia Yong, Xu Youlin, et al. Substructure
[15] BBt R, ZRRar, % B TR 3R AR I i (0 45 based approach to finite element model updating[J].
R A5 405 VAL T vk [T]. 1H 8 ) 2# 2 di, 2021, 38(5) : Computers and Structures, 2011, 89(9-10) : 772-782.
625-630. [21] FIM, ARAF . 5T A BROTE A & IE 1) £ AR S5 4 451 45
Yang Qiuwei, Zhou Cong, Li Cuihong, et al. Structur- Wk [T]. TR 1%, 2021, 38(3): 1-16.
al damage assessment based on static residual force vec- Weng Shun, Zhu Hongping. Damage identification of
tor [J]. Chinese Journal of Computational Mechanics, civil structures based on finite element model updating
2021, 38(5): 625-630. [J]. Engineering Mechanics, 2021, 38(3): 1-16.

Structural damage identification method based on the time domain
residual force vector

CAO Zhen-ziong', WENG Shun', LI Jia-jing', CHEN Zhi-dan', YU Hong®, YAN Jun-feng’,
YU Xing-sheng’
(1.School of Civil and Hydraulic Engineering, Huazhong University of Science and Technology, Wuhan 430074, China;
2.China Railway Siyuan Survey and Design Group Co., Ltd., Wuhan 430063, China)

Abstract: It is presented a method for structural damage identification based on the time-domain residual force vector. Starting from
the structural vibration equation, an expression for the time-domain residual force vector is derived from the dynamic response of
the structure under forced vibration conditions. The time-domain residual force vector contains the time information related to the
damage process and can identify the moment of damage. Afterwards, the damage localization indicator is established by the coeffi-
cient of variation of the time domain residual force vector of the nodes to determine the damage location. The structural residual
force matrix is eigen-decomposed, whereby the extracted eigenvectors are invariant before and after the damage and the eigenval-
ues are a function of the damage level. Therefore, the damage level indicator is constructed by extracting the elemental stiffness pa-
rameters from the eigenvalues to directly identify the damage extent. This paper applies the time-domain residual force vector meth-
od to the damage identification of the Wuhan Junshan Yangtze River Bridge model, which can identify the time, location, and dam-
age level of damage occurrence with high accuracy under both single and multiple point load inputs. The method extracts the dam-
age time, location, and extent indicators by decomposing the time-domain residual force vectors. The calculation process is intui-

tive and highly accurate, avoiding the complex time-frequency transformation and optimization iterations.

Key words: structural health monitoring ; structural damage identification ; residual force vector;matrix eigen-decomposition
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