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Fig. 1 Accelerometer layout of stay cables of the bridge (Unit: m)
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Fig.2 Signal characteristics of time series data of vibrating

acceleration of stay cables
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Fig. 3 Frequency-domain characteristics of time series data

of vibrating acceleration of stay cables
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Fig.4 Extraction process of non-stationary segment of

self-excited vibration of stay cables
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Tab.1 Centroid value of each cluster (order) about identified modal frequency data(Unit: Hz)
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Tab.2 Estimated value of probability characteristic parameters of the damping ratio of stay cables(Unit: %{)

e CDF 8y 0.05 07 ffi  CDF®0.1%0hif  CDFAY0.940ifli CDF #90.95 50 i Ml
4= HRBH e b B s 0.0306 0.0114 0.0142 0.0659 0.0820
R 7THBLE LEdE  0.0320 0.0114 0.0143 0.0714 0.0897

4 2 it

DA 55 103 RAFR 203 AR A O 95 5 T B2
T 5 A RCIEF AR AR 3h 80 9K 8l B R R 3
PERERAET7 % o %07 16 32 3 T U B iR 3 AR
R[] e 87 BEAT HE R B 28 S0 A sh Ui 5 3l ) e e
SN RAT (Y SR, 7R F R SRR B A Sh 4R AR
SRR A R R URCRR AR 0 A | 2 RS IR Sl R AR
ol S5 B L R HE RO D S R AR A G 4 07
T EAT QIR o B8 5 1 e AT AR € h R A R sh A
AR 1 B2 B 32 5 0 A ) S A TR, OF AR B E R g
I 1 R 295 4 41 S et (L T BEER BT XL F AR A A fiE
AT 5 f A SR RO R 2607 ik AL 2 B B
A R AR (7] o R RO Ze i AR O T 5 A
FRARAEZ B J7 358 IR BE JE Le B B 2 ik
B A RAPLR S B A 1930 PR REARAE . & SO
EC H SR S 15 5 R BREAE 25 T A 200 S i
Mo AHSCTT BOT A RR B R RE AL TR ) KR, AT
T SHM & 48 % ¥ i 1 53k A 35 58 il 4z ad
i 3R ARG 28 6 1 A0S R N T P 6 9% 0 T 4 O vk B 52
BT Z IR Sl 0 B i 1] Py 8 B IR s AR T AR B
KO0 P ) 2% [ A5 250 B 2 L A8 s 1 B A A4 A
Br 5 RAE LR, A 202 4 T AR S 4 S i i B0 ik

2N

EE A S TR E A (DB R PR IR
B 0 R 5 MR i A, W 45 S 2 PR
SERCR AL T e e B sh BAR S AR SCTE Bl 1 RRAE 2 B
I 3 35 I A 24 0L ) s M 7 K S BE B T4 5 () AR 2 i
F A B S0 2 B i (8 i OO T 3000 mm/s®,
IR B0 B B, T B T O (3) MR R R R B e
FLF 297K 295 0.03 %, H % B9 B2 90 %6 4 TIE 5
B8 A5 X ] 9 0.0114 % ~0.0820% , 5 #% 3 ML 3G o

P A B JE e HE 7 (H AR L A MK, 3 n] fE 2 3 Bh %
IR Bl T T 8 R AL 5 R ) D TR 22—, GRS [RL R ATL B2
S50 B X 56 (BB DL E— 2P PR 5T

2 E 3k

(1] BRECH, #89%, LR, & R RS XN )
WHEERTIE R LT]. W1 R4l (A ARBE AR, 2022,
49(5): 1-8.

CHEN Zhengqing, LI Shouying, DENG Yangchen, et
al. Recent challenges and advances on study of
wind-induced vibrations of bridge cables [J]. Journal of
Hunan University (Natural Sciences), 2022, 49(5): 1-8.

(2] WA, BRIEME . B B2 R AFTE B M 2R A A A KA 4
ATEEEE ML) AR R B, 2013, 43(6): 51-56.

HU Jun, OU Jinping. Analysis of extreme wind load re-
liability of in-service hangers of long span suspension
bridge[ J]. Bridge Construction, 2013, 43(6): 51-56.

[3] Zdede, BIKT, B, 45 FHE M &R WM R

R R e BT [T, TR 2%, 2018, 35(3) :
186-192.
LI Shouying, ZENG Qingyu, WANG Shifeng, et al.
Theoretical investigation for the effectiveness of the
dampers installed between the hangers of suspension
bridges[J]. Engineering Mechanics, 2018, 35(3):
186-192.

(4] TREF, B . 28 36T AR R 0 T A KR

Wi N7 [T]. AR R REAE AR (A ABEMO) L 2018, 48(1)
146-151.
XU Yanging, GUO Tong. Out-of-plane wind vibration
responses of super-long stayed-cable under semi-active
control[J]. Journal of Southeast University (Natural
Science Edition), 2018, 48(1): 146-151.

[5] YAN Banfu, CHEN Wenbing, YU Jiayong, et al.
Mode shape-aided tension force estimation of cable with
arbitrary boundary conditions[J]. Journal of Sound and
Vibration, 2019, 440: 315-331.



546

& @ L

%37 %

[7]

[8]

[10]

[13]

[14]

R, RBE, T
T 5 TR AR L AR 57 A i U [T ).
i, 2020, 33(11): 182-194.

ZHU Jin, WU Mengxue, YIN Li, et al. Fatigue life

prediction  of

% B4 VR A T O
EPNTES

cables used in coastal long-span
cable-stayed bridges under stochastic traffic and wind
loads [J].
2020, 33(11): 182-194.

RIBR, SR SC, BRECH . KB BRI Z S
N I AR S P A L), B B SR, 2019, 32(10)
115-124.

HUA Xugang, HUANG Zhiwen, CHEN Zhengqing.

Multi-mode vertical vortex-induced vibration of suspen-

China Journal of Highway and Transport,

sion bridges and control strategy [J]. China Journal of

Highway and Transport, 2019, 32(10): 115-124.

SRR, BT, T, R RS RT RE
BRAFHE 5T LR BF S )]. BRI A 5 TR,

2020, 17(1): 102-109.
HUA Xugang, YANG Weiging, WEN Qing, et al.
Aerodynamic damping and wind-induced vibrations for
coupled parallel twin hangers of suspension bridges[J].
Journal of Railway Science and Engineering, 2020, 17
(1): 102-109.

GAO Donglai, CHEN Wenli, ZHANG Runtao, et al.
Multi-modal vortex-and rain-wind-induced vibrations of
an inclined flexible cable [J]. Mechanical Systems and
Signal Processing, 2019, 118: 245-258.

XUPCTE, Ih—"%, BAUENE, 45 . R 04 A8 T AR 2R XL
s dr v S LB (T ). o 2 B e 4, 2019, 32(10) -
200-209.

LIU Qingkuan, Sun Yifei, Jia Yaya, et al. Wind-in-
duced vibration characteristics and mechanisms of micro-
elliptical section stay cables[J]. China Journal of High-
way and Transport, 2019, 32(10): 200-209.

Ih—"8, XUPRTE, 25, 5 . ARSRvE R AL 2 X Bk 3l
IR S [T]. TA 2%, 2021, 3803 T 1) : 52-57.
SUN Yifei, LIU Qingkuan, LI Zhen, et al. Study on
time-frequency characteristics of wind-induced vibration
of non-standard circular stayed cables[J]. Engineering
Mechanics, 2021, 38(Supl): 52-57.

MR, EoRME, RIS R, 45 BB NS MR
ARAEEDT ST, A m ST RS 240 (A RBMD)
2020, 48(7): 143-154.

CHEN Wei, WANG Ronghui, ZHOU Haoen, et al.
Research on natural vibration characteristics of coupling
hangers considering bending stiffness[J]. Journal of
South China University of Technology (Natural Sci-
ence Edition), 2020, 48(7): 143-154.
WANG Hao, TAO Tianyou, GAO Yuqi,

of wind

et al. Mea-

surement effects on a kilometer-level
cable-stayed bridge during typhoon Haikui[J]. Journal
of Structural Engineering, 2018, 144(9): 188-210.

CANTERO Daniel, OISETH Ole, RONNQUIST

[15]

[18]

[20]

[21]

[22]

[24]

Anders. Indirect monitoring of vortex-induced vibration
of suspension bridge hangers[J]. Structural Health
Monitoring, 2018, 17(4): 837-849.

HUA Jieying, ZUO Delong. Evaluation of aerodynamic
damping in full-scale rain-wind-induced stay cable vibra-
tion[J].
Aerodynamics, 2019, 191: 215-226.

GE Chunxi, CHEN Airong. Vibration characteristics

identification of ultra-long cables of a cable-stayed

Journal of Wind Engineering and Industrial

bridge in normal operation based on half-year monitor-
ing data [J]. Structure and Infrastructure Engineering
Maintenance, 2019, 15(12): 1567-1582.

BURESC, BRBL, 220, 2 2 BRI I 2 2 i iR
Bl 92 5 IR T RS A L)L b A B R
2019, 32(10): 247-256.
ZHU Zhiwen, CHEN Wei,

observation of vortex-induced vibration of stiffening ca-

LI Jianpeng, et al. Field

bles in a multi-tower cable-stayed bridge with applica-
tion of analytical mode decomposition[J]. China Journal
of Highway and Transport, 2019, 32(10): 247-256.
XEA, BUESC, BRBE, 55 ISRV RO S 22 iR R
S5 XA [T]. BB R 5 LRk, 2020, 17
(7):1760-1768.

LIU Zongjie, ZHU Zhiwen, CHEN Wei, et al. Obser-
vation of vortex-induced vibration and wind characteris-
tics of cables across the Yangtze river bridge[ J]. Journal
of Railway Science and Engineering, 2020, 17(7):
1760-1768.

HWANG Doyun, KIM Sunjoong, KIM Ho-Kyung.
Long-term damping characteristics of twin cable-stayed

bridge under environmental and operational variations

[J]. Journal of Bridge Engineering, 2021, 26(9):
04021062.
LI Shanwu, LAIMA Shujin, LI Hui. Cluster analysis

of winds and wind-induced vibrations on a long-span
bridge based on long-term field monitoring data[ J]. En-
gineering Structures, 2017, 138: 245-259.

ZHAO Hanwei, DING Youliang, LI Aiqun, et al.
Evaluation and early warning of vortex-induced vibra-
tion of existed long-span suspension bridge using multi-
source monitoring data [J]. Journal of Performance of
Constructed Facilities, 2021, 35(3): 04021007.

LI Shanwu, LAIMA Shujin, LI Hui. Physics-guided
deep learning framework for predictive modeling of
bridge vortex-induced vibrations from field monitoring
[J]. Physics of Fluids, 2021, 33(3): 037113,

HE Min, LIANG Peng, WANG Yang, et al. Online
automatic monitoring of abnormal vibration of stay ca-
bles based on acceleration data from structural health
monitoring[ J]. Measurement, 2022, 195: 111102.
XIBIGE, F LR, 28[58 WS BRI ORAR 5 N E A LA
R BORBEEOR [T B R 8, 2013, 43(4): 87-93.
LIU Minghu, MENG Fanchao, LI Guoliang. Engineer-



%4 U F L A5 F OIS AR IR Sl B 9K 3l 19 1 2 Bl ) 1k RE R AR 547

ing characteristics and key techniques of Qingzhou ship 2022, 22(9): 3247.

channel bridge of Hong Kong-Zhuhai-Macao bridge [ J]. [28] A A IR IL 0 52 3 2 B . 2 B bt Wik i

Bridge Construction, 2013, 43(4): 87-93. J: JTG/T 3360-01—2018[S]. db 5 . AR 318 i iR
[25] BAO Yuequan, TANG Zhiyi, LI Hui, et al. Computer ft, 2018.

vision and deep learning-based data anomaly detection Ministry of Transport of the People’s Republic of China.

method for structural health monitoring [ J]. Structural Wind-resistant design specification for highway bridges:

Health Monitoring, 2019, 18(2): 401-421. JTG/T 3360-01—2018[S]. Beijing: China Communi-
[26] Cheynet Etienne, Daniotti Nicolo, Jakobsen Jasna Bo- cations Press, 2018.

gunovi, et al. Improved long-span bridge modeling us- [29] VLI3AE i 5 AR B R . BT H R D3R 1 148 1 -

ing data-driven identification of vehicle-induced vibra- DB32/T 1365—2009[S]. B &l V1754 i R

tions[ J]. Structural Control and Health Monitoring, J&y, 2009.

2020, 27(9): e2574. Jiangsu Provincial Bureau of Quality and Technical Su-
[27] ZHAO Hanwei, DING Youliang, LI Aiqun. Represen- pervision. Guidelines for vibration reduction design of

tation of in-service performance for cable-stayed stay cable of cable-stayed bridge: DB32/T 1365—2009

railway-highway combined bridges based on train-induced [S]. Nanjing: Jiangsu Provincial Bureau of Quality and

response’s sensing data and knowledge[J]. Sensors, Technical Supervision, 2009.

Representation of dynamic performance of stay cables driven by
self-excited non-stationary vibration data

ZHAO Han-wei'*, DING You-liang'?, LI Ai-qun®>®, ZHANG Xiao-nan*, WANG Zhi-wen”"*
(1. Key Laboratory of Concrete and Prestressed Concrete Structures of Ministry of Education, Southeast University,
Nanjing 210096, China; 2. School of Civil Engineering, Southeast University, Nanjing 210096, China;
3. Beijing Advanced Innovation Center for Future Urban Design, Beijing University of Civil Engineering and Architecture,

Beijing 100044, China; 4. Shenzhen Expressway Engineering Consultants Co., Ltd., Shenzhen 518049, China)

Abstract: Stay cables of cross—sea cable-stayed bridges will generate self-excited vibrations in non-extreme wind environments.
Based on technologies of modern monitoring and data analysis, the digital features of the self-excited vibration of the stay cable can
be captured immediately, and the real-time performance of dynamics about stay cables can be reflected accordingly. According to
features of commonality in the long-term monitoring data of vibrating acceleration of stay cables from a main channel cable-stayed
bridge of a cross-sea bridge, an automatic extraction method for the non-stationary sections of wind-induced self-excited vibration
of the stay cable is proposed based on the vibrating acceleration time series signal’s Gaussian mixture model of the upper envelope
and the power spectrum of the frequency domain. The strategies, that identify the dominant frequency based on the non-stationary
time series of self-excited vibration, then identify the damping ratio using the data of the last descent section after band-pass filter-
ing, are proposed. By the proposed strategies, the interference on the damping ratio identification from energy brought by the natu-
ral excitation of the ambient wind in the ascent sections of the vibration amplitude is excluded. Based on the identified results of
dominant frequency-damping ratio in the non-stationary sections of the self-excited vibration, data clusters of the modal frequency-
damping ratio corresponding to each order of the vibrating mode are obtained by clustering the frequency values. According to the
discrete and skewed characteristics of the damping ratio data, the statistical law of using the ep of log-normal distribution model and
the quantile value of its cumulative distribution function to describe damping ratio of stay cables is proposed. The frequency centroid
of each cluster, as well as the probability characteristic parameter of damping ratio are used as indicators to represent the current
state of the dynamic performance of stay cables. The main conclusions for the background engineering include: the signal of vibrat-
ing acceleration of stay cables on the bridge has strong noise and large interference, they must be eliminated in the analysis of dy-
namic characteristic; the amplitude maximum of the acceleration of the self-excited vibration of the bridge’s stay cable has exceed-
ed 3000 mm/s”, the vibration amplitude is large; the average level of the damping ratio of the bridge s stay cable is about 0.03% ,

which is lower than the recommended value of the design code.

Key words: structural health monitoring; stay cables of bridge; self-excited vibration; representation of dynamic performance;

non-stationary behavior
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