%45 K %6 KEZRXRFFHAAEAHF R Vol. 45 No. 6
2025 4 11 A Journal of Chang’an University (Natural Science Edition) Nov. 2025

HIETT IR & T R BB S R SRR R B AL ALLT ). K% R R (A SRR A AR . 2025, 45(6) - 216-226.

DONG Zheng-fang, LI Le-yi, ZAN Zi-hui, et al. Post-earthquake repair sequence optimization of urban rail transit system[]]. Journal of
Chang’an University (Natural Science Edition), 2025, 45(6): 216-226.

DOI:10.19721/j. cnki. 1671-8879. 2025. 06. 017

Yl T BB Sl AR G e 18 S N e Ak

FTEF L, ERE AT HLRMM, B!
WA H TR TR FEE A75004; 2. 1M M BRSO A IR A A A 1 510010)

W EATRORTHERBRAANKREMR, AT L L2MAR SR E MR FLEL, SR
'fi)bkxk?%/ﬁf‘ E M4 &Jllﬁff"k THRACTFR ., AR MAETEAEN . RNEEBME HNER
BRMARIANAGERLRTIELBRAAGRE L IR TR BRI S KR
ﬁﬂ%lﬂ‘ﬁﬁﬂﬁé'l WA, }iu\,M$ BERINRKRABF  EIMTHERBELZALR
ﬁi?%%%%&,ﬁ'm%f’r%%z\,ﬂ’ﬁiﬁ% T A E RS UE Bk EORAARTRES
WMTHERLBAR %2 AARHLACEA BT 5 B AR F ok (F o 269 3F LB dk 545 5L 0k
(NSGA-MI ) #AT K. RJG . vAF M T HE 38 2 P % A A ), xF L3 E 6 2 W15 IR
BT mAL, R EEMA KX LEBARRA MBERBERAFKA ML L BAFKLAL. B AL
W FEMAE I AR TS E6 A A T, AR LR A RS LR F RIS LRI A Y
ifﬁfr#%% BRI EAH0.8%~12%: S BAR KB L IMF USRI N RFR . EE b T LRA
A A% ~6% ;@8 it AL E G 4 M 915 B R 5 T VA B AR "i)%c'fﬁﬂbxvﬁ‘kk?%éﬁﬁ/‘i%ﬂ'fi,
n?yan%mﬁuﬁﬂ%% SCRANRKRGHATE, FRRRTARTIE LD ZRLA
HEBEHRS TAERBEAE
FEBER : 3B AR R T A B A % 15 SR AL s NSGA- ]
hESEKE.U239.5 MEKARER A M EHS1671-8879(2025)06-0216-11

Post-earthquake repair sequence optimization of urban rail transit system

DONG Zheng-fang', LI Le-yi', ZAN Zi-hui’*, DAI Peng-xiang', LI Yun-hua'
(1. School of Civil and Architectural Engineering, Henan University, Kaifeng 475004, Henan, China;
2. Guangzhou Metro Design &. Research Institute Co. , Ltd. , Guangzhou 510010, Guangdong, China)

Abstract: In order to improve the seismic resilience of urban rail transit system, based on complex
network theory and seismic resilience evaluation theory, the post-earthquake structural repair
sequence of urban rail transit system was optimized. Firstly, the performance response function of
urban rail transit system was defined from three perspectives: unit failure, network connectivity and
network transportation function. Based on this, the corresponding restoring force was obtained, and

the comprehensive restoring force was obtained by weighted sum. Secondly, aiming at maximizing
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the single dimensional resilience, a single-objective optimization model of urban rail transit system
was established and solved by genetic algorithm. Further, considering the maximum three-
dimensional resilience, a multi-objective optimization model of urban rail transit system was
established and solved by multi objective genetic algorithm (such as improved non-dominated sorting
genetic algorithm-]I (NSGA-][ )). Finally, taking Zhengzhou rail transit network as a typical case,
the post-earthquake structural repair sequence was optimized. Six repair conditions were set up.
including single-objective optimization of structural failure, single-objective optimization of network
connectivity, single-objective optimization of network function, multi-objective optimization, random
repair and preference repair. The results show that the restoring force of the optimized repair
sequence is higher than that of the random repair, with an increase of 0. 8%-12%. Comprehensive
restoring force of multi-objective optimization repair sequence is the largest and 4 %-6 % higher than
other working conditions. Therefore, by optimizing the repair sequence of the post-earthquake
structure, the seismic resilience of urban rail transit system can be effectively improved, and the
multi-objective optimization can obtain the optimization scheme with the largest comprehensive
restoring force of the system. The research in this paper can provide reference for the post-
earthquake repair work of urban rail transit system. 8 tabs, 14 figs, 27 refs.
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Fig. 1 Resilience curve of urban rail transit system
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Fig. 2 Three dimensional resilience curves
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Table 3 Post-earthquake failure structures

%5 Ul 4 R KSR L & nt i /d %5 X [ 25 44 44 R X [ 2 7 &5 i) /d
1 (ANEERT] E K 0.99 13 LERIRVE- /N X [ 475 2 3.06
2 W 0 7 1.52 14 FORUIp N E R e X [E o 4% 5.95
3 BT 3 7 2.45 15 FE R SN R T} X [A] A7 % 4.14
4 LT W3 A 1.01 16 LT - S X [E] % T 2.16
5 NERINSS 3 7 2. 74 17 b 11 - WS X [7] [i% 8 2. 94
6 AR TG B 3 38 7 3 2.01 18 BERER-2I T X i) % 1 3.65
7 LINCINE) e 7 0. 24 19 I -t R X[ 5% i 4.19
8 2y i W3 4 2.32 20 BRI B R X 1] % 18 2.63
9 EEIS 30 5 1.24 21 i B K TE - X [e] % T 2.73
10 F M S i 3 G v 0.99 22 =45k X [a] % i 3.53
11 Ea L] W 4 1. 80 23 ZAT AN K X [F] % 2. 21
12 oy W3 4 1.08 24 2 FE - A X [E] % 1 2.47

25 AR - g Tl K 2 X [E] % T 2.07
26 [IPN R PN X [H] % 8 3.55
27 ) X - T 3 P X H] % 1 1.93
28 BIRE b= LA X 8] % 3 3.77

B 10 B ST I A i R

Fig. 10 Repair sequence optimization process

B 12 iR .

FHECT I GE P HE R Pareto BT AR R AL S 19
Pareto Fif i A~ M 7E = 4k B2 1 R &2 1 36 B 42 7t
I Pareto R/ Iy i B3k 25 5 1 & 07 e KA
TRAE R B 2 B AR Ak 1 25 3 B %08 & T i A
Wy 445 3 PP 2 W 13 iR .

4.4 FREEEHFRILLSH

H T HE 43 AR BN X L . B B AL
16 52 5 P Qi A S 2 b 00 o He v s 18 52
NP 6t S A6 52 i 0 v 1 5 A 3L v B B Y
PO AR U A R B 5 K AT 25 5 Bk IS T 28 350 1
REREEE, T RERE 2 Wz 25 4 i 22 e B ALIE &2 )0
o R RE 5 3 Al S48 2 W S e 6. A4 SC IR T 1

.

B1T SRR AL A S B 2
Fig. 11 Single objective repair sequence resilience curves
B4,

Kl 14 A [EHE BT A 30 e gh k.
Pl 14 W] R - a4 Bk BT A 148 ST R DA AR
MG Y A K — 4B K ik Bl K. Y
LB 25 48 2R 80 52 00 B K BEBEHLIE & 48 w5 1
0. 8% s 7 2 11 1) 2% 342 38 Pk 52 g Joe R B Bl BLAG 2
P T 1200 67 3 1 4% Dy Rk & ) B K B b
MR HEE T 9%,

i 718 52 BEAR A B RN AHIZAE 2 LY A
ZARE T X R BN BB IS B R . A5 R R AL
WA SR 1 R T 0. 4% FE ¥ ICiE @R E T
BIF 2 FRET 0.5% 72 ML D REk & 18T 4
T 1.8%.,



224 ¥ XKFFHROAAAER 2025 %

B 13 £ HAR A& 5T B 1 it 28
[ 12 Pareto Fij ¥4 kb Fig. 13 Multi-objective optimization repair sequence
Fig. 12 Pareto [rontier comparison resilience curves
F4 IREE
Table 4 Working cordition setting
T i¥5z &S IT
) o ok 7-12-4-10-1-9-3-5-6-2-8-11
S5 R A0 52 03 B AR AL 1 -
X [8] 23-16-13-25-20-27-24-17-26-22-21-28-19-15-14-18
. ik 12-11-9-7-8-6-2-5-1-3-10-4
EE-SStR/S=IL NER ) K 2 —
X [A] 23-13-21-17-20-16-24-22-15-14-25-18-27-26-28-19
) o ey 12-9-7-6-8-3-2-4-1-11-10-5
W 25 D RE W S 3 5 H AR L L 3 —
X [a] 18-17-23-21-20-24-13-25-26-16-28-15-14-19-22-27
o oyl 10-12-7-5-1-6-8-2-9-11-4-3
%\t 4 .
X [A] 23-20-21-17-24-16-26-25-28-27-13-18-15-14-22-19
) ik 5-2-8-7-11-4-3-1-6-10-12-9
BiBLIE 5 :
X [a] 25-14-20-13-26-17-16-18-24-28-22-23-19-27-15-21
s 1-3-12-7-4-9-10-6-8-5-11-2
T 416 52 6 -
X [H] 15-14-21-13-20-24-17-16-23-22-18-27-25-19-28-26

Z HARICAC B A8 S e 55 5 H AR AL 1k 18 2 I
J¥ AL B e — A4 BE K T R L ABLAE 93 Ak 2 A
YEPE XA SETL AWy 4 FHECT T 1 4544 2k B0
FITFRET 0,206 (5 H M 45 3% @8 W 2 1 5 1 2% )
REVR S 1 AR TE T 3. 2% F 2. 6% . XF HL B A A
et e 2T » 2 H AR A48 ST 19 25 5 K 2
JIPREFEIERE R 0. 1% ~1. 8% . Z Hirfhib BARA
RE ol 15318 ST A ) 4 B2 1 K R 0 Rk 31 e L fHL
HEFEWE I KON LR G %18 3 MK R
T3 B R B2 H RS AR B A5 148 S U

5 & i&

(D)2 A4 2 SCHR T 038 528 2 48 1 1k fE

CRVRE NI Y e . ST T
Fig. 14 Comparison of restoring forces of []['ﬁ]@ E3] @l ’ Xﬂ‘ﬂ:yﬁ Fﬁ Z:Fjl‘ ﬁ ﬁCJE % éff‘ E/\J ‘W £ jj 1£|Z m E

different repair sequences éﬁ °



% 6

FEF FRTHEBRAAE

J& 16 B 5 Ak 225

(2) 3 335 A T A5 9 08 52 LT AT DAAT 454 T 4k
THE 2l R G S DA IR E 1 L R G RE
J7o 5 BEALAE S AH H 25 0 2 kL I 45 3% 3 99 2% ) g
Ye PER S F1 B KARTH 43 50 0.8%.12% 9%, 484
W S e REETHH 6%

(3) Z H AR AL Ir 15 1918 20T AR AS Rl (i 745
BAANYE B RS ) 3k B B R AR LR G W I E B
AT PR ARTHIRE R 0.1%0~1.8% ., 4
LR R AL K Tt B Y ORI H AR
TR 5%

(DA S Z B bR e A0 A5 78 2 — Bl e 250 AR AR
RFEWMBTPELERAGAME WK mBERE
G FE 149 7 3 . 0] R AR A S5 H e s TAERILE B
SCHE L RS R T R T IR T LI AE AR
2R NN RE S QR =8 N T 1= RS G AW GRS R AN
77 1 it 55 1) R A, 23 5 W R Gk R L AR S S BF O
Hh ot B R

S % Uk

References:

1] e AR i 223 528 i &%, 2025 4F 8 J 3 i i
A28 38 5 BUE S ik [EB/OL]. [2025-05-01 Jhttps://
www. mot. gov. cn/fenxigongbao/yunlifenxi/202509/
120250909 4176362 html,

Ministry of Transport of the People’s Republic
China.

data in August 2025 EB/OL]. [2025-05-01 Jhttps://

Quick report of urban rail transit operation

www. mot. gov. cn/fenxigongbao/yunlifenxi/202509/
t20250909_4176362. html.
[ 27 TDA H, HIROTO T. YOSHIDA N, et al. Damage
to daikai subway station[ J]. Soils and foundations,
1996, 36(S) . 283-300.
XIZESC,E AR . DO MR A R G R R
JaAtEL) ). AR B AR 2008,3(3) : 243-250.
LIU Ai-wen., XIA Shan., XU Chao.

£3]

Earthquake

damage and post-earthquake repair of traffic system in

LJ 1

Prevention,

Technology  for
2008, 3 (3):

Wenchuan  earthquake

Earthquake Disaster
243-250.

[4] YASHIRO K, KOJIMA Y, SHIMIZU M. Historical
earthquake damage to tunnels in Japan and case
studies of railway tunnels in the 2004 Niigataken-
Chuetsu Earthquake[J]. Quarterly Report of RTRI,
2007, 48(3): 136-141.

[ 5] HOLLING C S. Resilience and stability of ecological

systems [ J J. Annual Review of Ecology and

[6]

[8]

[9]

[10]

[11]

[12]

[13]

Systematics, 1973, 4(1); 1-23.

BRUNEAU M, CHANG S E, EGUCHIR T, et al.
A framework to quantitatively assess and enhance
seismic resilience of communities [ ] ]. Earthquake
Spectra, 2003, 19(4) . 733-752.

X g T 2 2 1 Y KA I BT R B
B 55 0 vk 48 T SR m [T, 3 78 BT 5%, 2023, 46 (2):
271-279.

LIU Wei, WU Qian-xiang. Seismic resilience analysis
of water distribution networks with multi-components
and resilience improvement strategies[ J]. Journal of
Seismological Research,2023, 46(2): 271-279.
FRALE RGREE S BHRRE N =4
R E |IPAL 7T . TR 2%, 2021, 38(2)
146-156.

ZONG Cheng-cai. JI Kun, WEN Rui-zhi, et al.
Quantitative evaluation method of three-dimensional
seismic resilience of urban gas pipeline network[]].
Engineering Mechanics, 2021, 38(2): 146-156.
SERRIE. ST b Bk 0 46 B 1k 0 T AR S R TR RIESE LD .
JERT I E AL K2 . 2022,

WU Qiu-ting. Evaluation and improvement of urban
subway network resilience [ D ]. Beijing: China
University of Mining and Technology. 2022.
AW ERAN BN E FRURE RS MR
KL o 23 24l 2021,34(2) 1 98-117.

YUAN Wan-cheng, WANG Si-jie, LI Huai-feng, et al.
Development of intelligence and resilience for bridge
seismic design[ J]. China Journal of Highway and
Transport, 2021, 34(2). 98-117.

B XAl B R T a2 v T b Bk T
R T[] ]. KE 5 2021,36(1) - 32-36.
HUANG Ying., LIU Meng-ru, WEI Jin-guo, et al.
Research on urban subway network recovery strategy
based on resilience curve[ J]. Disasterology, 2021,
36(1): 32-36.

LI Z L, JIN C,

Resilience-based

HU P, et al

transportation network recovery strategy during
emergency recovery phase under uncertainty [ J ].
Reliability Engineering &. System Safety, 2019,
188(8) . 503-514.

LR LR 22 AF ST B B 5E M 2 Bk
PG BRI A [T 1. 35 RO 27 4l (L2 RO - 2023,
53(2):396-404.

MA Min, HU Da-wei, SHU Lan, et al. Urban rail
transit network resilience assessment and recovery
strategy[ J]. Journal of Jilin University ( Engineering

edition) , 2023, 53(2): 396-404.



226 ¥ XFFHROAAAFR 2025 %
[14] AL-SHALABI M, ANBAR M, WAN T C. Energy and geographic decision-making: Principle, current
efficient multi-hop path in wireless sensor networks situation and prospect [ J ]. Journal of Earth

using an enhanced genetic algorithm[J]. Information Information Science, 2023, 25(1): 25-39.
Sciences, 2019, 500(10) ; 259-273. (21]  SHLg. e #.BR  Hi. 5. 36T NSGA- I 4 %2

(151  E4%.okbesr . g 23, 3k 5 B4R AT 1) XU AL HKEZHARgE B R M RIT] LA T R%IR,
Al 418 P Sk LT . 3 50 B4R A 3 & ¢, 2019, 2024,57(5) :41-52.
25(5):1151-1160. DAI Li-zhao, KANG Zhe, CHEN Rui, et al. Study
WANG Jin-he, ZHANG Xiao-hong, ZENG Jian- on multi-objective maintenance decision optimization
chao. Optimal maintenance decision of wind turbine of bridge networks based on NSGA-II [J]. China
under imperfect maintenance model [ J]. Computer Civil Engineering Journal, 2024, 57(5) . 41-52.
Integrated Manufacturing Systems, 2019, 25 (5): [22] CIMELLARO G P, FUMO C, REINHORN A, et al.
1151-1160. Seismic resilience of health care facilities[ J]. Anidis,

[16] #HEME. B, B B, % I TR L X3 2008, 2(4): 64-70.

W4 & )G B 2 e 5] Lg%, (23] 2 8. Z2RK, B F T RPN IR A
2024,41(5) :211-223. Sl R AR SE I T LT ) KRE R i (A AR
YANG Guo-jun, MAO Jian-bo, TIAN Li, et al. J2),2025,45(3) :141-151.

Analysis and optimization of post-earthquake L1 Ting, LI Letian, MAO Xin-hua, et al.
restoration priority of bridge network upon Convenience evaluation method of bus stops based on
fragmentation [ J ]. Engineering Mechanics, 2024, complex network theory[]J]. Journal of Chang an
41(5) . 211-223. University (Natural Science Edition), 2025, 45(3):

[17] HAN X, YANG D Y, FRANGOPOL D M. Risk- 141-151.
based life-cycle optimization of deteriorating steel [24] JEHASHE PR £ T MR 00k a8 52
bridges: Investigation on the use of novel corrosion PR RS PEREVEAL [T 1. B Ui ik T FE 2= 4% . 2022,
resistant steel [J].  Advances in  Structural 42(6):1165-1173,1190.

Engineering, 2021, 24(8): 1668-1686. FAN Shi-jie, YOU Dan, HOU Ben-wei. Post-

[18] & g,z . HT NSGA-TWIRTHRRSGEG carthquake performance evaluation of urban rail
"R E M S]] TR J 5%, 2021,38(3): transit network based on network efficiency [ J].
148-158,180. Journal of Disaster Prevention and Mitigation
KOU Zheng, LI Ning. Study on earthquake resilience Engineering, 2022, 42(6) . 1165-1173, 1190.
analysis and optimization for urban bridge network [25] B %8500 5 H ok, g o 45 0k 55 000 A6 5
system based on NSGA-[ algorithm[]J]. Engineering IR E RG] @iz 2% TR SFE, 2021,
Mechanics, 2021, 38(3): 148-158, 180. 21(5):198-205,221.

[19] Z=RE.5k M. KWE, % X T NSGA- I £ LYU Biao, GUAN Xin-yi, GAO Zi-qiang. Subway
H bR 35 180 32 9 e SR A AL W5 [T ). 2% 9N 383 K2 24 47 network service resilience assessment and optimal
2023,42(6) :29-36. recovery strategy [ J]. Journal of Transportation
LI Hao-chang, ZHANG Yan, ZHANG Yu-xin, et al. Systems Engineering and Information Technology,
Research on multi-objective road maintenance decision 2021, 21(5); 198-205, 221.
optimization method based on improved fast NSGA- [26] Federal Emergency Management Agency. Multi-hazard
I [JJ. Journal of Lanzhou Jiaotong University, loss estimation methodology, earthquake model,
2023, 42(6); 29-36. hazussMH 2. 1 technical manual [ R]. Washington

[20] miEH. ERE,RKE. Z HEMHIL NSGA R¥5 DC: Federal Emergency Management Agency, 2012.
AT M AR SO BUIR S R BT, R £ B R [27] DEB K, PRATAP A, AGARWAL S, et al. A fast

24 ,2023,25(1) :25-39.
GAO Pei-chao, WANG Hao-yi, SONG Chang-qing,

et al. Multi-objective optimization NSGA series algorithms

and elitist multi objective genetic algorithm: NSGA-
n .
Computation, 2002, 6(2). 182-197.

IEEE Transactions on Evolutionary



