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Post-earthquake urban bridge traffic capacity loss assessment
considering effects of structural component damage
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Abstract; As key components in urban transportation network, bridges play crucial roles in post-earthquake relief
and reconstruction efforts. However, existing studies on post-earthquake losses of urban bridges primarily
concentrate on repair costs for structural damage, paying less attention to the loss of vehicular traffic capacity,
which makes it difficult to provide effective guidance for post-earthquake emergency responses and bridge
rehabilitation decisions. Therefore, in this paper a method was proposed to assess the loss of post-earthquake traffic
capacity of a bridge by comprehensively considering the seismic damage to bridge components and its impact on
vehicular traffic. Firstly, in order to accurately analyze the effect of the earthquake on the bridge structure system,
a seismic fragility analysis of the bridge system was conducted using the copula function, considering the
interdependence of damage to bridge components. Secondly, an evaluation method was proposed for estimating the
loss of traffic capacity in bridges due to earthquakes. Finally, the proposed method for assessing post-earthquake
vehicular traffic capacity loss of urban bridges was tested through an example of a 4-span continuous girder bridge,
which proves that it is more accurate and has less dispersion and uncertainty compared to existing assessment methods.
Compared to traditional qualitative and subjective postearthquake functionality assessment of the damaged bridge, the
proposed analytical approach considers the specific impact of seismic damage to bridge components on the traffic capacity
of the bridge from a physical perspective, and offers a mathematical model for the decision-making process.

Keywords: bridge seismic fragility analysis; correlation of structure components’ damage; vehicular traffic

capacity ; traffic capacity loss of bridge

WA 2024 -05-24; F R EH: 2024 -07-08; MEE %X BHA: 2024 -08 - 14
P48 B & Ml : hitps://link. enki. net/urlid/23. 1235. T. 20240813. 1100. 002

E£WA: ERARPHAES (02239253) ; hac 42 A B+ & W5 H (YSZX-01-2022-01-B)
YEE B 22K (2000—) , B WAEAF5E A s SR AR 5L (1974—) 53, 38083, Tl S0
BEEE . KA, dongyu. zhang@ hit. edu. cn



36 - S NS D A N - ¢

557 %

SR TTATR A SRy SR TIT S 308 ) 4% (1 5 R Y
WoRR K E T oy e A B B SR AR A, S B IR A
WEATRE ) R T E R R RS RO N R
iz, R, HERR AL AT R AR IS 4 AT g
PURAL AT LEATR B A2 2o A v B B DR 3R BT
SrECRZAAR A TP IR SE 9 38 mT LLAE e
VRFR ) A5 T O AR A SR A AR SR

HoRR G A A i ST 1 MR B S SR R
AR A OC R SR B RR J5 DI RERUR VAl i A, B
BBy i o My ik R 2y S =26 2R By oy
B S S BIE S BT AR & 2 B A3, Li 550 Bk
TN A=A R R R, ot i A Lk e
PIAGACRY 4 M 15 5377 R 5 SR 22 8 2 LR DA
J71: s Rezaei 5 AL 2 BORAFS 18119 05 12530
il A A OGS RS MR R N () Y S R BT
SRR Gy AT I 2 5 SR8 T 2 el A ST A
R I ELE T a6 RUR 9 45 13 40 FRCR 2% 7
M TR RS HOE L T HF R AE AR, S B T AR R
RE G LT

PRR R SR I R AT ik 7 R — il
JE B INA AB SIS AR A5 T2 45 2 5 40k 4 b
PARRR IR PR s IR T A R A s R A E
SUBF R REBURTEbR . RS20k, Li S
SE T AEHT R 3 R AR 5 R A 5 48 A B X 5
I T ARG TR BRI DN REBUR PG ; B R
P46 R T A O £ 0 B R R R, ST T AR S
A i AN B T A5 R B9 58 T AR (A HE SR ; Liu
SETIR R TR RS D R IT A AR bR I R B 2N T
R LA e ISR bR i 2 4E DI RE K
R R, EEXTH 207k, Dong S50 EESE TR
YRS I 8 [ R T RO ABE 4 A 1 5 e T A SO
AR TR G Al 5 BE R AR R I 2 e
LB J7 5 Ghasemi S5 {ff AT 52 B 2 WA 2 10 7 J
BOPRAS BRI T — Bl 3R T AT SR MR8 RO 5
SURE ARSI IR A T O7 05 . e R R E I 2
(] T A7 24 T BT RE S 52 9N B R N B3 5% 7
ARBTG5 nis i R 5 28 L v b
o B LR G PPA T3k D0k Tl 1 TR A R 1
SRR T D RE R R, e LU R R R SR
ARG R RSP s T M2 T 2R ul P L=
TR B E SCITRESE bR R AR AT DL EDUL B Wt A S
JREATIIREIR (R T 2 5 BBk = S PR )
B S ME LUK i A 28 AT S 52 il AT 2 RE A G 2k
AT il SR PEAY

AT FEE ARG e S S R RS S =
Ja DI I B X 5 &, T ARG R SRR R DI fiE

Frangopol 45" MR 4Jg 7% J5 3 41485 it i 2 1 S [ 2 3
YA R DIREBR YW AT P SR e Ry A
1R AERAT AR RERI R R 1, S R T4t
YA S 5 2 1B, o7 B o A= 4038 1 T , D RE 2
0.5; FRRAEM BT L RARK, Eid /i G )6 &
RSB TR 4 PRS0 R Y T AR 2k 433l
40.22.0.45.0.72 . 1; Liang 25 i J 7 =/ 45
B RN D) RE A | AN TR 45 45 R 25 % L 1) Ty
fEMI XA 5095 0~0.5.0.5~1.0.8~1.1, i
b BRI AT LUK B, AR R 2 3 MRS 2 56 4 s (A A
ZRIR A 5 T e Z A% R 6 RAFAE . 22
S, P B0 AATF 52 5 D BB R TG 25 R AN R
FHIF], A AER R 0

R T SR AR AT B R S AT DI RE RS AR
SCH Y — T AT S {2 A s e ) 3 e A7
R BATIIREU R IEAL Tk, B, PR T R
TS IIE ST, R copula BB ET 73 A7 1R 2 44 121 A A
FHOGHE | 15 ST R (AR5 03 RS 1 b iR B b i 4%
R TRA ST W 75 5 W 2 A2 4030 17 BE ) 119 G
N RIS B IR R K3 %S5
PR T8 2 T /D 55 7 G A A S 4 UK T B0 4 A T
B AT S I 1 22 5 S A T D RE R ST B
R, VA=A~ 4 B SR04 ], S0 UE T A SCHR Y
YR TR AR S L AT ) RE AR R DT AN O vk 1A AL
Ve, ARIGRFFE 3 DA AR J5 A T D RE R P EA Oy
2, BT 705075 1 T AR R A 1 7R 3 X M R 4
WA TRE S (B R ELUA SERR TSR AT
FH T 45 507 B 00 72 5 3 A 7 D BB AR A

1 HFRHRE 2 Bt 47

1.1 HFEBEEGESHES R

M G b 5% 2 P 1 0 BT 2 R DR 5 R a1
DBei 2k bt 9 i JE At A SCR F 3 18 30 1 43 i
BV (IDA) M HR R A 52 5 . AR LA
W E 0, LA o T A e oS v
PRFERZ KT CSEA E, K, A S
AT SR S VAR 1 B M 3R S it AR &) Pt e 4
MR BRE M R S SR R R R R D ik
F o HYTRRE S € BIRER, i RR N
In(D/C) } ()
VB +B:
K ®( ) IbREIER 730 R AL, B, F T 2 MR 75
SRXTEAREZE , B, T RPUR e I XN BhRfE 2%, Y4
T s 9 i 5 Kl M E S W 4 0 U A
JB +BIHL0.5,

g7 GEFRE TR SR D S E s E S

P[D=CIM] =<I{



5513

ERM, A B IEMIEREE R A3 AR R AR SRl AT DR PP T ik 37

A 2R (2) |5 a b I A,
3ok DA J7 2R L A M T P AL & e

InD=a+bln M (2)
K (2) A (1) W45
PLD=CIM) = @[« =N C] ()

1.2 EFEMERGEXENFRRES RS T
P SO 9% 2R GE i OB R R 1, B B 2
S RECRR R GRS T R G R B
— B TUARTE s (EXT T IR 52, [] — 55 SRR AU I S
FE7 T REARL, 328 158 5 40 D RSB AR ] |, T 3
LB SO R BRI SR GER B, AR SCA IR
SEOR S D) AR I T 2l 1 AT 2 2 A R HH R
g, PRI 2 2R G0 B AR ) 7% 2 P o, AN (U e .
AR SRR Sy 0 1 5 A R A 2 T ) R
AR S R, A SCAE T copula pREL™ K43
BT M G5 1R 421 10 1t 522 i 17 A DG | 7 4% 728
GO A B SIG ML T IR R, I 13 BBy 2
BARRG G RS Y RG24 7 RS A
JRU , AR
PLfi(x,) <0,f,(x,) <0] =
PLF (fi(x,)) <F (0),F,(f,(x,)) <F,(0) ] =
P[Ul <F1(0) ,Uz <F2(0>J =
CLF, (0),F,(0)]=C[P,,P,] (4)
X f, e i D HEE T RGBT BE R L,
P AT RGEBIAER, C[ - | 2T RGN
If 2 A= B AR
MR (4) RIS, Fhy SR8 R0 B 3 056 A4 0 A
B RGNy
Prritee = U (Ping P cotunn ) =P bearing T
P umn = CLPusing + P cotmn | (5)
T 2 P TP g 9 SR FIATR B3R 21 BRI B I 1)
WEAR, w11 A R R B R E 5 P
AT BRI B
1.3 Copula & E#E S ix
AR T Gumbel Clayton F1 Frank 3 F4 UL
(BT B K FEFE copula MR, TR RGEA MY
AR n] e K e copula PR A= R oT o A,
Hg— kU (6) , FTIE K% copula PRELAY
S0 HAH AR 22 [H] 1) Kendall BRAHSC R BT,
3 Fit copula PRELINA BT @ 539010 -
C(py oty oy 30) =@ 7' (@(py50) + - +@(py30))
(6)

1, _ L
QDCIayum(t;e) :;(t ’ -1) ’¢Cl;y[()n(t;0) =(1L+6r) 7

(7)

1
QDGumhe](t;e) :< _ln(t))07(p(;ulrv)l)e](t;0) =exp( _tg)
(8)

0) = - M)

gDFrank(t’a) - log(exp( _0) -1 ’

P (1:0) = =g In[ 1+ exp( =) (exp(=0) =1)]

(9)

T I E FT i copula PRIEIUR: 15 BB S KL L ST

FF IR 2 [B] B AR 2 5 R | 8 FH AE 25X Kolmogorov-

Smirnov Gt i1 HR 77 XT3 i copula PRI ST Y A

AR R gt 1 i AT LA g U

D=max|F (x) - Fy,(x) | (10)

Ko F () IR S0 IS 7 A1 BREL Fy (x) S5

ARG B 1Y 23 A1 B8 D ARRAEA I R B A

G341 5 45 43 A Z A BE B i (8, XY D < D, I BT ik
copula PRECAT 4257

HRAE 3 FHIUA copula BRELII T ARIRZE (Spe)

W E A copula PREL, NI MR RR R G 5 MM 4

S R A

1 n .
Sgwe = n Z (Pi _pi)2 (11)
i=1

Kron BHEARDNEL, pr FORAEEMR, p, KR
2 B REATER B KT
2.1 HrRBITHE

PR imAae Sy R AR I W S AR R, — i
(i) P % 5 it e a2 38 UL (R RE T, R B T AT R
T AC I W K e SRR ZE a7 AR BR A, SEBR
ST HMRRIEATRE S ¢ W RN N

C=nxfxC, (12)

A on NAEERG S WATRRM B IEREG C, IR
FIEEASHEATRE ), FE AR S N I B A T RE
CIEC =7

c, _3600 _1 000v

ty Ly (13)
1 Sk /NI 0 AT A 5 S Ak A
INTETBRG , E AT SRR Bl | wIAIL S
AR 2 AR PEIE
R LRI 14 S8 2% 1 A 4 Sk B /N R AN &
ARk, DIPTSR I B RE A5 2% LE & Ok R 52 J5 M 2 3
Fromesi sk,
et —mtog e ek (14)

Cp e npre Upre

o Ve *ﬂvmstﬁj\%']%iﬂ%?ﬁﬁﬁﬁ?ﬁ‘ﬁg e ﬂTnPnsl

)




R

S

- 38 - T

=

Eild 57 %

B
1

SRR R AT RO kR R IR
VAR KL b, AR R AT B B YT AR L
2.2 EREBTREETHETE

o i M TR W 20 4 VS8 K DR RTIAT Th MR B 2 32 )
AT R A E BN AR S IR R A AR 5
IRAEHRRAE TR Al RE 227 AR BOR B AR 7%, B 2=
A RE S A AR RIS | S O R 45 4% v LR MR A
AR A% I TR IR UL IR 1, Bt i B e AR R, ¢
A S A A A T 2 L BB A R B 0 )N
AT Sl R A A o A 0 T e e 4 4 T A BIR B
B BeAh, i T ARV S BRI AR N A
SO A i AR AR I ARSI T A SR

E1 FREIEEERR
Fig.1 Seismic damage of bridge expansion joints

2.2, 1 FRE SR A SR s

AP L R AR aE L FRE W] Ao 3 AN B T e
2 BEMMZESE R E Mgk, T AR R T MigE sk
F v g BB/ M BT B 2 IR Edtiz shal
AR R T AT Rk F AR T R R
o] 4t AR 4250 5 BRI A BE o 435128 .
F

AR:f (15)
a=2/R*-(R-AR)? (16)

b KOWRERGRIRIEE . 4 45 o T A 4% rhon Ak
TR RTRHR P W2 | W 23 B 00 AN A2 B TR SO, e 4
U A AR

AR =—F _AR® Td (17)
K¢ -d a
a!
a' =2/R* = (R-AR’)? (18)

P o d NRGREE R SE T o il 1 R Ag S I 5 iR 5
SRS AT PR A R o 20 4 R 00323 0% T s 4
WZIE AR - AR R i AR 4 i AR A R
WM (ERS ho AR A AR SE T BBE N 0 F2
NF ARG P R B R IR b, 1R
fih i 2 12 Sl LI R A% PR

I d I a-d I d I

B2 @R ERE T
Fig.2 Trajectory of vehicle wheel when across expansion joints
W AR SERT E R R N A S FEUE R R
i re e ks, AR SCR T 1/4 /N 460 B 8 f
JEA B I 2R (B 3) , T o pr i 4 g 77 LR 1Y
FWiEHARGEES, RN AEHTEWEH RS
OESIPAE= Y
Mx +C(x—y) +k(x—y) =0 (19)
.M =500 kg, C =2.50 x10° N-s/m, k =3.33 x
10* N/m,x W EFHEHERGN R MO,y WERS

TGRSR 1 RS 1 2 7%

]
I
3 % EmER 2D

Fig.3 Single-degree-of-freedom dynamic model of vehicles

2.2.2  ZEARETIE BT

HRAE 2 (19 ) SR A 80 3 el 45 4% 1 2 400 1 o o 3ok
FERTRR , 44 BE X (20) 3580 18 i) o 3 3 34 5 AR,
1G0T 180 BRI A Ay O ek S AT
QP 3 JE 2 (AL AR S 2R

a = /LTLTaZ(t)dt
A T R B Al 2o A S A B[]

F1 MUMEEHFRESAEEIREZZ BHXR
Tab. 1

(20)

Relation between weighted root-mean-square acceleration

and human subjective perception

SRR IR PRI A TR

PN YT
(mes™?) (mes™?)

<0.315 <0.315 WA AEF IR
0.315 ~0.630 0.480 A AT e
0.500 ~1.000 0.740 ARG i
0.800 ~ 1. 600 1.150 AEFIR
1.250 ~2.500 1.830 TRAET R

>2.000 2.000 B AET MR




5513

ERM, A B IEMIEREE R A3 AR R AR SRl AT DR PP T ik -39 -

AHa =1.15 m/s* 2 VE R R G AT LUIE H 17
BB BT s R BR AL, S DA A 7 I e 4 G 4 ok S
B/ N T RERT A AR SE B SRV . 1R 4
T EMRGRSERIIR TR ] 5 om AT RS R
] 7 J3E 5 o 2 4 G PEE R TR Y G R

16

—
N

—
(3]

—
S

v=15.05, d<0.05m,

A4 5215 1 B v/ (m-s ™)

o | v=23.17e°7, 0 0.05 m<d<0:25m,
v=0, d=0.25m
1 1 1 1
0 0.05 0.10  0.15 020 0.5
145 4% 55 B d/m

B4 BERFHENZEESHREOHFETEZ BXRME
Fig.4 Relation curve between vehicle control speed and bridge
expansion joint width

2.2.3  HARHT
P 25 05 30 AP 4 G R R, TR T
SR A TR O T R AR T R
A SCH B A TR B R A TRl R Sy A T
R B R = AR
ZEAR T Bl A AR S B B B
i s R 2 0 il 3k B B, - 349 T A A SRR R S I
B0 250 0. 54 s, V- gy M 45 i iR R 0. 22 s,
SR NEE] 0.76 s, V- EIMBE N a =1 m/s”,
AR SCEENT WY RS AR TR FE R T LA 3 M B
B 1) 44 2 38 A 45 4% s A0 D 0 &8 4 i o
2) A B AR 2R A 3 e e R 80 km/h33) R4
DIE SIS AL AT Gt B A) A Tk B B B2
vy, LA v EEFENT LT R ¢ B SR
Ry L, v 5% i fof 45 48 b A2 TS RE 2300 A v, L, , DU
ZEAE R R B R] ¢ AT RN
t:t1+2—vo_(vl+v2) (21)
a
2u5 = (v +13)
Voly + TBL,
max (v, ,v,) <v, <80 km/h, 1,=0.76 s (22)
A(22) 4 TEATHE] ¢ S B AR AA, BRAT
0 (21) F1(22) AT SRAGF 4503 W e/ INBAT IS T] 2, o
2.3 ERFHFEEHITEAZE
2 5 TR T U 5 R A T RE T 1 D) — DGR A
R, SRR B IR OC . HhRE AT B 1 BT L

SR B AR BB A, S BOR R MR T
RO MR IRAE H R I8 4T rh i A 4R R B S e R (B
Bk A ) 55 Wil A A5, h TR ER T2
TEREA LI, N T IR B 22 A R RE (R it
ARELL BN B TR ) | o B/ R Fe v o
T, I R 0 e B AR S, AL AT 0
T AU RE N I 2SS T 5K 38 W] LGP R 32
U E I IFFE N O — SRR A SRR A 1 AR 2 e
SRR AT, AR TR, 3 21 A
TGRS T R BGE A TR i
K2 ERGRBROGRESEITHEENELLRD

Tab.2 Relation between bridge post-earthquake damage states

and traffic control measures ?”’

LRI S o int /1] PR JEEARY; e efif
WATHIE  IEWIEAT JPR—RE pRGEAfT ARkt

R R B AR W P LA AR AR R S R
5 A AT i =2 1] B A PR RSTRA e, AR SR T =
FIE SRR L R B (MF) = A R RS S R R
TP A BB I RO . = f 10 S i J3E PR iR
A B 2 AR AL 005 0 25 00 R OB AT R 5
P RARAS SRR IR R Bk, 1 = B SR
R FE R B IR 5, MR SR AE T A T REAR 5 0 14 72 ) 42
R AR Bk, T 2K (23) PROIROT . th Tk
SRR TE RO R I n = [ (1 - k,) xn, o H
i, [ D AU,
k(o) =U,[P(S,,) xk(0,)] (23)
Kk (o) Ry 5 4 T8 BT VR BRI B L
P(Sy.) WFRRAR GRS NS, I BIHER k(o)
SRRV EIEE S CURE X UL ke

1.0

0.8

0.6

0.4

B

27

0.2

0 | 0.2 | 0‘.4 0.6 0.8 1.0
TR R TE U TR Ak,

BHgt O %484 22 =28
Bs5 RERFENBAMREERL

Fig.5 Membership function of post-earthquake lane reduction

coefficients



R

S

.40 - T

Iy

»e
2

K 1l %57 %

2.4 DgEHmARHATENE

HISCHEST. T 255 % 8RS e T A TR BRI R 5 4
IR AT R T A R R AT RE AN A R L
TEVPAG I R AP TE MR 3l S5 A 7R Be ) 4R S
PORIRAS B X R A A e AR &, S ER R

R AT I RE R SR e — A BEALAR B AR Sl
SRR IE | 5 BV Al A i AN 2 1k
FRR I B T A R A B A T
INBER MIIME w ShRUER o, 18 6 S5 T % B
R P B T SRR A T D RE I R IR T A

T
MBI B s bR
P PPN
B i -
A
P
\ 4
(R
B R SR
\ 4 \
T, pS———
&
SRR R
%%%Eﬁﬁ%ﬁﬁﬁ 2

s s
6

MR BEEEITRENIRKITEIESR

Fig.6  Evaluation framework of post-earthquake traffic capacity loss of bridges

3 HHl A

R AEE
AR A X LI T R AT, O R R S AT e i
RAVPAL W D T 2 — e 0 A VR 5 3% B2 A, AL
] DU ZETE B 1T, B BE S AR AT BN 4 x 18 m, HF 5
19.6 m, WWE 7, B2 E3H 8 i T FIFHEA A, 32
JiE R M X AG i SR8 ( PTEB) A 4% i 32 %% (LRB)
ST KNI BE K, = 6. 875 MN/m, "B 5] M & K, =
660 MN/m , #5032 8 i i J5 7KW BE 5574 4 M
JEZ I a=0.156, S EPEE R B =0.2, TS5
P AP 36 R0 2 AR B, BRI R 1.5 m, I
FIZEEE RS om, YA 57 A 32 HRELAEH 30 mm
() HRB335 47 , 4l /1 EL42 4 10 mm, i /7 8] 5 5
100 mm,

AR OpenSees B2 7 A A7 FR TR AY
A ek et — 55— oL 2 A TR 200 S L ke EUATR B3 AR 408

3.1

ZERsE L ERESRAE R RE R T A AR
VER R AR RFTE RS SR FH LR A B ST, 33
NS PR AE Ay L RR v AL N2 A SR AR
e PE A CRE L 45 2% (8 FH Tmpact Material filf 18 45
RIS,
3.2 HRS/mESH

ARSI Medina ™) BT Y 4 ARG - i 4T
BRI S SR B B, N ATC-63 H#EFE Y 22 41
R S 7R B sk BT — 7 [ MR B, 3k 42 %
R, MRt RN % UL 8, WKl 8 7 LIE
AR SCHE PR AR B ) B % 5 BT RN AT A A
UF I HLZ5AE JEAA J 10T Ab 3o 25 1) b 7% 8 )R 1 i 5 1
TR REA X IR 25 /N T 15% , $5 25 4% 19 52 3hil
FIALTE 0. 1g B 1. 28 JERHIALL 0. 15 H2B K
W, VAT 1 R Bl i S A A B A BR e AR A rp 45
M R AR ], AR SC o O AR Sh U TR [ B
AMFFEEEFE (0 9 1 78 ) 161



551 R, A BRI PR E R BT R A T I RE R AL T - 41 -
5 1 800 1800 1 800 1800 5
LRB PTEB PTEB PTEB LRB
= 150
S
%’fﬁ cm

B7 BEOINRERNRE

Fig.7 Side view of the bridge structure in numerical example

S/g

0 1.5 3.0 45 6.0

8 FTiEEME RN R i

Fig.8 Response spectral of selected ground motion records

F19(a) .(b) 45 T IDA J ik g 37 (4 S e A
PRI E A TE - 2, 7 4 PRBACIRZS N SR 58 4
PO W R TR | 33 RO B XA S B A

TRy SR Y ESUR RO TR O B A
(02 At s TE SEBRPURR BT 3l 43 g el
Y She BRI S v (1, U/ S b R I 4 A
EPURPERE . AU ER IR AT A R R G 5
£, >R copula oKX ST 22 2 GE M (0 AH SC 1, #F
RAGHWIEMZ I 9 (c) , ATLLE L HRRS
RO AR T B — 1 R O %, B Al AN [
copula PR (M 2 R 45 5 0t PEA R R 3 AR AT,
ANJA) copula BRI 8L B0 BE DA 45 B 115 45 2R L
23,3 ' copula PREL) K-S K30 45T D /N T
I FHELD, 05 =0.209 9, [K 1 3 Fift copula bR & A] ]
TR RGP SRR AR S o TE RN
copula PR B A 1 00 5 4G (%) o ), AR SC BE P
Gumbel copula PR EE 7 2 RS0 o i AL,
P9 () H B AT: R 15 4 0 41 S8 N BB 5 A
RO B BRI ORISR w] LU B, AN ]
MEA D[] A 79 2 24 T8 B R i 22, 38 UE T Gumbel
copula pREAALAT B2 2 H 15 T AH G PR O BE

®3 = copula REMAMLETMISIRITHELER

Tab.3  Assessment results of goodness of fit for three copula functions

Gumbel copula PR

Clayton copula PR% Frank copula pR%X

HEFIRE/ (mes™2)

D Sy D Sy D Skue
0.2g 0.128 0.053 0.130 0.054 0.175 0.108
0.4g 0. 146 0. 066 0.157 0.076 0.208 0.109
0.6g 0.108 0.056 0.131 0.071 0.210 0.091
0.8g 0.062 0.028 0.056 0.032 0. 145 0.080
1.0g 0.093 0.036 0.081 0.029 0. 145 0.075
1.2¢g 0.095 0.042 0.079 0.034 0.127 0.078

3.3 HREITRENIMKITM

ARG (21) A (22) $-ALA 7k, Al RAFA A
LSl E T AR T S A Uk R ORI AR IS T
BIRER A, 40 5 DL 10 11, B R0 4 R E
AR I S RIS E BB R S T

ORI 55 R, 72 5080 0 2 (0 2
R K, LA I AP 1 WG Y7
SR IR, AR TP 263005 I 2, e
S 2o EIG, AT T L7542 5 0
A 00 P, R LT RC A AR



<42 - S NS D A N - ¢ 9557 %
B B
-] -]
5 5
S S
3 3
# =)
= =
hS hS
0 0.2 0.4 0.6 0.8 1.0 1.2
A./g
(a) MR ST R 5y 1 1 T 2% (b) #4545 1k fh 2
—=—Gumbel copula
1.0 ——Clayton copula .
I——Frank copula g

5 08 =
= e
=2 &
B o6 4
¥ S
X o
g 0.4 %
i S
}é

0.2

0 0.2 0.4 0.6 ‘ 0.8 1.0 1.2
4,/g
(c) R R G 5 B ik ih 2% (d) copula PR EHL & 3R T
9 MRERESMESH
Fig.9 Fragility analysis of bridge system

1.0

B JEIBATH AT R B

4./g
E10 RETREETBRRHHESIREES
Fig. 10 Mean and Std values of post-earthquake speed reduction

coefficients

BAERIER

11 AEMENERATERAFFREERS ZERIE
ZHXRR

Fig. 11 Relationship between allowable open lane numbers

and safety assurance rate under different earthquake

scenarios



5513

T, 4 IR T 0 T A T R A .43 -

A L7 7 sk B 5 2 5 B A AR ST, R
SC g M (14) /T RIS BRm AT RE 1 32Kt
BEHLAE G & AR 8 w ARSI 22 o, JLEE R
B 12, ATLLE Y, Rl 25 Hb 7= sl i B 16 K 4 8 i 7
AT REB e WG K FEDUR IR B ZUE 8 FEHIX.
MR HRE (A, =0.2g) VERTT AR 52 5 PR 42
WATTIRE AR TIIRERY 0. 84, P I AT DA Ry 1 22
FEFEAS MR A FH R REJE A 2 153 I 2l 750K
P B BA B BT RE TE R ; Bl R SR R 4
RAAAT D RE 2 Y (39 Ik Bz Wi/ X g2
R I R 2 T E AT Gl 7 ) R 2R A ] ke
SE T, SRR R 45 0495 R 285 X6 1 114 722 S5 P ik 4 1 K
H B BEAR RS AR AL 32 W/, HLA= I 44938
A7 TR 5 A i 4 5 2 SRR BSORE G I A 40 A
TR AT O B N S AR /N, X L
10 11 AT LUK IR, 52 I a8 AT U A 2282 th
Ja VIR B RS, R R A RE DT
e . B 1345 T A SCER I iy 56 Tl AT e 1 48
PRI B R R G I RE R 45 R 5 Frangopol
4l3) Fpeff a4 Liang 451 BT 4008 I 2
TR B2 AR PRTH S R X L T DR AR
SCAH BN AT B IS D Re i Ok B 3 K T DMEAR 5T 15
S5 R AE MR B 5 /NS s A SO R TR AR
AN 2 Bl B T 1A A D R R AR S RECE
0.472 I /T HAth 3 Fh [ 2 LFEFR AR 5 R EX
PIE (43514 0. 618 0. 878 .0. 581) . I, 4% S 42
B BE TR AT R ST FE R VTN AT G RR JiE D) R 2K T DA
PR VARG S5 ST | Ul R B RSB
R VEAG S5 SR AT 5

1.0 |

B - 079
0.8 0.|744

3o

RIFHREITHRARR

" 1 " '
0.6 0.8 1.0 1.2
Apg/g

B 12 FEWETRNMKIHESIREE

Fig. 12 Mean and Std values of vehicle traffic capacity loss ratio

B A
1.0  [ZA4 Frangopol&'3
RN Emefhisgn
[ LiangZ0s)
0.8 -
K
"]PI!ES
ki
R 0.6 -
%
T 04+
[E1

0.3 0.5 0.7 0.9 1.1

0.2 - w
o Ll
0.1
Apg/g

B 13 ETFETERANERMETZE B EXIERHH
BRI EERLE

Fig. 13 Comparison of bridge function loss between traffic
capacity based indicators and empirically customized
indicators

4 %

AR SR E BT AN A TR 3% 2 B S A5 %
R 5 AGBATREIIME W R R G RPN bR, 40
SRS T AR S BRI AR IR HE T 1 52 e
TTREST PRI B ZE R 3R AT B RN G 4, e A
MR R ST RE R, FELER T .

1) AT copula PR FE T B2 48 11 % IR
AR SCHE LA B 23 ) 20 5 G R AT R RGE Sy 073
Mro T Gumbel copula PR HE ST A9 25 #4014 AH e
B 5 RTINS RAT & B s . IR RGEBUR
BER K TAE— M B I RE 2, (8 T R 48 5 ¢ vl L
SEANTRER S B A IR

2) MG GE P R D) RE A 2 PP A Hi T4 8 SR
SER PR IR W 22 4 ) e R R 2R B8 T I 52 ), 22
W& YRR F IS G AT B B ) R Ak, AR SO ST R
L, BEA b2 B3GR, AR i A 7 sk B A N A {9
JIN T LS HICHERE OR X A e A T e A B

3)ACHE Y B AT RE A — A B S bR B
B O RE A A G P Bt 2 BT RR W FE A, T LAV
VA R PUR T g, o TR S b PRt 2 2%
AHELT LIEWRSE , 2 T30 AT e ) 48 An 11530 09 1 22 3
DN RER R (I BOR , B R AU

AW AFAELL T LA R ZAL 15 5%, A S0
% L IIC 7 b R Bl N AT R AR S A5 RS B s ) | AN T
= X 30 SRR AN [R], XA R R B 52 i AN []
JE SR B 2R G 75 S8 5 X L RE B | 18 37 X b 72
Bl AT DR B AT 2 A B 5 LU AR S
JEH RN (A TR SR A R A R I N
A [RIAE A XoF b 522 o 9 00 % o 8 5 A A — 2 5%



<44 . S NS D A N - ¢

557 %

Wi, AE AR FE P 4 25 JEE 2 S B AN ;
i, o T PRIERR R AN 28 ATl R LR 2
il A R B R I SRR ) SE AR AR RE ) (E AR S i 4
PRSTS84 T DI RE , 20 1 AR S 1l 72 i
R AR AR AL R Se S AE VA IR SRR R AT
THRES IV %5 18 22 4 £ A AR

%% ik

[1]JCHEN M, MANGALATHU S, JEON ] S. Betweenness centrality-
based seismic risk management for bridge transportation networks
[J]. Engineering Structures, 2023, 289. 116301. DOI.10. 1016/
j. engstruct. 2023. 116301

[2]BOCCHINI P, FRANGOPOL D M. Restoration of bridge networks
after an earthquake; multicriteria intervention optimization [ J ].
Earthquake Spectra, 2012, 28(2) : 427. DOI;10. 1193/1.4000019

[3]LIU T, MEIDANI H. Optimizing seismic retrofit of bridges:
integrating  efficient graph neural network surrogates and
transportation equity [ C ]//2023 Cyber-Physical Systems and
Internet-of-things Week, CPS-LOT Week Workshops. New York:
Assoc Computing Machinery, 2023, 367. DOI. 10. 1145/3576914.
3587503

[4]LI S Q, LIU H B, FARASANGI E N, et al. Seismic fragility
estimation considering field inspection of reinforced concrete girder
bridges [ J/OL]. (2023-04-28) [ 2024-06-12]. https://webofscience.
clarivate. cn/api/ gateway. DOI;10. 1080/15732479. 2023. 2208565

[5]REZAEI H, ZARFAM P, GOLAFSHANI E M, et al. Seismic
fragility analysis of RC box-girder bridges based on symbolic
regression method[ J]. Structures, 2022, 38 306. DOI.10. 1016/
j. istruc. 2021.12. 058

L6 IXIVE. HTIRG HHES DIREI K A - (R4 & B4R Hh e XU B
SEMEPERE[ D], RS IR/REE TR, 2018
LIU Yang. Seismic risk and resilience assessment of steel-concrete
composite girder bridges based on hybrid fragility and functionality
loss[ D]. Harbin: Harbin Institute of Technology, 2018. DOI; 10.
27061/d. enki. ghgdu. 2018. 000024

[7]LI H, HUANG Y, GUO E. Construction stage seismic resilience
evaluation of a continuous girder bridge with the cast-in-place
cantilever construction method [ J]. Tehni¢ki Vjesnik, 2023, 30
(4): 1010. DOI.10.17559/TV-20210929102016

(8] BRI, #i5e, LM, . HeT by il B 45 Bt o ok
A i AR B AE R AE AR R A T BN I [ T] . HAR R E I,
2018, 27(4) . 1
LYU Dagang, DONG Yao, WANG Minxiong, et al. Societal life
saving cost based on improved LQI with applications to evaluation of
earthquake fatality losses[ J]. Journal of Natural Disasters, 2018, 27
(4): 1. DOI: 10.13577/j. jnd. 2018. 0401

[9]LIU Y, XIANG C. A comprehensive framework for evaluating bridge
resilience; safety, social, environmental, and economic perspectives
[J]. Sustainability, 2024, 16(3) : 1135. DOI10.3390/s5ul6031135

[10] DONG H, MA R, HAN Q, et al. Quantitative assessment

framework for the post-earthquake traffic flow capacity of bridges
based on the loss model of vertical load-carrying capacity [ J].
Journal of Bridge Engineering, 2024, 29 (3 ). 04023125. DOI.
10. 1061/JBENF2. BEENG - 6418

[11]GHASEMI S H, LEE J Y. Reliability-based indicator for post-
earthquake traffic flow capacity of a highway bridge[ J]. Structural
Safety, 2021, 89: 102039. DOI:10. 1016/]. strusafe. 2020. 102039

[12]WU Y, HOU G, CHEN S. Post-earthquake resilience assessment
and long-term restoration prioritization of transportation network[ J ].
Reliability Engineering System Safety, 2021, 211 (9). 107612.
DOI:10. 1016/j. ress. 2021. 107612

[13]FRANGOPOL D M, BOCCHINI P. Resilience as optimization
criterion for the rehabilitation of bridges belonging to a transportation
network subject to earthquake [ C ]//Structures Congress 2011-
Proceedings of the 2011 Structures Congress. Reston, Virginia:
American Society of Civil Engineers( ASCE), 2011 2044. DOI.
10.1061/41171(401)178

[14] EBefl, &R, R%F, % BRGHURDLIPA T L
KT LRBIL WM PR )5 Dy RE R AR [ J/0L]. (2023-12-
12) [2024-03-13]. https://doi. org/10. 15951/j. tmgexb. 23080638
WANG Xiaowei, YE Aijun, WU Xueping, et al. Seismic resilience
assessment method for girder bridges: 1. expert opinion-based post-
earthquake functionality recovery models of bridge components[ J/OL].
(2023-12-12 ) [ 2024-03-13 ]. https://doi. org/10. 15951/j.
tmgexb. 23080638

[15]LIANG Y, WEI Y, LI P, et al. Time-varying seismic resilience
analysis of coastal bridges by considering multiple durability damage
factors[ J]. International Journal of Structural Integrity, 2023, 14
(4):521. DOI.10.1108/1JSI - 12 —2022 - 0147

[16 JHWANG H, X &Rif. Hupgdie AT S 1R 58+ AR R 45 4 5 1t Atk
SPHTL]. EART AR, 2004(6) : 47
HWANG H, LIU Jingbo. Seismic fragility analysis of reinforced
concrete bridges[ J]. Journal of Civil Engineering, 2004 (6) : 47.
DOI: 10.15951/j. tmgexb. 2004. 06. 009

(171EAES, KEWG, ML, 55 JNAE FRP I % S8 AT ik
GARMESATLI]. RS T RE244], 2023, 55(9) : 84
BAI Yulei, ZHANG Yufeng, MEI Shijie, et al. Seismic fragility of
continuous girder bridge reinforced with large rupture strain FRP
[J]. Journal of Harbin Institute of Technology, 2023, 55(9) : 84.
DOI.10.11918/202111054

[18 JCHEN L, HUANG C, CHEN H, et al. Seismic fragility models of a
bridge system based on copula method[ J]. Earthquake Spectra,
2022, 38(2): 1417. DOI:10. 1177/87552930211052573

[19]LIU Z, LI S, ZHAO W, et al. Post-earthquake assessment model
for highway bridge networks considering traffic congestion due to
earthquake-induced bridge damage [ J]. Engineering Structures,
2022, 260 114395. DOI:10.1016/j. engstruct. 2022. 1143

[20]ZANARDO G, HAO H, MODENA C. Seismic response of multi-
span simply supported bridges to a spatially varying earthquake
ground motion[ J]. Earthquake Engineering & Structural Dynamics,
2010, 31(6) : 1325. DOI.10. 1002/ eqe. 166

(201753, M, WePAes, 55, BB Ah 4 4 k4 vh b f 20 T 505 1%
SRS T]. MRRIE R4, 2020, 52(3) : 129
DING Yong, WANG Pei, YOU Jiuang, et al. Numerical methods
and model experiment for impact load induced by vehicle bumping
at bridge expansion joint [ J ]. Journal of Harbin Institute of
Technology, 2020, 52(3) . 129. DOI:10.11918/201807201

[22 ] International Organization for Standardization. Mechanical vibration
and shock—evaluation of human exposure to whole-body vibration—

partl ; general requirements; I1SO 2631-1-1997 [ S]. Switzerland;



5513

BRI, 5 AP B 0T TS T DU A 45 -

Geneva, 1997

[23]X%, FER, ReF. Mg EBEAT G RENTIET].
W R 2B ( BARBERR) | 2015, 42(3): 10
DENG Lu, YAN Wangchen, ZHU Quanjun. Determination of
allowable differential settlement between the bridge and the
approach embankment [ J]. Journal of Hunan University ( Natural
Sciences) , 2015, 42(3): 100. DOI: 10.16339/j. cnki. hdxbzkb.
2015.03.016

[24TRASCH A, MOLL S, LOPEZ G, et al. Drivers’ and cyclists’ safety
perceptions in overtaking maneuvers[ J]. Transportation Research
Part F; Traffic Psychology and Behaviour, 2022, 84. 165. DOI.
10.1016/j. uf. 2021.11. 014

[25] FiR. EEACH RGP ST A EIE ST k(M) deat: B
SFHAL, 2001 ; 265
WANG Wuhong. Theory and methods of driving behavior in road
traffic systems[ M ]. Beijing; Science Publishing House, 2001 ; 265

[26 ] AKBARI S, KHANMOHAMMADI M. A probabilistic framework to
make a decision on the post-earthquake functionality of bridges
considering the damage, residual displacement, and aftershock[J].
Bulletin of Earthquake Engineering, 2022, 20(2) . 1193. DOI:
10. 1007/510518 - 021 - 01269 -9

[27]MACKIE K R, STOJADINOVI B. Post-earthquake functionality of
highway overpass bridges[ J]. Earthquake Engineering & Structural
Dynamics, 2006, 35(1): 77. DOI.10. 1002/ eqe. 534

[28]JANDRIC J M, LU D G. Fuzzy methods for prediction of seismic
resilience of bridges [ J]. International Journal of Disaster Risk
Reduction, 2017, 22 458. DOI;10. 1016/j. ijdrr. 2017.01. 001

(29 15srml, 2=, ERA. WRFRIURBOF M]. bt A
FeAZH WA, 2001 37
FAN Lichu, LI Jianzhong, WANG Junjie. Seismic design of viaduct
bridges[ M ]. Beijing: People’s Transportation Publishing House,
2001, 37

[30]MEDINA R, KRAWINKLER H. Seismic demands for nondeteriorating
frame structures and their dependence on ground motions [ J .
Dissertation Abstracts International, 2004, 64(3) . 1381

[31180bx, PO, TEARNS, 5. 2 R M i L e o7 A 2 4

JF Ramberg-Osgood £ &I [ J]. T. & Jj 2%, 2023,

40(11); 81

WEI Biao, MIN Haozheng, WANG Weihau, et al. Research on

damping force model of separated shock absorber based on ramberg-
osgood model[ J]. Engineering Mechanics, 2023, 40(11) ; 81
[32] WAL, BUbR, Fil, 45, i ok B A A 2 HOUR P o)
Brid]. gl TR, 2023, 20(2): 12
HU Zhangliang, WEI Biao, JIANG Lizhong, et al. Sensitivity
analysis of modeling parameters of high-speed railway girder bridges
[J]. Journal of Railway Science and Engineering, 2023, 20(2) .
12. DOI: 10.19713/j. enki. 43 - 1423/u. T20220316

(%%

AT E)

$>PFIIFIIFIIFIIIIIIIIIFIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIDY

H W F Fr i

HEEAREAPR X REBETZREFERBELFWRER TRERE”, A RE T XN KIE
BB T AUETRBE TZREAERTNELNE, TULA, ZREFEERELNHMR
DY RBELEFRFEMAMTHEER ) ZREFE G RREET LR FERYL (FELBHN),
TR AR B L AB Y R = 2 W 45 S5 A 3 ) T R AR R 2) & IR AF 4 Ml i L T (A 2 Y
RYA), FHRTEBERBR RO 0 EE T FEE G WM, R0 R FERIFME3) R EF 4%
HERBABFRAEN R, AAEF BT TUEE , FRTZREFENFIREX UK E BN £
AR I T U DA S BT A R R, RR T A 4 IR AR R o BROR 45 B TR R 0 AF 4 5E RN IR
JET VT R R OB B R ER OB LR BT T R, T & B AT 2 B I N T LUK UK B B A

B R T RORL

PIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIDY

(BT R UEF, X, &0 BB FRERFLAKAER)

S
‘((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((‘

€€ €€ €€ €€ CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE

<



