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Abstract: In response to the current situation where the seismic reliability of seismic—isolated curved girder
bridges cannot fully consider the randomness and multidimensionality of seismic motion, this paper systematically
studies the seismic performance of seismic—isolated curved girder bridges under multi-dimensional random seismic
action from thea perspective of full probability. A dual particle, six—degree—of—freedom model of a seismic—isolated

curved girder bridge is established and its nonlinear motion equations are derived. By introducing a stochastic model
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of the engineering seismic acceleration power spectrum, the spectral representation seismic—isolated random
function method is used to generate multidimensional non—stationary vibration time history samples that conform to
the same set system. The seismic acceleration time history samples are used as the random excitation input for the
seismic—isolated curved girder bridge. The fourth—order Runge—Kutta method is used to obtain the dynamic time
history data of the seismic—isolated curved girder bridge structure, and the TVD difference scheme is used to solve
its generalized probability density evolution equation to quantify the probability information of the structural dynamic
response during earthquake duration. Then, an extreme value stochastic process is constructed to obtain the
displacement extreme value distribution functions and system reliability of the lower structure and isolation layer of
the seismic—isolated curved girder bridge. The results indicate that considering the multidimensionality of non—
stationary random seismic excitation amplifies the dynamic response of seismic—isolated curved girder bridge
structures. The probability density evolution method shows superior performance in solving strongly nonlinear
structural systems such as seismic—isolated curved girder bridges. By adjusting the reasonable values of the bridge

deck width and curvature radius of the seismic—isolated curved girder bridge, the seismic performance of the

seismic—isolated curved girder bridge can be improved.

Key words: probability density evolution method ; spectral representation—random function method ; multidimen-

sional non—-stationary excitation ; dynamic reliability ; seismic—isolated curve girder bridge
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Fig.1 Simplified schematic diagram of curved girder bridge
12 FEMEHHTENET
AR el 7 i 2 R FT AR L 58 S, 1 45
55 HREEAL o3 A AN TR B = U il RS 4 B0

2025 4
LU NG PR Sy
MU + CU + F (U, U)=-MEU, (1)
AP M CRVE 5359 A SRR AR I Jo i R e B

JE 4 R R 1 R RV 5 U, U 0 U 43900 b 45 T
S R S R RS 5 bR B U, A AR SC Y
A WA, R IR Rt U, U, UL, 0,
ZUm A (R BN U, ={U,U,.0,);
S(U,U)jﬂl%%éﬂﬂﬁmfﬁﬁﬁ{ﬂflﬁlﬁiﬁ,Fﬁééﬂﬁﬂﬁ
Bouc—Wen R RIFR I 25 # AR LM, B .
F.(U,U)=KU+ K,v (2)
Aty = B[ o. ",

. u,
: : —%un-| Un'|

. v V., !

y:{.x}z{.xz}: ) ) -1 (3)
v, Uy Au, - ,Bl‘ u,||v, v,

My

—Yil,| Uy
XU T:{xi,yi,ei}T;Ke\Khﬁ}%lJi%/j?éﬁ
P ARLRAE R 8 SR DO S R

P8 52 T 2 S T R 445 44 TR 72 )22 1) Boue—Wen
A Z R SCHR[ 16 ).

={x,y,0}

B 72 P = 1 2R 24 45 44 1) Boue—Wen 5 5 22 %
I o B2 Hh R R A SR A T R AT A Hy
MU + CU + KU + K,v =-MEU, (4)
»=C,U+K,v (5)
e €, K, F3 50k A 255 BELJE 2 R A5 0 D 4 e
M,
TR M = MyJ
J
N N YE L TS
SRR
K. 0 K,
PENIEMEF K. =| 0 /K, K,|
Hx 6 K09
K 53 B 5 R 1E « mmgﬁr BRI .
K = [a K+ a,K, :'
v -o,K,,
K, = ikw,, K, = ka

K, K, 53 50 R AR TE Ly 1] (8 5P T4 M 2 R

W, Ky AL W B G
Kxg - [Kx(il] Kx9]2j|’ Kgg - [KQ{'H] Keﬁll]
Kx(iZ] Kx922 KHHZI K0622
K, =K, K, =K



5511 IR AR B TR 8 T b 1 R R T 2 R Bl ) n] B AT 193
K, 0 0 1 0
IMPERIBE PR K, =| 0 K, [ HTK, K, 5> A =|-M'K, -M'C -M'K,|.0 3%/, 1RH
Ko, Ky, 0 C, K.,
%Uﬂﬂgﬁ*@ff: XYy rﬂ Z‘E‘@Eizfjjﬂurg%ﬁm s Kgxh\Kgyhﬁj\%lJ {j§ﬁ[§$ .

N vy T BRSO HE R

‘- (1-a)K, —-(1-a,)K,
" 0 (1-a)K,
K, K, K, B85 K, 58 4 —280, RO

1% 7 1) (4 W S TSR R AT
RELJE #1435 AIBHRE , A -
c=C,+C,Cy=aM+B.K,

0 0 0 0 0 0]
0 C. 0 0 0 C,
c-l0 0 0 0 0 o0
0 0 0 C, 0 C,
0 0 0 0 0 0
0 Cb, Ox 0 Cb, Oy 0 Cb, 06

A € ML EFIBHE HE % 5 € AR LB RRE i 4%

TRH R AR I . o B oM &5 F8 i A BHLJE 1 L 91 22 %8, BRI
ol ol
B w+ol 1

K E G IIBIE L s 0, 0,53 0 R EH 5 0 BT IR
HREAE FENAIERE E = [1,.1,.1, ], v

=[1,,,.0,.,.0,.,]

=011, 15.0,0,., ]

=[000. 0,0 1,0, ]

S REL R R 5 A5 N B R R P R h

~ ~
M
1

~

Ceql 0
C .= “Cop Ceq -
0 TCeqs Ceqgs
keql 0
Ko| e
0 »

WL (4) S (5) 8 FERe AL O R A =5 TA) 3%
LYW

Z=AZ+F(t) (6)
U 0
Rp:Z=10. F(t)={-EU ;
v 0

I 7 ph £ SR AT 4 A ) i 7 3 e O o A - R
Bk AR AR (6) 7331

2 PDEM A EMAIEEEL

Z 1 M AR AT R AS H RS ) RG] 3k
NN

X(t) = G(O,X,1) (7)
Ao X OGN B 3 B FEA SRR ;0
FEARBENLL 5, 8 p o (x, 0, 1) RN N (X, O) BB
R PR A

pye(x, 0,1) - e (x,0,1)
R UASALRS AN /0 CAS ALY
o X(0,1) .

K H EAZ 22358 98 (total varation diminshing, TVD)
250k XX 20 (8) AT SR A I SR B 4R A5 X A HE
AL

Px(x’t):fﬂ Pxe)(x’ e’t)da (9)

102, 0 O By X, TR PDEM J5 FE i oK figt
AR R 53 7 AR S e 1) B U ( Courant—
Friedrichs—Lewy, CFL ) 2544
X T 1Y) B R A A R T R4
o I 5 2 T R A5 I D %) S B e S 6 RS S
BR300 5 50 2R A, PRLIG , BRa 2 1 4 22 0 45 4 ) A
FRARS T R R R -
=[0,]h. FHRLH
Au <[u] (10)
= min[0.55D,,. 31, |, FiE)2
s Au B BT A M B R R AR R AR TR Y
BI85 Lu IR BE R TR R AR I S5 R 55 08 A3 B BR
{E; (0,1 0 E AL RS M FERR s h B30 B 5 D, A
3t 73 RTINS PR 1) i /N AR A e/ N AR S e
ARSI 2 R
BF8 i 1h 2 M 2 AL 1) 8l g Al A B T LR 9 15 I
RN K P, BRI

0 (8)

R=P{X(t)e,1e[0,T])} (11)
TERGH RGBT, (1D A ek s 2R
R=P{X,<x} (12)

A X, 2R S5 F A 16 8% i 7 A =2 35 155 [0, 71
FIR 248 XA R AL 5 0, LS ZEVFE.



194 PN QR 2]

2025 4F

X, = OnglagirlX(t)l =W(O,T) (13)

LRI X, 1 S I B (), DU 1 2
JIATEERE R

R = f:pxd(xa_’l)daca (14)

i i HE AV 2(2), 3of 7 M ] 2
B, M = LR X AT RR N

X,=Z(z) - t=W(O,T)-r=Z(z)l_, (15)

M(Z, ©) WA MR B PR p o (2, 0, 7) T2 :

M+W(@,t)wzo (16)
or 0z

WG 244 H -

Pro(20.7)| .-y =8(2)pe(0) (17)

Ky R (16) 520 (17) Bia] 3RA5 8 &
WEAR B FE PR AL p e (2,0, 7), #E— 2045 1 Z () I HBE
R PRER

po(at)= [ b (50,200 (18)

EENGIDEIER

(19)

de(xa) = PZ( 25 T)

Ho 2 (18)F0A S (14, BV B M 2
25 T BEE R

Rzﬂ}xar=n& (20)

3 ZUEFTFRMERNRN

FR AR Ak PDEM J7 R 9 B A0 B8, 8 Je s 245
FHE PR LR ST FRFEAS . A SCIE B Clough—Penzien
B o KPR DO AP
SNARREA , BEAUS R AN
1+ 4§§(a)/wg)2

|:1 - (a)/wg)z}2 + 4§:(a)/wg)2
(a)/a)f)4

[1 - (oz)/a)f)z]2 + 4§f(w/w[)2
St a0 F1E 5 B M 1 1 0 S LR
Sy NIRRT 5 & o, 52 K00T DLJE 4 b 72 sh A%
AiRe ARk BLE=E,

bR 0 B A 0.4 B TR B S,=2.177 4%
107 m?/s*, Hor U AR ZURE O 8 Ji2 , et b = 4 24
5 0 2 Sy 138 =0 (21) i D B AL 2
BN =15.71,0=0.15w, ,£=£.=0.72.

S(w) =

(21)

TE AL 73 B A5G s D) R e R, 3Rk
EwoR
o 1+4g2(0lo,)
#+72[L{wngT+%ﬁme
1+ 482 (wlo,,

[1 - (w/a)g2)2]2 + 4§g22(w/w%2)2

SR(w):

2

0

(22)
ey IR RE F B AT LR R [ ) T AR
RS, RS 80E LS (2) MF, Bk S50
{HZ2% SCHk[20].

A B AL H = ShASE L Y 3 ) pR AR g () BUR

g(l)Z{ifmp(l—z } (23)

¢ S 1 RE S e A B SR ], o Ry AR ST
7 AR SCH =T s, d=2 ; MR Bh 5 =30 s.

IR 53ta R A k1) YR T SR A A0 4 €] 2
Frs . B2 SR T = 2 Ty SR A e Sl R A R 1 AR Ak
s DTS 5 mT LU 21, A [ 2 52 1 i Ao T %6
TEAETE W 22 5, FL oK S J ) 3l A 1) (043
WL 5 1] P 388 il DU A 1 g A

100 30
wl(rad-s™")

D-POWER SPECTRUM

100
wl(rad-s™")
(a)7KF-4) ik EPSD %%

S(ew,1)/(m?-s73)

50

w/(rad-s™")
D-POWER SPECTRUM

wl(rad-s™")
(b) H1% 53 EPSD 4 4
B2 K-Figfeinttig EPSD 46 4

Fig.2 Horizontal and twisted spectrum EPSD matrix



5511

ZEE A TR TR T ) B 5 it S 0 ) T A E A 195

N T AL ARG TR AR AR ML RR B
R RS, A SCHE T g R R - AL R B0k B
K AT G A — B G R GE AR RR S A A
R, X ik AR A IR R A AR L A BE A R R B
FEABE S HBE A AN 1. LA SCRY B i KP4
IR % 730 9 A F- A2 72 S0 o J38 7 4%y 600 4>
FEAZE R, anf&l 3 s, Horp HAREOK P70, R1RER
TG o358, M7= Bl A 03 8 0 0 B e T 2 3 A5 7Y
ZHC 4 R T A R A AR M 7R Bl 7 I SR A Y
Gt B, R SRR 22 5 H AR A e R 1R 22
PRI 4% , 3% — 45 RBAE T Fr il P75 A Ae AL
SRR R B R REAS B e

— FEAME (H-600)
— FEAAH (R-600)

IEE B /(m-s72)

B3 Z%PROEEH LR

Fig.3 Multi-dimensional non—stationary vibration time history

sample
1.5
— PR (H-600)
Lo — FEA{H(R-600)
— HirA
& 0.5F
I S —
@ e
B o5k
-1.0F
15 1 1 1 1 1
5 10 15 20 25 30
tls
(a) FEA BRI
2.0
— FEAAHE(H-600)
— FEAAH(R-600)
15} — HFE
\é./
& lof
= osh
% % 1|0 1|5 zlo 2|5 30
tls
(b) FEA ] R brifE 22

B4 WEFHFALSEL B LE

Fig.4 Comparison between seismic sample set and target value

4 EHIS3H

4.1 TITIEHLR

BTG HD X — B =15 60 m I8 i 2% % 22245, i
FAAE R=50 m, IR0 a=69°. b EB LA Ky FAAR ML
R IS 6 m, THEBL5H R B2 1.6 m ./
JE 7 m 0 R R B, B AN B0 00 ) A — A AR
K50 mm (4 B AR I S B AR 2 I KO BiLE H
£,=0.15.

5 7y 288 R 1 A R DL IR S, B il AT
b TS SRR L.

y
1#HF
X

B/5 HRFa@hER
Fig.5 Bridge layout plan

*1 #EETHSH

Tab.1 Model calculation parameters

S8 m; m,
it /kg 144 681.6 839 265
i/ (kg m?) 5.85x10° 2.49x10°
MR (K =K )/(N-m™) 105 844 000 32 056 000
AR R /m (0,-2.019) (0,0)
WILC A Bt /m (0,-2.019) (0,-2.019)
a 0.05 0.05
A, 1 1
B, 1104 0.5
y -368 0.5
" 2 2

4.2 ZYERBALEN 10 R X EE 53 A

N T At o MRS Bl i 2 AP X B it 2 R
B S PEREIY R, A SCIRCE A2 A AR - B3 7= Bl st
FEREAH A S JE 0=45" KPR 8 12 1 i A 72
). B, K25 SRR S8 A 7 i A AR M =2 B
REAS 73531 i A 2 B 7 it £k SR AT 2E 4T 3 T I R 43 A
SR T 1 IR AR 5 2 AN W T B A5 AL b 72 )2 5 7 T
VL F) B R, 45 R ] 6 TR

K 6 H s AU A KF- 73 BEAE-F AR = 5l
H+R Zniin A Z 4EAR-PRat = sl , MR T DA



196 PN QR 2]

2025 4F

—— ()%
—o— (H+R)[vi f%

0.8 |

0.6

0.4+

BEFEIAE 7 221107 m?)

02F

0 5 10 15 20 25 30
tls

(a) FHRZEHY

—— (W) %%
—o— (H+R)hLF%

REREIAS )5 22/(1073 m?)
(3]

0 5 10 15 20 25 30
tls
(b)BRse)z
B 6 K £ AR 4 M A B R o7 £ 3T
Fig.6  Comparison of time—varying variance of displacement in

seismic—isolated curve girder bridge structure

76 WG AN ] i b R i A 7 2T B i 6 AR R
G5 R IR 7% 2 A b R R N 2 8 T 25 AR e R A
AR5, X R HARAE 5~10 s IR F TR, I H 76 %=
RS s)a, PSS T 2250 TR, mikRE 2
FE XA B ] B 9 R B T 2 4 A R SltR 2 Bl A (]
WAL T 4RI 3E K (R AR e T R . LA,
W% 8 L2 AR VR R S, oI JE T A A I
B 2 2 (R, R o ARy 2240 B 3 O BRI 7, B
ZE MR T 41.4% (0.000 28 m?) , FEEE® KT
19.5%(0.000 728 m?).

b A 19 o 4 5 1) e R o A BT A5 B 4 3 AR 4 SR T
PLE B, 76 2 4E Rt = sV R 200K b 7 il
LR A I B0 3 R 3K R X T R i R
3k AN RN G548 , AN 5 & 7K 7 1] (1) b R2 A A%
PN E LSRR IR TSR . L, b T PR £
2 i AL M R Sl T B R il e A R 2 PR
A8, AR SCR MR 28 B i Ak 5 ik it — 2%

43 BMEZFERLRIESHH

i 3 — ZR B E I B ) R M SR A5 B R i £k
TR ) S A% B LT IO f 38 3 e 1 5080 i, gt mT LA
LR AR ) L PDEM J5 A5 B Ak 3 A sk 544 8 )
M 157 P ARE SR A5 . FE LG =2 T, T 2 6 T A 3 3 4 i 4L

T EAEAR SCRERY b (R A 1 | AR SOR 5245 R I At
LMCS BEY 10* ) I R HEAT T #2224 1 30
OIS PRI YRR I A h 2 AT T B 4G 4 A P AR
JEASE RS I 0 3L (B S AR HE 22 A D X FE S A , 25
Felnpe 7 i

8
6 -
4 - )
Bt H
S o
g |
Fay
-4+
-6
—8 1 1 1 1 1
0 5 10 15 20 25 30
tls
Ca) {57 B% 1) i )i 4941
0.07
-+ PDEM-Q
0.06 —e— MCS-Q
- «-- PDEM-Z
0.05 - —=— MCS-Z
£ 004}
P
£ 0.03F
l’)é
0.02 -
0.01
0 1 1 1 1 1
0 5 10 15 20 25 30

tls
(b) LRSI R 10 b 2 22
B7 PDEM $iE3){hfotrfe £
Fig.7 PDEM validation mean and standard deviation

B 7 QR e i, Z R RBEEZ , W
ATLLE H JCI R T as i R FR R 2, L b
Y 2538 2o W A 5 R A 25 R R R (R ZE A
i 5.48%) , iX — 45 R WUE T MR % AL T ik R 2
FIER B A Lt B it R 4 4 b ik Ml
L5 5 7 20 S TR A A28 %) 450 % W) 07 o o 25 B, B
2 2 AT S5 4 7E b R 45 R i AR A S A A
RO R AJEL M I S A R VR R = A ek
I, FECLTCHE: 78 W 2 BRI IR IR .

R TR 245 AR Bl ) 22 4 S TR AR i 2k
B F B 2506 H 3 i Ry Fn AT 58 BE A2 IR, A SO B
WF T8 AR 1 58 2 (B 6 m iS22 2 16 m,
BUERIRE 2 m, HAB P Z T BEL6 m) ; A [A] 12
(R H230.50.70,90.110 1 130 m, H AP Z= T R B
50 m). AR SCLAT BB 4, H RN B R )2 R ARG 4 AR B
5 VA Y15 380 2 00 b R A T PR el 2
B T R 435 F4 R 7= J 2 {0 B4 M 3 4 32 T A il i



5511

ZEE A TR TR T ) B 5 it S 0 ) T A E A 197

PR T, AN SCALEE AT 98 B=6 m i 2420k
R=50 m 751 T ,5~9 s I BB 5% M 2k 207 T SR 4 1 A
B 5= 2 L AL 48 B T AL IR, an BT 8 s . b 2
H 4 s 1 AL i v o A AR 3 % TR R KR 174 Ak
T , 12 1 TAT AT L2 e o 7 il 28 SRR A9 485 40 1) 278 78
M I A AT L A B B A R DI T 2 A )
SR P T A A R E Ik, o i £ D AR R T R KR
ot T A 57 # TN 8] SF- T N B 455 L Tl DR 7 HE A
RERFIT T AL RS i 2k AT AL B AR AR R R
% (probability density function, PDF) ify i vJ L A& &,
B2 i 2 A T B 4y TG 72 2 4 (S % M 3R 28 R
BB I ] S S AR I B4 . MR A 5~9 s IR H] B 1Y 5
AT LIRS, Joig ot T s f ik 2 i e 2 7R 5/
LA N BERE AR AL v B4 . O HL P 8 U0 T 5z ikt 45
A AE A [R] P 220 4 oL 3% ML 3 8 o BSOC BR I L 52
B TE 1 FH ™ 6 9 TE 28570 A1 Rl , PRI, %o B 2 it 2
M HEAT BEDLIIR 30 73 A i, HE5 4 1) 52 B i 1o AN 4
BIES AT B .

PDF

N RS AL /m

55 6.0 65 70 75 80
tls

(a) T B4ty

85 9.0

PDF

B2 /m

]
bl
=}

55 60 65 70 75 80
tls

(b) Bz
B8 5 Mt AS A IR A W &
Fig.8 Evolution surface of probability density of structural

W

displacement

P L 23 i) DU R 5 B T A T A RE S
Y ) R 72 1 2k SR A B BIL 30 3 e 7 f 4x B R A
L Bl I 18] R HERS 25 A (7 R A 3 5 PR AL A

AWriE A, HLTE 2 4EE V- Fa = U 454 19 3l )
Wi 8L AN I M AEZS 0 A . PR, A b Bt — 2D A IE 2 4
ARV o= 5 T BR R M 2 24 O PR PERE .
44 REMERTHNATEEST

AR 1 MR 9% B T A e 2 o AR [ T 9 3
R 5 J2 R P 445 4 ) A5 % Wi o A {1 ABE 3% %85 o) K
(PDF) F11 2 814347 K %X (cumulative distribution func-
tion, CDF) Hi £k, Z5 R U 9 B

N9 H Rl AR B A7 1 0 B X B AR A RS 5
WD BEF Sy 38 25 T O0 B 5 J2 A S M A 5 . A 7 T
ARG TN, T FR LA 0 52 J 2 S RS AR A1 2 A1 0 PRl 2
B 5E , B B AL RS I A TG O . 3 — 259 1)
XTLEE 9 (a) (b) 1) PDF i nT AR H, N ERE5 M0 F8
PRAEL B 5 B 3G R MTHE R Ay R 3420 7 b 2, i P i )2
AR A 2 et sssy , FErh, YA T 8 B=6 m I},

! — B=6m
14 - ' —— B=8m
' — B=10m
12r E B=12m
10 - xK — B=14m
Fx e B=16 m
2 sl .
~ '
6 -
4
2L
O Z 1 1 : 1
0 0.05 0.10 0.15 0.20 0.25
NEEE AL /m
(a) FHRZEHY
10 7
' — B=6m
! —— B=8m
8 gt — B=
/ - i
IR cam
6L ! — B=14m
rE \:,\ B=16 m
=% '
4 1920 — ]
R
\ AT P —
e |
2r N .16 1 1 1
: 0.079 0.0795 0.080 0.0805
0 1 1 1 | 1 L
0 0.05 0.10 0.15 020 025 030 035
R 7 JE s 7% /m
(hFEEZE
1.0
—— B=6m
L —— B=8m
08 —B=10m
B=12m
0.6 —— B=14m
5 B=16m
o
04
0.2
0 0 1 1 1 1
-0 0.05 0.10 0.15 0.20 0.25
R 25 AL A% /m

(e) T4k



198 W R 2 AR CEARBLA R 2025 4F
1.0 —— 16 . —R=30m
y —B;S m 14 |- E — R=:50 m
08 | —B=10m nl ; — g:;g m
/ B=12m ' =90 m
0.6 —B=l4m 10} % — R=110m
s B=16m = ol ;éf R=130 m
Toat 2F T sl g
02F Lo 4
()AIZ:\Z().IZ(\4().IZ(\ﬁ(l.IZ(\X 2 B
0.0 1 1 L 1 1 1 0 1 1 Ll L
0 005 010 015 020 025 030 035 0 0.05 0.10 0.15 0.20 0.25
b i Z A2 /m R &5 MRS /m
(DFFZEZE (a) N4
B9 REME T 4 AL HAL oA & 3 10 —R30m
Fig.9 Distribution function of structural displacement extremum sk _ ﬁz;g :
under different bridge widths . 22??(;““1
6 .
. . o R=130 m
T 45 A R R 2 A B W 43 ) R 0.067 3 m Al £ Al
0.08 m ML K, 1T BN E] 16 m B, T 45 44 A1
P 2 2 8 K 0 RS W43 91 0.071 2 m A )
25 = \ Dalge ENSEgE=Niariv 1 1 I Ll S
0.080 4 m. A3 " B=6 m I, il g Ak J= 0 iz 00 005 010 015 020 025 030 035
BARAA BT 5.8% H10.5%. S
SRR 2 AR S 8 17 A 50 A SR T
FHSCHR[22] Fh s SCAIHR B A0 U 5 1 e R 3 1o
BB, 2 AE 2 AR FEYE (GB/T 50011—2010) 0.8 F
2 RS B A T4 PRI , % SR A osl
7K B BRI — 2 A% fA BRAE 1 22 A h/50 504
(h A ), W R J2 0 U8 8 055D, (D, A <X '
VI e/ NELAR) R AR A AL BRAE R 0.14 m, 0.2
B%%?Eﬂg{jizﬁﬁﬁj‘j 0192 5 m. 0.0 1 1 1 1
- " . " 0 0.05 0.10 0.15 0.20 0.25
Xd‘:f‘ Blﬂ}ﬁ IE gﬁ%*ﬁ E/‘J /% %ﬂ%ﬁﬂéﬁ , %lb /E\: R 4t b RS
T 23 A R R 2 L AT A — AN 1 e R, T B = () Fi#bsity
A I TIC T T (50 P 36 P 0 s A B e 10 T — r30m
SRA DA 5 A AR ) 9 F 3 2 T 0s| —RSom
PR 2 2 o B g R 2 B A o el —ktiom
A FIFE 58T WK AT SE AR AR AN ER 2 s g R=130m
04
R2 AEAGETREMERZHHNTEE
Tab.2 Dynamic reliability of seismic—isolated curve girder 021 f::::}:” /S
bridges with different bridge widths 0.0 I I L L L L
0 005 010 0.5 020 025 030 035
Sl - fﬁB/ “1‘2 — WA LR m
(DFHEZ
TS5 09583 09555 09512 09452 09368 0.9252 B 10 RE W& ¥ 2T ME S5 A B3
FEiZ)2  0.9508 0.9505 0.9503 0.9501 0.9500 0.9499

FRTTERERE 09111 09082 0.9039 0.8980 0.8899 0.8788

P10 g A [ il 3248 TR R R4S 1 7 752 2 B9
(OREADIVR ISR A G A e
HRPEE 10 Ca) 7T LU BB Hh A48, T R4
P 457 A 8 L A 1 L 2 7 22 2 IV R 280 BR P )

Fig.10 Extreme displacement distribution function of structures

under different curvature radii

(RS I, i A 1o %o L& 10 Ca) AT A 21, il
FAPEAR BRI, T FRES AL (L B AR AELB )N , (E /N
(S WAL 55, o, 5 il R 420 30 mN, R
LR LR AR R R I  0.077 7 m, 24 il R 42



5511

ZEE A TR TR T ) B 5 it S 0 ) T A E A 199

KT 20 15 BT B ik il 2 S T A0 1 2 SR A (it 6
AR N 130 m) , BEE R ERE5FS L AL R (E 7% 0.057 8 m
b A HE AR B R, AT I AR AR O 30 m I, R AR 4
TR RE I /N T 25.6%. B 10(h) M FERE 2 A7
W AAE M55 B ek B, 5 1 R A AN [m] , B 2 2 ) B
BERAL RS AR ARL ) e KA R I A TE M R 24205 30 m
Ak TR 2 SRR R 70 m B B R 2 B AR (E M %
IR 0.080 8 m, I HAE M4 90 m /5 L FR
R SR RS R AR B 2 1 3 2 A28 (0 14 g et/ , >4 il £k
AR AT LA T (R=130 m) , U FR R 200 B8
W AEHE R H5 K4 0.079 6 m, AHEE T R=70 m, B 52
JARIREARAEI N T 1.5% , R, B 5= 2 0 B A (B Pl
IS S EY R Y IE=S2b ek DN ER s RN ) ZE 2 B2 RS
Tt SR 1% S5 PR B 7 S A T TR A R b AR 25 4 2 [
EF) R B VE T, B 52 2 B AR XL B8 52 3] b R4
55T ER A A BOAR S AR T, i AR AR B AR A AR R
M2 1 b R AREAE R RSPIRES , BT ATE AR A
MR T, B 2 L F% W A Hh B S DR 98 T A 248
PR . ARE T A4S F R R 52 2 I AL F% IR 25 A
[) ffy 32 2 A2 T 2 A 0 T S BE AR AR L S5 2R ANk 3
B .
HRAE 35 2 F16 3 v = il £ A0 1) P B2 8 A
AT LA HY B9 T O R A BN 2 R i 2 R 45 R 1Y
Bl F70 R, B 1T P E I 6 m 3B INE] 16 m Yt RS, T
PRI 35 ) R 752 2 g T R S ), A R 52
2L R ATR R A ] S A R0 5 T B R R AR R
HEI, TR ARG AL 1) ] A R TR O, T E B /MBI
A4 R R=30 m; 5 T SRS A A] , e 2 i ]
FEPEFRAR I8N 1SR /M ITE 3 E 42 R=
70 m Ak, H YRR A2 Wi 5] 130 m i, B
21 G AR R AR T E P B AR BHT S LA o s R
T TR VTR AR M 2 R I, i 2ok 5 B S A7 T
Vi R AR A, T DS v B a2 R R AR e
EPERE , HAEZ AR PR T, B RN AR T 52
FE LU 2R e
R3 FEHMEFLETREMNEREAINTEE
Tab.3 Dynamic reliability of seismic—isolated curve girder
bridges with different curvature radius
QEAELS 242 R/m
FRAL 30 50 70 90 110 130
L) 08532 0.9583 09765 0.9809 0.9815 0.9837
FEEJE 09492 09491 09489 09492 0.9499 09542
ik 0.8098 09095 09266 09310 09323 09386

5 &g

1) 2R T3 26 7 — BEAIL R 0% RE A8 1 B A 4DLAR
TR S I AR RPEA SO EE IR X T Fase h
LR IX A U 25 K 7 A T BEATLIR 30 70 B I 7 %
JE LR Y 22 AEPE, 115 WTH 4 R i DR ~T

2) R AR B T A T IR A SR i i 4R AR A R LY
g S VERENS RIS e Z4EAR AR T, B sz h
ZR LA (LA M IO 1) MR 3 5 R I 5 T A 52 1
RAEIE LR, H AL — W 2/ PDF il A ™ 4% I IE
AT AR T 0 A

3) B I 2 A AR A A AR = )2 (4 8l g T 5E
JE 557 T S B IS LG, ELX T PR Ry S e B W 3 B
o 2 SR R ZE M 0 3 ) ] S BE Rl R AR Y
BERGEHIG I 5 AR AR B2 Z 8 LT
R AL BRRR G 1 T, LSl gl S R b AR AR R
ISR/ R I R A e (EL R AR il e AT B A R 5
JEE BB iR ARG ORI O HL S B it 2 AT
AR N B — E AR (AT BT ) I, 5
LR, BRI BTRE PR RE S A

S22 3Tk

(1] Zhed , 250k, RS M A8 ] 52 Bhg A W M.
AU BRI, 2001
LI G Q,LI Q S. Time—varying reliability theory of engineering
structures and its application[M]. Beijing: Science Press, 2001 .
(in Chinese)

[2] GUPTA P K,GHOSH G,KUMAR V,et al. Effectiveness of LRB
in curved bridge isolation: a numerical study [J] . Applied
Sciences,2022,12(21):11289.

(3] BREIL, EA,ZE0 . 25 b iR 3= (6] 22 fh iy il 42 SR AR B AL
RS [I]. TR SN E NS, 2014,36(2) : 81-87.
CHEN Y J, WANG J J, LI X. Random vibration analysis on a
curved bridge considering the seismic spatial effect [J] .
Earthquake Resistant Engineering and Retrofitting, 2014,36(2) :
81-87. (in Chinese)

(4] ZEEMg, EA, BHEE . Z4EETRBENLI T = fh L 2
B AR Sh bl ()], a5 i, 2022,41(12) :67-74.
LI X M, WANG J C,MU B H. Nonlinear vibration control of an
isolated  curved girder bridge under multi-dimensional
nonstationary random excitation [J] . Journal of Vibration and
Shock,2022,41(12):67-74. (in Chinese)

[5] ZHAO T L, LI X M, DU Y F. Nonstationary elastoplastic
response analysis of curved beam bridges under spatial variability

of earthquake ground motion using absolute displacement method



200

PN QR 2]

2025 4F

[10]

[11]

[12]

[13]

[14]

[15]

[J]. Soil Dynamics and Earthquake Engineering, 2024, 181:
108626.

LI J. A PDEM-based perspective to engineering reliability : from
structures to lifeline networks[J]. Frontiers of Structural and Civil
Engineering, 2020, 14(5): 1056-1065.

WAN Z Q,CHEN J B,LI J,et al. An efficient new PDEM-COM
time—variant reliability ~assessment of

based approach for

structures  with monotonically ~ deteriorating materials [J].
Structural Safety, 2020, 82: 101878.
LI Z J, LIU F X, CAI G W, et al. Method of non-stationary
random vibration reliability of hydro—turbine generator unit [J] .
Acta Mechanica Sinica,2024,40(9) : 523427.
MR, 2830 ) I 4, 45 BE IR & ik 19 52 i 3 Al
PR BE AL R W N K By FTRERE S AT (D). BOR TR A,
2022, 55(1):109-116.

CHEN X L, GONG W H,QIU J W, et al. Non-stationary random
seismic response and dynamic reliability analysis of bedding rock
slopes based on mode superposition method [J] . China Civil
Engineering Journal ,2022,55(1) : 109-116. (in Chinese )

FENG D C,CAO X Y, WANG D, et al. A PDEM-based non-
parametric seismic fragility assessment method for RC structures
under non-stationary ground motions [J] . Journal of Building
Engineering,2023,63: 105465 .

AR, ERURL, 38, 45 B TSR0 T A i) U LR Rl
S5 PR ()] WIm O AR (A AR, 2020,47(9) «
120-127.

ZHAO J B, WANG K W, WANG Y D, et al. Fatigue reliability
calculation of wind turbine foundation based on probability density
evolution[J] . Journal of Hunan University (Natural Sciences) ,
2020,47(9):120-127. (in Chinese)

IR SR, BRI KR T30 2 Ve AL SO 1) 5 ol 0 S
ARRTEE ST (D] WO AR (A AR , 2020,47(7) -
75-83.

XU S H, NIE B, ZHANG H J. Time-dependent reliability
analysis of corroded steel beam based on probability density
evolution theory [J] . Journal of Hunan University (Natural
Sciences),2020,47(7):75-83. (in Chinese)

GAN Y P, CHEN J, XIANG M J. PDEM-based reliability
assessment of RC frames against progressive collapse considering
initial local failure [J]. Journal of Building Engineering, 2023,
76:107198.

JABO0, gy UL R A R A A B e A e M ek 1) ]
L AR, 2001, 34(3): 53-58.

ZHOU X Y, LI Z X. Simplified formulas for seismic isolation
regular bridge[ ] ]. China Civil Engineering Journal ,2001,34(3) :
53-58. (in Chinese)

PEAM MUK, R YRR 2 R A R R
KA AN F g A7 W BFFE (7). b8 TR 242, 2020,42(2) :
304-310.

LI X M,DU Y F,MU B H. A simplified model of, and critical

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

angles for curved bridges under multi-dimensional earthquake
excitation [J]. China Earthquake Engineering Journal, 2020,
42(2): 304-310. (in Chinese)

SEH L ERE Mk g S5 3] T2 BT A MATLAB S8 [M]
demt: Bl L, 2014.
DANG Y, HAN J P, DU Y F.
with MATLAB[M]. Beijing:Science Press,2014. (in Chinese)
CHEN J B, LI J.

Dynamic analysis of structures

The extreme value distribution and dynamic

reliability analysis of nonlinear structures with uncertain
parameters| J]. Structural Safety, 2007, 29(2): 77-93.

WIS 278, BERLZS R ) SN A 5 B AL T RE 1 25 43 T
BET]. 1%, 2004, 25(1): 21-28.

CHEN J B, LI J. Difference method for probability density
evolution equation of stochastic structural response [J]. Chinese
Quarterly of Mechanics, 2004, 25(1): 21-28. (in Chinese )
BEREE, B4 ER . TR ME R AR S LA T 2
BRFEla]. AR TR A, 2003, 36(5):5-10.

XUE S D, WANG X S, CAO Z. Parameters study on seismic
random model based on the new seismic code [J]. China Civil
Engineering Journal ,2003,36(5) : 5-10. (in Chinese)
BRSSPk g — BeEsia ]

TAEFREAIR, 1996, 12(2): 113-117.

RS

LI H N. Unified mathematical model of the rotational power
spectra of earthquake ground motions [J]. Journal of Shenyang
Architectural and Civil Engineering Institute, 1996, 12(2) : 113-
117. (in Chinese)

LIU Z J, LIU W, PENG Y B. Random function based spectral
representation  of and stochastic

stationary non-stationary

processes [J]. Probabilistic Engineering Mechanics, 2016, 45:
115-126.

LIUZ X,LIU Z J, Al Q H, et al. Global reliability evaluation of
a high—pier long—span continuous RC rigid frame bridge subjected
to multi-point and multi-component stochastic ground motions
[J]. Soil Dynamics and Earthquake Engineering, 2023, 164:
107623.

HEFUPUR BRI (2024 4F M) : GB/T 50011—2010(S . Jbxt:
T S Tl e A, 2024

Code for seismic design of buildings: GB/T 50011—2010 [S] .
Beijing: China Architecture & Building Press,2024. (in Chinese)

JEE , EBEOL, AT, AR TR R AL 1 R e 4
F BEATL IR R N 55 TS A4 () . ksl S e, 2018,37(15)
97-103.

GUZY, WANG S G, DU D S, et al. Random seismic responses
and reliability of isolated structures based on probability density
evolution method [J]. Journal of Vibration and Shock, 2018,
37(15): 97-103. (in Chinese)

Fhzi W , 88 65 . A T] A AR B IG5 7 4% 3% K 1) 2R 48 0 X L A3 BT
[J]. £AR TSR ,2010,438 T 1) :249-254.

DU Y F, HAN D. Comparative analysis of vertical load bearing
capacily of different serial seismic isolation system[ ] ]. China Civil

Engineering Journal ,2010,43(Sup.1): 249-254. (in Chinese)



