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MULTI-DIMENSIONAL FRAGILITY ANALYSIS OF BRIDGE SYSTEM
UNDER EARTHQUAKE
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Abstract: A multi-dimensional fragility evaluation methodology for bridge is proposed based on multiple
seismic demand parameter analysis. The method incorporates uncertainties in ground motion and performance
limit state (PLS) and extends the definition of fragility to multi-dimension problems. A novel probabilistic seismic
demand model (PSDM) accorded with multivariate lognormal distribution is addressed to discuss the
dependencies of various component responses. Considering the correlation of component PLS, the generalized
multi-dimensional PLS function is established. Finally Monte Carlo simulation is performed to calculate the
fragility of system. A multi-span continuous reinforced concrete girder bridge is used as an example to illustrate
the approach. The samples of maximum responses are obtained through nonlinear dynamic analysis to calculate
the maximum likelihood estimators of unknown parameters in PSDM, then the system fragility curve is developed
and compared with individual component fragility. The result shows that multi-dimensional fragility of bridge is
higher than component fragility, thus eliminating non-conservative estimation resulting from substituting the
component fragility for system. The proposed method will better ensure the safety of structures, providing
theoretical evidence for bridge retrofit and reliability analysis of transportation network.

Key words: bridges; multi-dimensional fragility; multi-dimensional performance limit state; probabilistic

seismic demand model; nonlinear dynamic analysis; reliability analysis

Wk H e 2012-06-29; & HIM: 2012-08-19

ReTH: HERBRRBERESTH (50878184, 50875212, 51278420); VHAL TV K 2050 AL GV b ¥ 5415 H (22012059).

WRMER: FILE1986—), Y5, @RUEMA, MR, GG FEME R EIS 5 N §FT(E-mail: gawang2011@gmail.com).

fE# i RFMA962—), L, WHLTHAN, B3z, WL, WS, WFSW TSRk 40 B I 5U(E-mail: zywu@nwpu.edu.cn);
BOEF(1989—), B3, VLORmIst N, MR, AGRETHREM 4 it 5 a5 I AN I 57 (E-mail: zpjial 989@gmail.com).



T ™

i 2 193

MR R RGBS 7, S ilE
fmedl, bR R R R EmNE- . B
FEREFHRM, R T B R 1 ™ H Bl 58 K
W, AT, AT RE A RS SRR TAE, i
MK FH . P, HFEAEH T My 2285 M 2 i vEwt
FHEAELER X,

Hi 52 2 B VAL G2 58 SR G5 AR A0 AN [R] i b 7R
TR EBOPRA IR, 7] HA 507 kA H#S
MRS 2 VR LT R O AT M E
BRI A, BV T 7 ikl O i X b 7R
TR B Gy Bk 2. (= N A AR
ROBNEIT T — S TAE. Hwang X
P VPSS A7 % JE E EE A by 4505 R P SR bR DR A A7 42
S Karim F1 YamakaziC® Vi F # ASHE 0 13
BIMIBEERCR B b B AR LB Jm Y, A H]
TR Tz s R bR, 215 2N 4T )
vk h2k; Tanakal 4540 3683 M43 B TR 454
KA, R PSR A7 e A0 305 e G Bk
k. (HUL bS8t PEAS 7K Re 2% 18 2 Pl Xt
MR RGN FEN, A F R R TR KRS
e SR TP 2 5 4500 P G g M sk U0 )4
MR RG Eth 4, 183 7 itk vk S5 H 1,
AR Gy A TEA G B F43 SCHR[10— 111 H
—IR ZIRVIEERE TR TN . SR R4 5
PERIFENR, (HRI S i 3 25 550 M Ve e B BRDIR S
IFHRCME. 28 BRTIR, FREARMETRRKSHN 2
Yt Dy PR o AT AT AR ik = 35 A AR R D T T

BET 0, ASCIRH T WRR S MR R 2 YL 5 10
VAL TV e SRR G H B R A a0 3R
G PR, R AR T kS A, SRR
IFFH 2 TN EOES 3 A MR M R 7 sk s Ay, 2%
FE AR TSR S E L (R AH DG s[RI A ad 2 4k
FE A BRCIR 28 T R 2% 18 25 A A P e AN FRCAR A R AH 56
PE, e KRR 5 a I S8R RIS AR 7 V55K 1S
MR AK 2 22 YE Dy Pk

1 ZHEFREDTTTIER
L1 B4 BIRIERES
2 45 I M 5 953 A A I
I BRI LA RIS KR (P ).
Py = P(R= 1y | IM) y
Horp: ROGMUFENIR, MHBET RS E, WA,
SEPESRR I35 ry NN FIRR 5 G MLR S B0

IM JgHEBH, ATV A E(PGA). 1
{5

IR L MOET KB, SIPEE 4
R Z g, BRI,

PfZP{UlRiB’?lim} 2

Z YR G A AP S 2 A HERT KSR,
%7 RE V] 2 [EAN [RIRE A0 45 46 2R 8 2o P 1 T 53 0 o
12 BHMRERRIRETLR

Cimellaro A1 Reinhorn! 2§ tH, kP4 %
PR BEAR PR A AR A AH DGR AEBRSL I, HATBEAL
PRI AR — e (. A IE 2 Y AR RS
gz,

N.
n R ’
L(Rla"'aRN)ZZ(r_l] -1=0 (3)
i=1 ilim

7 RESCVES REAN TR i [ 25 KU BRAR 25 AR O
SR S B BRARZS T3 R s Hoh BN, sk

BEAR FRARAS AR DG, X 52 &5 6l ik % 20 R T
FEHIWIAE; 4 L(R,,---,Ry) > O, & X g5k K

Mo B e = HEERERR FRARGS LI AR

: S
[ mRA L ‘ ]

F1lim

P2lim

F3lim

K1 e, = ZEPEREA BRARE LTI

Fig.1 Bi-dimensional and three-dimensional PLS

H(3), Hrk ARG et R FORES Ty e

N, N,
(ﬂ} +(£j —1=0 4)

Prso ¢rso
e g &g 0 ZE BEAHDCIE RS DL N S
HAEPE RIS B RS RIRIR S s 00+ o WAREES
M SEE A SRR RS FRAEL. DA f ATt 5, i N, =1,

AT N RBHBAE S i PR
&+Eif—1=0 (5)

Prso Crso
SRR RS PR RERR BRORAS AHSCRRE, #ffi e — 4Tk R
WHLIRSTEIR (B 2). B N 3ER,  PERER R
ASHFRNEAZGS, G5 R RO ARAR AN, A R 2
e ity KA R T SRR AR B2 AR~ ik, 2



194 T 1%

I

W PE REAR FROIR AT A S SRV E A T AR, 3 B0
PURTERERI N, AR T TR 2 4. X TR E
FEH, ALK I LB s Ho i o (7]
S HTHE N RE

H N >
t%J%so —
= =~
®r N>IL ~
el N =1 ~ S Vo T

= N
B

¢
S e

K2 N e ae s FROIRZS th e ) 52

Fig.2 Bi-dimensional PLS for different value of N
1.3 BERMEFRKER

AE 3 o 5 SRR TR ) 4y 7 205 T M 7 i B A AT
ML TSR S B R o A 1. Cimellaro Al
Reinhorn!" /2% [& P ol 1 G 1 A AR BREDR 28 (O 3o J32 A
JEEREOL R, XN 3t B BE b AT 2 it 447
BBV P Ao S ST, 4 38 Fi A P R 3t o 5 SR A
A, SARMN ST VAR v S T 45 R M T Sk S A 1)
AHORAE, A5 SE B My K oh ) BRESROR . A0 A
by ARICEIE T AN FIHE N S EOO A, #E
— N 2 O BOE AR S0 R e SR AR
IZNETVERE T W N STAE T, RIS SV e RS
SKEEIAH A, AL FHVE ).

n YE g5 K ML RE mg Y BE HL M) B R=
[R,R,,,R,], RMNZICH BIEA A, Y=
[InR,InR,,---,InR, ] A5 XN 2 TCIER I3,
W R=[R,,R,, -, R, MEZ5 % 7
[rory o) = QR E 2 (5ory eeeer)
exp{~{lnr —v}" E"'(Inr —v)/ 2} (6)
A Inr =[Inr,Inr,-,Inr,], vEE 2HANY =
[In Ry, In Ry, In R, ] (RIS it B S b7 2240
Wi N 2 B A OGP e B 7 22 0 E AT, M E h
XPFRAIEIS, e A BT, AR .

GE Ry B KW Y. R=[R,,R,, -, R, ] FfEA i) &
RV, R® - RY™ , FIN 2 J6IE &5 A FE A Ji e
JYO YD ¥ &Y S, S R
By LR, ST EMEE TGRK e, » e M KMUAR
vk, A T I ) DL R T ZE R

Y=Y /m (7)
Si =24 =) @®)
Sy =2 =¥ =Y)/n (9

ARG RSP R T RSB PO SE (A
SCRERLRS , A5 IO B AR 70 A = wg SRR
M P i e o) e E A T
Fo.0) =P (@’ —2paf+p°)/2(1-p°)
2npgo,0, \/1—,02
b a=[intp)-,1/ 0,: B=[n()-p1/ 0, 5
p M 1In(p) 5 In() AR REL

2 EH

DU A 177 T e - = 1 3 45 4% iy S T A B
i, LRI R RS H: WRE S e rE DL &
SO, RSB RATIROCHERY, dl i AR ek
2 33T ARAT I K NAEAS, R S AR A -4
B IO BUEAS AR MR T SRR, TSR
MR IR, S5 R 6 HE 25 0 A R B8 45 3
ARG L U AR E I (AR TR ILIET 3).

| = B L A B A

(10)

IS AP2000 4 FF 2 v B 4 7 B GRUR |

%*Hﬁ* BRI S L
;Iizﬁ UL m%m&mz%*%&%ﬁﬁg‘
POl | R R
}x&%ﬂ‘J\‘EﬂT i
Sl ] (TR TA R
# A PEANB SRR
2 st
2 £ | mocmme
e K& [ aR I | [ R AR S
. 0| | AR, || A e A
o R LEIESS BURA s R
= [ I
<
o e
= VM AP AR AL XPGAKCT R AL T
RIS LR A T 2 4 S B

MBOER AU A AR L Y 5 L 2k
(HRRAGZ GRS BENE )
K3 HrR2 Yo P i K
Fig.3 Flow chat of generating multi-dimensional fragility
2.1 TRHhd 5B RT&E
A STRIE SRS 52 Ay A0 5 VR gk T 22 1 T 2 %
INERHE, AT R SR A TR R A N
BRI IR L, MRS 6.9m(18] 4 FIoR). M
B I SCHEAE 5 TIN5 1 I
GelBE LA, A B T B E AR R S
JESCHE . B G AR SCHESR I i B SR, BRIAE A i
SCo AE YN L A AL AT BRI 2, FEIEACTE ) 0.8m,
FESCHEAENE AR & b, BEAR G 1 9 AR BE L 0E 4%
KA B ICo TR SAP2000 BEAT4T R ITHE
UK 5)0 FLrP PGERIMFI o B34 T e B TT R,
AR DU TR oo, PR G B




T

i 2 195

3 e L 18] PR 28 R T B (Wen) S8 HUOT S . #FF
ST AN ST R et AR e BT, FERT AT R T
A R JE 0 1 A 4 R R B0 it e I A v L B 2
PEERIX, ARG 42RO Caltrans Flexural Hinge,
HAT AR XL 1 25 - il A i 2
Bl 6. MHECRINE & 2 T IR SLAL P 45

L 21

BV A L
a&%%ﬁm

= — ‘” L
@w@gg

18 L

-~

(a) MR

. I}
l 114 1
EODS e
o
! 9.75 K
(b) PrFiAR. G K
13925
L 11.4 —B L I@
’ $12@75
15425
1.2
4922

(© HrEA

K4 Hrgtisll
Fig.4 Configuration of the case study bridge

5 ARTTRBRY = R AL ]
Fig.5 Finite element model for the bridge

216H1 219H1

L i
206H1:.__. _‘,'.-f: .-"'.i
i-.--" 'ff

1H1

<§{ 2(7911'- w7 - A;’flgﬂlz
[ - Ll 22 H1

i
e < 1am1
AR G
M 14H1

6 MV RAL E
Fig.6 Location of the plastic hinges

PRIt S 5. PRSP SRE S MR 75 48 DA
T s G RE TR YT R 350 SR I SR i 2
22 HMEFKRSEANEBRMERIGRIRIATS
EX
Shinozukal M H1 40 7 V8 et 4 d 5 LI L
PR LEL : 1) MRIch: iy s T2 BB MR 2) MRt
SCREAL RS I KT D AR M T AR i it 5 3) Mt S e
IR 4) ARSI UIRIA: 5) M. & FE
TGN o Y A SO B G 55 40 () P el
Faff: MRISAE SRS AR, 43 I BEA ST 25 i 4
Pk, SORE R RINRAE AR A HLRE 75 Sk S 4
MRS il e 1 4y o X
0=0/6, (1)
Kb @ AT BIERAE e A 60, B i iR
.
0,-4,L, (12)
b g, ABYEBa th,  thA BROCEAFE 5
L ONYBYERKE, R Priesley! 256 2 X(13)

14

A,
L, =0.08L+0.022f,d, =0.044f,d, (13)

o L s KB B R 25 SR IR S s £,/ MPa
RGN AN I S IR sy AR AR LA . AT B
JCHAT SAP2000 ARAFA A2 i th o th 4 (K 7),
013 ¢, =3.502x107 , BF R W P B K 4
0.3908m, HEIMIFH 6, =1.3685x107 o X T AN
ARAS, MR 25 T e 1 PRAE LR 16

(=)}

FRAL I Y

~N O
)

S

/(< 10°N » m)
S

[
=

(=}

2 3 4 5 6 7 8 9
H%/(x107%)
7 MRS A R 2
Fig.7 Moment-curvature relationship of the column
£ FEAERTRRR S

Table 1 Bent column damage limit states

IR LR PR FEEAEIN SEA 8135
S PR A1 2.01 6.03 11.07 23.65

SRR NSRS — Gk tt, SO RER
TECE BN SRR [ € SR A A TR
B A A, PRI R AR . A SO RS R )
REREAT N B S PR IR A SR b, B FROIR S R AE

(=}




196 T 1%

I

BT 2, =K. T W R SHA &
P, OE R AN RIS ARAS AO MR 4% S e (67 7% BRA Ay Bl
PUAR R, ASSCHCHEAR D de 2 R A
R2 FRIEHIFRRARESD
Table 2 Bridge bearing damage limit states

RE (RN PEERIOR  VEBOR el
i eeE PE sE P BE P BE
0.6 104 0.55 136 0.59 187 0.65

23 HRARGZZHEMRERRIRETTE
2 RE MRS M SE VB SRR 1) AL R T REAR
BOARZSHIGME, MRS EN =2, HAG)EH2IN
RAGEM. A UEMN S EERIORE T =
ek e AR TTRE 20 0k B T2 (14)~20(17):

SCRERLR

(g 12.01)+ (&, /28.6)> —~1=0 (14)
(@) 16.03)+(<,, /104)" —1=0 (15)
(@p /11.07)+ (&, /136)* =1=0 (16)
(@ /23.65)+ (S /187)> —=1=0 (17)

24 HEEEHEA

KXLGEAEFHEBIHM A FEEE, R R
BRFIE M, S EURT 5 T MY 22 R AIE 1) b 7=
W 25 KU B IS A AT e, R
20 4%, EH PEER BELIEE, N THIFER 5 %&%.
T8 Rt T DR AR 3 A Ay M R SR P FR b, K P b
AR~ 0.15g. 0.35g. 0.55g+ 0.75g. 0.95g
ANF) PGA JKFI) 5 41 125 4eMbiZ il id =%, 4
SHDRE M G 5 Ky 9 v it n R A, 2EAT B ) R
I3 KT
25 BIAMRRSZZHESRIEML

i SAP2000 FEZNE) Sy IR S #r , 45 2] WY
T 25 A [A PGA KV HIGR AR N, MR RS
DR EIORE . SRR SR R b RS B R . SR AR
TS BN BOIME 1 WEAREE o DLEAH R R EL
P o HIE(10)Hf & Mo Ty KA B ME A B 7, K
H YEVERE R BROIRES 7 FEA 2 45 4 By itk

R3 FEHSASHE

Table 3 Recorded maximum column ductility response
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0.95 8.1184 21.681 16.142 2.6803 0.2784
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Table 4 Recorded maximum bearing displacement

PGA/g ¢ G4 s u o
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5 Inp5In¢mEXEH
Table 5 Correlation coefficient p between Ing and Ind
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