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Seismic performance assessment of subway station structures considering
fuzzy probability of damage states

ZHONG Zi-lan, SHI Yue-bo, LI Jin-qiang, ZHAO Mi, DU Xiu-li

(Key Laboratory of Urban Security and Disaster Engineering of Ministry of Education, Beijing University of Technology, Beijing 100124, China)
Abstract: Quantification of structural damage states in the fragility analysis and seismic performance evaluation of
underground structures usually adopts the deterministic threshold values, which is a limitation in the framework of
performance-based seismic engineering. A new seismic fragility analysis method considering the fuzzy probability of damage
states of the underground structures is proposed based on the fragility analysis framework of the traditional underground
structures. A two-dimensional nonlinear finite element model for a three-story and three-span subway station structure is
established fully considering the soil-structure interaction (SSI). The input ground motions used in the nonlinear incremental
dynamic analysis of the SSI model are back-calculated from an ensemble of 21 actual earthquake records on the ground
surfaces. The triangle and quasi-normal membership functions are introduced to compute the membership degrees of the
maximum interlayer drift ratios for different damage states so as to derive the fuzzy failure probability under different intensity
levels of ground motions. The maximum likelihood estimation method is used to fit the numerical results and establish the
seismic fragility curves of subway station structures considering the fuzzy probability of damage states. The results of the
numerical study indicate that the seismic fragility curves of the underground structures derived from the proposed method
generally give a safer estimation of the seismic performance of the structures. The dispersions of the seismic fragility curves
increase with the consideration of the fuzzy probability of damage states. Besides, the influences of the membership function
types on the results of the fuzzy seismic fragility analysis can be ignored.

Key words: subway station structure; fragility analysis; fuzzy probability of damage states; maximum likelihood estimation

0o 3 = VRO, 75y K SR A BT RE AR |, H

B 1995 (ERRFLRE ISR, M FAMpUEREE  PEMIRSBRIET B O e GRS, Horh
BT RN, VEEIE N ARITURYE yemm. mnamestem b (519780200 ¢ BREBRE
e, FETVEREMO AR TREFE Ve HE 40 v 25 ) 3t 7% 5 31k fgﬁigg Eggf;;gg&;Ogiﬁﬁé‘im%m%mﬁ&ﬂﬁ%
I TTERARZ [E N A BT MR S R etk g WRE: 2021 - 05 - 14

*@fE/EH (zhaomi@bjut.edu.cn)



128

PRI, S BB IR I Ak 22 S A5 M RV REVTANY 2197

4T3 b FR) 3 FBORI 285 R 453405 R4S 1) A 2 e & 1k
TR AN SRR R

FEMA P58- 11145 H R A2 A% g o A 2 s 52 A

JE I Gy A g p b B B TR R RS 8

(Engineering Demand Parameter, EDP) F14547 1F4/t 45
Fro Williams S5ECIBI T A AR 3 Vi o L 25 A 452 4
febr, B BRI e bR A R A T R R 2K,
I R R A AR AR L R S B B AT ER T
() 2R VA AR BRI TR bR . R R R A
SETRAR 3 25, B BLE N A2 LR 0 R T M T S5 4
(R S PR A 2 b, SO R AR e IO BT |
iRt —, FEAFEIRO. LI A E R
NARGR H) SR BT R A TR S PR 525 R AR B 2 e
(M/My), Wl Argyroudis %57, Nguyen Z5PI[E N 4} 22
PASCHRA S LA e s, BEXTAN R 224 3 T 45
FIREAT T HURIEREVENT: @ LA TR JE it W AR 1
g5 1 s K JZ | A2 # i ( Maximum  Interlayer
Displacement Ratio, MIDR), 1 He %51, Jiang %5019,
Zhong %P, g ig 00, Liu ZEUE P A2 2 5]
PUCR R TR s i, B AN R 2284 73
NIRRT AR ZE 3l S R RS A8 £ A @ 5L 1 By 4
2o o EnE DL LA PPN TR AR OUE A T3 T 45
R ZRBEE ) 000, T E 2 3t A R P 7 i J32 7
Frer, MIDR A2 B o) 2 I G i 1 A AR
fabr.

FE DL [ P &b 27 255 50k T A8 i 1 3t T 5 K 1) 5
PRI rh YR FH W PR IR 7 V20 G5 AN R 4543
REPREHATEN T L. BIR, Du F, &7
SEUOHEIE X 18 HEHh A ZE 0l E AT 2% he L 45 44 AH HLAE H
(B AER 7M. LT I3 1) Pushover 2R
FAAE BES H BAT — 5 Gevt 5 S VR 28 3k 25 1) AN [+
RS TR, SR AE S Bt 2ol 25 4 1 72 5 4
P53 B I A P AN [R5 497 DR L PR BRI AT 98 R FH 1)
THE PR T3 . SEhr A MR R A RAER R
() — ARSI RE, DRI AH &I 45 4 453 1 IR 2 22 ) )
EA B BABORATRENE, K WIHA ) AR R X 70 AN
AR RS BA — e R RBR L. STk, IrsheER
RO £ 7 B U RO SC 7 iR 18 N T % L&A [F]
SERITRIRAS B BRI E . [E P oh g U823 F A
BINEZR 73 BT D700 T AN R b TR S5 4 () b R 45347
BER L G ik, 45 R W15 B4 45 T BRASTR 12k (0 45 44
PUBVERE VPN VAT A A B

BRI LI B T 254 5 5 Ve T 5 b 22 R H i e
PERIHRES BUE A, ASCRH 7 —Fhm] L% &
40 SRR VE 3 G544 B e e o7, DL=2
SRR SRR RN R, RIS )y ik

(Increment Dynamic Analysis, IDA) T&.7E 45 f 3 2
1R F R 185K 2 TR AL #% e B2, R P BORI 07 20 i 7 v
NN AT 55 B bR BRI, TR 35 T S8 @ B2 pR o0t 40 1
IRSBAT ORI AL, M-S g5 1R o2, did
WRALSAAE THEI G S Ptk th S5, bk %
Sl 5 R (P ROR M PR 2 Ptk R 4, o BT a4 SR AN o
P UL SR B eR SO 20 55 4014 23 BT () 5 e 2

1 EEMGFIREMMENT TSRS

St E
1.1 EiRMR A T L 5%

RO 25 A VRN B B (1 4 37 2 AL A o R 3R 4
U, TEVFIER V, RSB R u, B IBLEE
PR AERE B 3 4 AP ER

(D WERERELEU

DRI 2 5 m A0 AL PR - 2 RP U= {un, wa, ..,
un}s AR REN U= KZ LR}

(2) WEWIRE YV

V={v1, va, =, v}, REGIPTEESEN V={FEAR5E
UF, BREOR, ThEERUR, FEEMBN, HH.

(3) Rk

TR FE bR SF 8 P52 o 00 ) g TR D3R 5 R A2 4 A
ZAE: O—Mteta R A AT ReE T A RS,
B g1 (DI)+ ui(DD=1 B DI+ wiv1(DD=1; @IFIESE 1V
PR THMEN HRBESET 1. OEWEE V
HAHAR TG R A AL I SRR FEHUR 0.5 @ R iFiESE b
PR BT PR S MR R B5OE I A 1

w5 LT SR TR B R B RO OIR BT LA 43 S 4R 1 AR
LRMEPI R, Forh RV SRR R R B EA R RS T AN =
L RIBE R —MIERRIE RN

0 (D<D!)
D_Q; (D/<D<D,)
_ Dm_DL
‘Ll(D)— D!_D ’ (1)
—uv_— (D,<D<D})
D, -D,
0 (D}, < D)

X, D NGRS, D, D NS MRiHmIR
SAHEE I BRES BN BRI IE, D A 24 HT 45
PPIRAS £ BR AP AME

RN SRR L e T DL IR T 2008, 5
HOVA . LML SRR L o B 48 BOY S5 R B2 ek Pk 40

w(D) = e—k(D—Dm )y ,
_[4m24D;-D, (D=D,) )
{ (D>D.)

41n2/(D}, - D,)



2198 "+ T OB % M

2022 4E

A,k ARSI 38 B sk B TR S 3

RPN B2V S5 8 B R AR R AT 1 I8 R B 1
PIEZRSTE SR8 B R e TR BRI bz U824, R
SCA3 ade R T R SR R R R B AT O 5 40 4y
Mro

(4) e BMIZEE P 4ERE B

A ZVEE R R w S PER v R
i, BURTZH R w SRR 038 1V 2 TR IR 5 R 1)
B R=[rn, ro, 7, rimls Fe rmwu)s SRR u=1,
2, -, m)XT Y IRBORI G 2 A B A R T A B 2R
EIPNHIE B:

Rl | B
B=::‘:=|: = : o 3)
Rn rnl nm _pxm

MNTARLME, B=[ru, r2, 7113 Fla 7islo
1.2 EMEMBERTERSMEHEIE

2% Gu 52, Li ST B0 2% SANE 22 1) 5 s
AR SR AE T — 3 RS X ] T 2R FR DR 25 7 4%
P IMEE, N 25 A I — A% R R R R
N T P S R A R

TEATE FE G TR BB AL N, St fERt—
R AN TRFE SRR, 45 T 45040 S 2 1) HA A 2 R
WA

B =P(D, <D<D,)= , (4)

mi

M
N

P,=P(D=D,)=) R (5)

A, m N EIEAR AL T 28 @ D X [A] [ Hh R 2
KEL MORRMGEICREE, N I IRES XL,
Dii» Dui 0 NG i ANGIX R R 5.

MR PR ER B 5 R IS BB PE f5 , 45
MR — R SBREF IR, 458 0 5 2 H AR
AN AR

B =

1

Bll;pk ’ (6)

= M=

N

_ ~ M
F, :ZPfi :ZZB{;pk ’ (7

X, BB CR G VN RERE B hinEs, REE b
SHFEANE A MM TE | MRS ISR E
FE, pr MR FFHE SNSRI IR, i & R Bl
HAAEASL, IR, W peEl/Mo
TEAS 3 % Hb 75 20 5 BE T 45 44 10 25 08 1 55 9k
FNEZ SRR R U AT EOE RS Btk o A s A
HufE By itk th 2 S, A B AH
In(IM/S )
F:q{ }

®)

f

CANZ E I E M R T 2 (8) TS
ARG AL S, (AR B H, SEIX—Z4
iR E 2R 5L, W Baker 25125, Shinozuka
SO M R SR Y, sl (9) FoR NA SR A
IR RALSR Z Hfli T > =X

A oA m InIM, -In$
{Sm,ﬁ}:max;{pjlncb{#}r

InIM, —InS
(1—pj)1n{1—@(#JJ} ’ )

X, p AR REEEE T, KX (5 Bl (D it
S IO FRR IR T BB, B, Sw NfF
1 S e ZN S, O 7 RiEH K (9) S
B, ASCRA T 250 A FREPTROR A .
1.3 RMtESHIESRIE

AR SR U (102 RE A A5 T FROASER 1 (10 1 T 45 440 3tb
= o Bk AT E 1 R

I Ttk | [ R
BEHER || Temmy || firAswig
) 7 7
— : SRR
W || AERE 2,
| 1 I
4 R BT BN L

| |
| ﬁ%ﬁ%ﬁm&%&ﬁﬁﬁﬁmiﬁﬁ |
| wgﬁagﬁawmi |
| |
| |

i
HHERFEIMT B R
i
A 5 Bk 22 S Bk < 5 vk i 2k

E 1 EERGAREMML A TERMESRIEDITRE
Fig. 1 Seismic fragility analysis of underground structures
considering fuzzy probability of damage states
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Fig. 2 Schematic diagram of cross-section of subway station structures
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Table 4 Occurrence and exceeding probabilities of damage states under different ground motion intensities calculated considering their

fuzzy probability (%)
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Table 5 Occurrence and exceeding probabilities of damage states under different ground motion intensities calculated considering their

fuzzy probability (%)
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