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Vulnerability Analysis of an Ultra-High
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Abstract:
transportation networks,

Cable-stayed bridges, as crucial joints in
of which the towers are
vulnerable to experience plastic damage during
earthquakes leading to rescue work delay. In this regard,
a novel concrete material and a novel constraint device
are proposed to enhance the resilience of the cable-stayed
bridge system. Beside the new constraint device named

SMA (shape memory alloy) cable-based restrainers which
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were installed in the conventional cable-stayed bridge, the
new concrete material named the ultra-high property
concrete (UHPC) was casted in the plastic hinges in the
tower of the novel cable-stayed bridge system. Two finite
element (FE) models of the conventional and innovative
cable-stayed bridge systems are established, respectively.
A series of far-field and near-field earthquake recorders
are used to conduct the vulnerability analysis. The results
show that the UHPC material and the SMA cable-based
displacement restrainers can improve the resilience of the
innovative cable-stayed bridge system with only a slight
increase in cost, expanding the application scenarios of
the UHPC and the SMA cable-based restrainer.
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Fig. 1 Constitutive model of UHPC material
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Fig. 4 Constitutive model of SMA cable restrainer

2 HEFEH

2.1 IRE=S

VER AR F2 5 5 42 R 360 m, i S EAT i B
B0, s o PR, AR RS AR A A (61487 4360+
87-+61) m, Hr B S ARG B 4P Sa s . [ 5boh 2
SRR T 5], SR PR 2 SRR BE - I %) AU
KAAHA, EREE R 3. 2m, 50 35. 4 m, &
FKHICAF RN B Sarh IR iy A2 F A3 £
H}123.8 m, BER LI T 5 13.8 m, BE 2L &
110 m, IR 4 mX6. 5 m~6 mX9. 0 mf
AR . RHTRERIEATE , RIEE R 11241,
TR EAARERIE A 12 m, AR S m. HiE)
BACOR FHOSCRE B, 00 A 21 m, i PO HEZR S 1%
T 0 13 m, A BRI R 5 m X 3. 5 m
F14) B3] i T2 A6 TR0 88 1T, 7 3300 1 B LG Bt vl A [ Se
JiR o MR A CH0TREE 1 , IEAIK & 55K H C40
TR EE L 5 HE LR H C30 IR &k £ o 5 38 89 /4 >k H
HRB335,
2.2 fRBIESNT

TE 3T Python i OpenSeesPy - 5 /1 37 BH
P A BROTA Y, A R i 6 s . T3
DRI EEROR  TE MR AR AN 2 ABEMRIRAS It
K H 25 [\ i P B2 50 (elasticBeamColumn
element) B 48, -5 S PR 9% 32 22 I o A 45 1 R 22
REr . IR R AMTZEHTT (truss element) B4, F1 3
A1 32 22 2 (6] 38 3o W B G (rigid Link ) 4 4% | 38 1 it
I a6 AR PR UEAT AR BT N ) 5 BURIR A &R T —
B BRAVE SRR FA FIT (zeroLength element)
AL, K S 1 B I R A BT AT o X T 8
FF L, E MDA T AT RE 2 A SRS PRI
K FH AR £ 1k 324 2. 5T (ForceBeamColumn element )
HEA ISR, W W B FOAT SR O A% O IR B 1 R AP 2
TREE - RN AT 4E 50T, i 7 Frs , A 4E ot 2 (8]



5% 12

B, A R TIEE R PERE TR E L FIRA 3 B O REAR Sy BT

1849

656

ke

360

a BHAR S A EE AL m)

[ - 3 ]
[aN]
s 1 |
le 35.4 N
€ >
b BHUAFE SRR HER T (AN m)
A—A B—B C—C(D—D)
400 . 400 _ e 600 o
300 5 50 300 5 [ 200 50 300 50
‘N—Or\ 'F\SL | *1 I~ 0 il VR e
S 'y S “9@ R
40x 29 50 x 50
j=ll=
so| || [L19 110| 2 200 100
Yol l¥e! 2 Z
[Telive g 8
el
5] st vl gl
— = — _@r Ny
E*E [l _— ﬂ‘
=5 =)
°°_‘_ ol
0 o 100 {}=-
A E— |\ 1 |—E
A
2
POiL 100 4
. 500 !
Fits B

¢ AFFSE AL B A S B T 7 TR (BAAL . em)

5 RS
Fig.5 Structure cable-stayed bridge

SEARFEEE H B e, IR EE T IR R TR
T - RN 1377 21 24 B TR AN [R A A 4 G AR, i
B 38 B 02 R o U L SR R R A L B A B oT
(elasticBeamColumn element ) #48 , fifi F m 223158
EPATE JEE LAY O 38 3 R R L I B P R BT
(zerolength element ) BE4LIHEFE LAl
2.3 SMA FERERAL3E B R BUERIN

FE R BB A h SR F %K BT (zeroLength

element) #ff SMA 7 R Il Z FERE 26 &, T K HoT

(zeroLength element) 14 2 4~ s A8 A AH ], 2% &
Ui 1 5 3 R B 2 18] g3 R W O B
(rigidLink) , i 32 5% W 85 530 5 2 B V99 o O 42k 32
B SMA LRI EE N 5 m, Z50m B 255k H A%
3524 0. 038 5 m*F10. 22 m.,
2.4 RS

RHF BRI 2R A C50 iR B + 1 HRB335
RS W05 o B R A7 SR H UHPC #4885 #e .
UHPC #BH AR ¢ ZR AR F2 B4 5 32 T X2 L



1850 [l o K 2 2 MCH 9K BE 2% O 51 %

T R———

e =
o R iR ;
T o S

E 6 RHHERITER
Fig. 6 Finite element model of cable-stayed bridge

A7 5 2 K LS B IV 2407 XY S B
FEIT LN 1 K7L BRI ) B AR R LA 4%
TSR BARUES ) T3 1.
2.5 FERRNNE.REEREE N

R RSB ST R A A BROTI A 0] H
AT S RE R S0 AT , TSR 2 HT 6 B JE ) DL R R

B 7 FERFHAEEHERE IR S S5 R R 20 15 B Guo &M T kY 3t T
Fig. 7 Schematic diagram of fiber sections of bridge Python 2 L 1Y OpenSees AT HES APBridge
tower AR AU ER 1% 5 OpenSeesPy AHi% , LA 84 FR G

BRI R A R L R AL B . 7€ SAPBridge H i
X ZADSH, 2 RIS ECE 24045 UHPC S5 07 6 IR R I 8 ik .

®1 WRSH

Tab.1 Parameters of material

A B8/ .1/ MPa
o UHPC W IR+ 7 UHPC  MEREEE W
JER —0.2 280
TZESE TREE - VA AN 7 Ak —0.5 —0.2 —14 —120 —50 —320
PR —16 —320
TRE T 284K A e Al 0.01 0.2 8.0 280
ZHBH TR (B ol AR A s Ak 3.8 14 10.0 320
R 6 16 0 320
3 SR E BEA BT SR 130 BT A 5 45 SR VAL I
Aok BETHURMERE R AE A A AT AE SR AT e o, HR
3.1 HE& Syt P W E SN A, MR B W o A R R 4

T PERE AR TR MR R HE A 2 by TR RS2 AN [R5 ) R VR R A 2B AN ) R A
BURZVERE SN R VURAY « M2 FE R AN HT P ORI 0 T Rl AL 2 20k 9 s A BRR 25 1



5% 12

B, A R TIEE R PERE TR E L FIRA 3 B O REAR Sy BT 1851

®2 PG AEE

Tab. 2 Dynamic characteristics of cable-stayed bridge

PRAI R ARE/s  AIRMIR/Hz PRELH A
1 8.759 0.114 T2,
2 2.883 0. 347 FIXFRUE MR )
3 2.105 0.475 TR ROFR S [ 4R 3
4 1.581 0.633 TGRSR A A
5 1.527 0. 655 T KRR i
6 1.417 0.706 X FRE R 8

HMEAR BN TR E R S SR O T , 454
A B A 28 18 B sl e B 0 IR A B EL A HE R
FOULENE T e T SRR PR AR R A A 543 14
ATRETE RN, B A A A R A T A AR
Wi o RZw BT P LR FEEAT T 5k Hr it
FE , AN 73 ST Ty AP I 2 4 S 5 1 A 22
BOR, Herp AR B A i 1 M 2 Tk RE RS
FHEBRTRE SR L M 2 shr) AN 5 1, ELA B
A B A RIS g 9 ] S, A T3 2 ot 1k sl 2
AT TTIE )2 B T8 A5G St At .

3.2 A%

e Sy R - 2t ST I R T 4R o AL
FLR A SRS T 1%, A0 K R B AAR LA ) o0 B
R AR LR 107 1% BEE TR HLEOR By R
K e Gy 5k BB BT AR IR A, BLEY BT 58 J7
5N AARZRE SRR B0 1 70 B R SRl G 2= Pk (1
g 1153 (IDA) IF AN L i 750k o ARSCR T = 18
%o mEREEIE A e R R ShiC S A B
o EL TRt B, PRl EL T SE . o Rk
LR S IR LA WA A PO R S A |
Ve 18 B MR Bl BE AR A TR S B SR S8
HEST AR R AR T SOR R B OR 2 |

A R 1 i i 2 PR 2R 2 i h 6
8.2.1 MMM R KRBT

TS SR M R G R AR (PSDM) | RS T
T K ZHEDP (Engineering Demand Parameter ) /)
BIE Sy 5 178 203 B2 48 bk Ly 2 18] 2 2 (15) /Y
;é/%:

InS,=a+0bInly, (15)

Ko MoBIR I R hIkE R0 (16) iR
MR SRRy

PD:z(J\IM: 1— (D(

ldfl S)
nn) 16

B

Ko D R AL 5 IR 4G TR R @ (¢) Ibs
T TE 253410 pRE; B IR SR A6 BObn 22, 4n
H(17):

S D —[a+bin(1)])
Pr= n—2
it —ABE B E R — I BRR S Ls, 19
e 71 C IR IIME (So) T EObR HE2E (B) B X B 2
I3 W = BEAS B AEAEAE Ls N R BBEZ 0 2

7

P, = InS) —InSc (18)
JBh+ Bé
/ﬂ\:t'j,@(:jj
Se=/In(1+C,?) 19

b CONMERE I YL 57 R R

H TR A R TR AR, AN T&T 9 iz

A (15) AR K a A 6 38 ¥ T8 2o 5 3 e /N ek
HEARE, = EeR /N et , Rt

T,=1.581s

T5=1.527 s

Te=1.417s

B 8 SRHUMERIZ) ST
Fig. 8 Dynamic characteristic of cable-stayed bridge



1852 [l o K 2 2 MCH 9K BE 2% O

51 %

InDA

LRAE A
In So=In a+b InIn

IH}M
By BEpERL

Fig. 9 Model of probabilistic seismic demand

IO T e/ AR M ME Y 4 AR . D [ AR
RIS B AETE B MO R @ FR2E I IE
BArAn ;@ FRZEM I 21 E ; @ A[F5E2E 2 A A
ST
3.2.2 MhiESsRETE PR IEE

A B R Bl FE RS AR X T 2 IR AT 2 e
B TS Y S A0 2R B 0 S e 2 AL g 1 A A
F MR B RS S BE R h AR LI R R . F8E
ZEFETF Box-Cox A8 A5 DU HEIRT , 1158 T 204>
i RE S B AR , AR MR (R R AR A G AR A
(A M 25 0 R (R B (PG V)R R 5 B Rt
P 1 152 By 5 B FE bR N 3G . Zhong SF O F
F T 3 B Sy g SRl R B R A B
WE SR bR , ST A5 R PGV ERHAT B i b
EEtE bR, I, ARG EIRRESY A SCHFSE X SRR
W@ T B 454 IR L BR FH PGV AE A M 7E sl
FERbR R TR L R B B
3.2.3 Lyt Andatrik

R R PR SRR . L
MR AR R 2R P T RIS 43 Bl
B, BREMREEN T — B, N skt
MR SR IR , L, 3 R SRR, Sh RS
PR 5 1T 27 Zhong 56 % RV 5 B M AR 1Y
K53 MRS BT R E T EE 5 a1, 388 Tk
oA

G 3 38 RAR O PR F 9 v B A5 O 7 18 6
G EATIAL BN 1 RS 1 i 2 17 356 B JE il iR A 3]
HEHTEAMR RAERT AR T =R A F7 . 7E
TR T, 35 38 AR G B 1 o] e 2t
AMBHBMBA BB, 4Pt A R, 2 kA4
BRI XU o R 2 LA TR 5 F FAL 1 S 3 1, 5 A
Bl A0 0 48 b i 2 25 09 TS R 45 5 R4S . Hwang

LN RS AT RS o0 R e 7 A
FEEIRGI ML i . RS % Feng Y
— s Ry A B R R IR S O SN2
A 1 VRS ) e R S SR A 0 1) A TR
)4 IR 1 AR B Ay 5 445 43 I A ol B Bl 4
PRI S s NS¢ 4400003 B4 e B3 o552 ) A X i) = 24
AL RAS H ARG A EAR A A S . HMBREEE
BRI R BB T LR R I i 4, Hoe
MHEAEH TR R R I S EEBER T RN R
T FAE, RHRLR B RAS B E Y T LS 2%
DL 5 SORFBURATR B 10 073 | 24 R 7 B ik i PR R 2%
F1, BRI R SRS BUE , PR SR I S
VS DI Wil e e S = &L T it
iR S B L S 05 IR S B ™ S 05 IR A
{E o ASCHFFE R (i FH BRI S e | AR 405 1 72
VEFRR 2R 7= A BB IR K /N S JRE ) 4 Bt
PR BIE . AR (2 B S R A S A LA A 22 )"
HaG1] HE B SRR 25 B RN AS 2 SO R SR 3RS
SRR TR 1 2% 5 5 DU R A 3 — S A B S o SCH
SERPROPIRES  F 3 BB =Z (8] () 2 4> = 2545 1 4
52 SR R AR R A B (R EE A RS B 1
3.2.4 (KRRGHHEIH

SER R R0 5 B A AR T S5 R 1
PE, BIELL, ROZ AR 2 PSRt i TR R 2 Y
SR . H TR LT — o BRI 1%
5 ¥ 1 — B AT 5E B A B AT, B T A MR 1
SyE A T BRI IR R S i, KR
Gy T A R A AR A ST B 45 5 A%
RN Ry d5eJi — AN R AR S LA 2 R R R
EABRES T2 R m T ek s R R 2 Bty
TR BE 4 A A E BB BE  BIOACH 28 1A R 0k A5
PR AS I HE A S K 1A 22 1E AR OPIR 2, THA 45 S A
FARSE o alad— B BRI T LAAS B4 2 A S 45
YL, BRI S A T AR A2 18], ok 15 5
Kt S HbE iz . X1 &/ 24 EDP EIE , 2
B Z A S 0k 2R, 02003 T8 22 2 Ak 2R 25 bR
B, 3 H DU ME LA EIAE AT AR . Nielson 25 HE 1
SKVBEI TR 2, 45 A SRR IR 15
WA R BRI kg w e a oy 2208
W 5 T R Ry, MR SR Ry e, PR AR 31— A
mAT n SV R rh RS ST R W A TR
SRBH B SR EUE T AT AR R By 2256 R
SRIG TR T 5205 RIS BRE e TSR R 2 B PRIt 43
X RE AT R UEA TS, A5 2 TR (A AN BE S A,



5% 12

B, A R TIEE R PERE TR E L FIRA 3 B O REAR Sy BT

1853

M5 AR R 0 i th 2 .
B — IR BEMLAIAE ) 25 5 v] LUFoR = (20)

0 (21,20 x,)EFUF,U---UF,

1 (xn,a0 o 2,)¢8F,UF,U---UF,
Kz, a0 oo 2, 09 n DMEXL X, - X, B
AR ST R F U F U - U, A S A
PRSI R AU B O BRI E R JSA8k . P ot , 7R
—REERPRE T (Ds), FEE AR (Iy=1u,) F
RZR IR AT R A (21)

Py =20 00 /N QD
Ao Ny BEALRE K. #2547 100 000 YR BEHLAhAT
3 BN TRAA A GE JE , S & UG R R 1) 5 bk
S

4 SiES

4.4 MRKZIZESERSITMEHZ
FRIE A e TARAESE 0 (PEER) RYE &

Iy= (20

------ B i-SMAQ.RC
— = "PEERUJ-SMAL.RC
- == PHE i -SMA.RC

—————— B i -SMAR.RC
—-— PRI -SMA&RC
- EEH-SMALRC
— E4&-SMA&RC

HiZ i S B 86 A= I, PGV s N T
15.4 cmes? % 200. 8 ecm s UL . AR LA b RE
W5 BRI O 5] 4 3B 52 Bl 197, DA A5 21 454~
P Ty B P 355 0 75 SR B VA, P45 B A B
MBI BIE, W A Y Gy Bk i 2, 2 T
AL AR R R Z i i 2k
4.4.1 MPEZ et

P 10 Ry s 35 i B SR =B 3 S AR A9 B 48 ke it
Yo ANEFT7R , 135S R AR X T B SOR 3235 19 5
JE HE S AR A B R, 3 R T I S R R A7
(AU ] T35/, TSR FH A RS AL S48/ 5 Btk
A S HAR LA, e 380S0 e AR o 1 R 8%
R B S S Ty K AE IR . Y PGV KT
150 emes™ B, SIS REAT B L 75 00 AR 25 58 A i
B, AR IZEE 0 T IRt ik . 238 SR
(4 RS RIS 35, AR T30 38 S DA R A B 3385 A
ARME A& AR, B PGV 153 200 cm-s™, 32388 37
SEEMIMER R R 27. 9%,
rrrrrr AR -SMAL.RC

—-— R -SMALRC
== " E 5 -SMAL.RC

10 TR i o 10 [ smmmmmememssecssciees Tz 10 [T veeemesemSeSsdedimaaRee
i - =l
08r ;s 7 0.8F . o7 == 0.8 e
- : / . » 7 T > P
’f%foa I %@fo.s S §O.6 o
X 0.4 r / // X 0.4 ’/ P X 0.4 /,/ o7
T — : / 3 7
02k 1/ ozki 7 v 0.2} /
/ // £ , ./
Bke L L L | s 1 L L | -Z 1 L |
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
PGV/(cm-s ') PGV/(cm-s V) PGV/(cm-s ')

a P i i

b Al B SRR By 45k i 2k

o EIE SRS EM LR

B 10 ERZIZAESE R ES R Mm%
Fig. 10 Bearing fragility curves of the SMA system

B 11 R i B Fr 2 i R bR R
L EE BIEARL R G itE i g . WEFTR , 71
RAEHR , Sl B 5 R i 5 ISR R DU
W50 3, BME PGV 3551 200 cme-s™, i B Fi &
HEEG AR A 5. 5%, Hh s TR b hr b it
P IR RAN 18, 5%, il B EAL 17 R v S 45403 (AR
2909 5.0% . T E EIEARLR IR AR
KA, 24 PGV 3K F] 150 eme-s B, 35 F b dr 2%
AR 5 (AR R 3 90 %4, 24 PGV 35 F] 200 cm +s™
B, 305 AR B R IR F 81, 124, 58
SRR 41, 0% H e nT LR 2R B 5 bk
S HPrEA A AR SR B SCHR M FEAR SO s I

b7 B2 LR (1 ) A5UR 2 Tl B A T R o i
FIEA L RA RS B

B 0 B AR 0 B Pk R AN 12 BrR . A
EIPATLVE H, F35 A—A B TE PGV BRI LK
AR E, 4 PGV 1K 5] 200 em- s i} & A
EWIIER R 6. 2% HILF- AN %A ™ FHfif)i s B—
B D—D #1# 20 A FRBE RN L,
Wi B 4 TS5 4500 , 24 PGV iK% 50 cme- s i H 042
P AR B 5 95 %4 , PGV &R IR A M5 Kk A=
T AT, ELAT B MBS R A T R (R e i
AR &, W TEE T C—C A , 7EHb R T
PR 5 O ME SR AR B K, 24 PGV 55 200 cm-s™ 145



1854 [ B K 2% 2 (A R RE 2% WD 851 %
~~~~~ B i-SMARC o R -SMARRC - BRI -SMARRC
—— FEER-SMARRC — -~ RER-SMALRC —-— PR -SMA&.RC
- == PHH-SMA&RC == " E 5 -SMAR.RC === PHBH-SMA&RC
Lo, — AEB-SMAERC . — SERH-SMARRC Lo, — EEB-SMAERC
08t 0.8} o8l 7 o
i e 7
¥oet ®o6l ®oel : P
& R 4 . s
04r =041 =04
T A
0.2} 02t ,, 8 A
1 L P e | 1 ’41///1/ = ’/’/1//// 1 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
PGV/(cm-s V) PGV/(cm-s ) PGV/(cm-s Y

a FHBIEAIER B i 2k

b s R R R G £k

c RS FERAIR G

B 11 ERiZiZaeERuESHREmLE
Fig. 11 Cable fragility curves of the SMA system

PG I RER A 94. 106, ™ E 410 k5l 69. 200,
e REZRAIRE] T 35. 200, W20 i [ 44 5 o
4.4.2 #EikgGPivEihZe
TE7% JEAR Z Gy A v th 2, B = A e 3k 3] ™
L R e e ARSI S B R R
R IRE, HRm e 2 SR s S,
I, 7R TR 2R ) 30 i 6 i T AN 2 R S AR IR B B
0 A ep SR, AN e SO e 1 7 A A R 5E A
------ BIMBHI-SMAR.RC
—— HERi-SMALRC

- == PEB-SMA&RC
— SEHI-SMALRC

1.0
0.8}
% 0 6 I
0.
&
=041
0.2t
0 50 100 150 200
PGV/(cm-s )
a A— AR S it
------ B -SMAR.RC
— = PEER-SMAR.RC
- == P E-SMA&.RC
— SEHUG-SMAR.RC
1.0 amEEE ST e
0.8+ P
y ,/ _
Bost b =
= ; e
=04 /,/ -
0.2F: /
/
. -/'A’/ 1 |
0 50 100 150 200
PGV/(cm-s )

¢ C—CikimH itk

it

AT EIR R R St & an & 13 iR . 78
LA T SMA FLR R BR A4 )5, 2 PGV ik 5|
100 cm-s™ B, AR TC 495 31 58 23000 B HE 43501
100. 0%, 95. 8% .45.9%.20. 6%, 1fi 4 PGV ik #|
200 cm-s" W, HAE R 53 51 S 100.0%6, 99. 8%
85.206.62. 1%, PRFR Sy vk M2 W s R A
FE MR AR R JE HOR SRR N AT R R 23 TH I A

------ IR fi-SMAR.RC

—-— PR -SMARRC
——— EEH-SMA&RC

Lo e e s
08F
*’% 06} /
K :
% 04F: s
0.2 — ///
0 50 100 150 200
PGV/(em-s ")
b B—B#kini Wik ik
------ B -SMA&RC
— = FEER-SMAR.RC
——— EEHH-SMARRC
— SE&HE-SMA&RC
LO[  oeeeieimimrmmserm
0.8+
Bost
=
3 ,/‘
0.2} =
0 50 100 150 200

PGV/(cm-s™ )
d D—D# 5 itk 2

B 12 ERIZZEEERFEXBEESRIEMHLE
Fig. 12 Bridge tower key sections fragility curves of SMA system



5% 12

B, A R TIEE R PERE TR E L FIRA 3 B O REAR Sy BT 1855

PRI AE e a8 1L Z (B35 1) RS, , XU U 32220k
F 0 5 W B AR 2R (451 00 LA B AT 5 1 3 Ak vk 553 78 T
U%Bﬁﬁ(FCﬁﬁ[FDﬁﬁmﬁSC C
BT o PR A 2558 I [ 55 (R R R
itk ﬁﬁﬁ%é&ﬁﬁﬁﬁf}iﬁﬁ%ji T 4 ) R R AT 2R A
FRARBRE SR XU

»»»»»» B -SMAR.RC
—-— PR -SMAR.RC
== P E I -SMAR.RC
— SEeili- SMA& RC

0 50 100 150 200
PGV/(cm-s )

E 13 fHumERiZIZEEERSRIERL
Fig. 13 SMA system fragility curves of the cable-
stayed bridge

4.5 BEMAERETHRPIMERA

B B3 A T o 44. 8 m N Y C50 4 T 4
y UHPC 1k}, 35 7 B—B .C—C .D—D #5317
I SE A B XA N S O R AR R C50 Al

UHPC #4458 5 1125 28 ITE B A v 355 7 1
4.6 FEFRERNSHRES

TERFHRIE R0 C50 TR EE T #i e UHPC
WARLE L SR AR [R] 11 7% 5 130 R AT 9\ ] 11 1 7
s i, A R RIS D7, AT IEXT H 2 A2 Ik
R TSI Sy 3k 22 50, E i i — 25 H iR R 1)
G20
4.6.1 HEZ i ih 4

P 14 S il BhSOR 3 B8 38R ) 5 45t 1k il
2. MTLAE H, UHPC i =2 8 ) 55 4 v il 26
JUT-WBEAT 520, 8 BH S e 453 473 %) 3 38 W B 9 28 Ak R
OB, BIAE 2R R 3538 MR () a7 o <2 JE 5 4
PEIRZME N

P15 R R il BB T R T SRR A AT R
Fh SRR G itk 2. AT LB B iA R
TRV E W 5 B i 2 A K #E PGV ik #
200 cmes™ B, bR T BhEIORD Br 2R R O 40 HE R A
73.5% FRER|67. 6%, Hgx 2 b R 45 A B ik
RARAT /N T e, by B B B AL R 52 A
AOMEZRH 41. 0% ETFEI47. 5%, 28k Bl B . 75
TR RN AR K S I AR TE )N T
ISR Y S b i £ T LA 32 2R A 9N (R AR Ak
BIEARK, A PR UEAE TE PR, PR A 2R 1 KA
FERER AR

'''''' B i-SMAR.RC o BRI -SMARRC - B RER-SMARRC

—-— PRI -SMARRC
- == PEH-SMAR.RC
— 4 M-SMAR.RC
------ BN 5 -SMAR.UHPC
—-— FEERG-SMAR.UHPC
——— P EH-SMARUHPC
— SEEWHF-SMAL.UHPC

—-— P i -SMAR.RC
== P E-SMA&RC
— SEEHG-SMAR.RC

- IR R 1 -SMAR.UHPC
—-— iP5 -SMAR.UHPC
== HEB-SMAL.UHPC
— mééé& #i-SMAR.UHPC

— = R -SMAR.RC
== P EH-SMA&RC
— ELHE-SMA&RC
------ 2 -SMAR.UHPC
—-— AR -SMARUHPC
——= PEE#-SMALUHPC
— ;c%b #i-SMA&.UHPC

1.0r ]
."’ ./' ///”
o8t i /7 -
. A
K il
=041/
o2t 1/
i ’/// 1 1 1 ] 1 | ] -'. . 1 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
PGV/(cms ') PGV/(cm-s ) PGV/(cms V)

a PSSO G

b Al By SRR Z 4B 2R

¢ BFEE SR Zy At 2k

14 SMA & RC - SMA & UHPC ik 2 37 E 53 #6314 i 2%
Fig. 14 Bearing Fragility curves of SMA & RC-SMA & UHPC systems

2 Y O B AT S B i 1B 16 TR .
R AR R A—A B9 S (19 S 400 il T
BRIEENE, Hh B—B#&m A D—D #m T
RAEIE I, 32 25 485/, 6 UHPC [0 &7 A R

B PGV 34 51 200 em-s™, HC A G488 45 1 HE 364X
SrB R 2. 4% R 1.6% , T B R C—C i T 75 Ho 72
15 IR 8K 7 2 0T 8 1 B 4% 45 05 185 00, fE 24
PGV K5 200 em-s™ i, 4% G045 05 1O BE R TR T



1856 [l o K 2 2 MCH 9K BE 2% O 51 %

'''''' BMH-SMALRC - B G -SMARRC o BRI -SMARRC
—-— PR -SMAR.RC — — FEER-SMARRC —— FERH-SMALRC
== P EI-SMA&RC - == PEH-SMARC —— = PEEH-SMALRC
— EEH-SMA&.RC — ELH-SMA&RC — SEEH-SMAR.RC
------ iR -SMAR.UHPC - R AR5 -SMAR.UHPC - B -SMAR.UHPC
—-— IPEEIR 4 -SMAR.UHPC —-— & 5-SMAR.UHPC —-— & 5-SMAR.UHPC
——- P EIH i -SMAR.UHPC ——— P H R 5-SMAL.UHPC == PEE#-SMAR.UHPC
Lo, — EEBI-SMALUHPC Lo, — EEB-SMAGUHPC o —nﬁc\b RYi-SMAL.UHPC
‘‘‘‘‘‘‘‘‘‘‘ 7 i S )
0.8} 0.8} 0.8} a e
M ‘M’ ‘*5']' /‘// //////
és_ 0.6 F o % 0.6 y 55 0.6 //,,/ ////
R Pat R K i % 4
04T s =041 # mO4r //,‘// //,///
0.2 F ".V."" 0.2+ e 0.2 . // /////
e o = Py
2" 1 L —n — 2 == P ") Pid 1 =" 1 P | * = P 1 1 ]
0 50 100 150 200 0 50 100 150 200 0 0 100 150 200
PGV/(cm-s 1Y) PGV/(cm-s ) PGV/(cm-s 1)
a WHBhEAN R R S I 4 b HEEHRE AR R T4 2k c FIBSHFIE A1 R G it h 2k

B 15 SMA & RC - SMA & UHPC 1k Z 11 % 5 4 th 2%
Fig. 15 Cable vulnerability curves of SMA & RC - SMA & UHPC systems

45.3%0, PAFI R BER TR 17 55. 600, S E A 19. 7040, BT R A UHPC #4RHRAS T R 48 69 [#
MIBER TR T 43,000, s 2R TR T R

vvvvvv B -SMAR.RC - BRI -SMARRC
—-— PRI -SMA&RC —-— PR -SMARRC
- = EEH-SMA&RC == P EB-SMA&RC
—— SEEBUHE-SMAR.RC — SEARUH-SMAR.RC
------ 12 -SMAR.UHPC - BR IR 5 -SMARUHPC
—-— i -SMALUHPC — = P -SMA&.UHPC
——= PEE#-SMARUHPC - == = E I i-SMAR.UHPC
e FA-SMAR.UHPC i mﬁ% Hifii-SMA&.UHPC
0.8+ 0.8}
g\g 0.6} ’ ;j 0.6
K KR :
= 04¢ 04T >
02} 0.2k e
0 50 100 150 200 0 50 100 150 200
PGV/(cm-s ) PGV/(cm-s )
a A—Aéﬁtﬁi%%ﬂmﬂzi b B— DB 41k 2k
------ B 5-SMAL.RC o R -SMAG.RC
— = &R -SMAR.RC — = PEER 5 -SMA&RC
== PEE#H-SMA&RC —— - PEEHH-SMALRC
— T2 H-SMA&RC — ZeH-SMA&RC
------ B f-SMAL.UHPC oo R -SMAL.UHPC
—-— FEA Y -SMAR.UHPC —-— PR -SMAR.UHPC
——— PEFH S -SMAR.UHPC ——= PEHIS-SMA&UHPC
Lo mﬁﬁﬁj SMAR.UHPC o Eﬁb f5-SMA&.UHPC
0.8F 0.8F
Fosr Bost
K R
=04 04T .
0.2F: 0.2F: e
0 50 100 150 200 0 50 100 150 200
PGV/(cm-s Y PGV/(cm-s Y
¢ C—CHIm 5 itk i & d D—D#E 5 ik ik

B 16 SMA & RC - SMA & UHPC & ZHHE KB HE S 171 H &
Fig. 16 Vulnerability curves of key sections of SMA & RC - SMA & UHPC systems



5% 12

B, A R TIEE R PERE TR E L FIRA 3 B O REAR Sy BT 1857

4.6.2 LRSI 2R

SRR SRR Sy E & 17 P,
1E SMA PR % 5 B PR AE F AT UHPC 4R i
BVER X6 F 28845 , UHPC RN A i3 R
AR B (EX TR ™ E B R 8 e Y
ARAS  UHPC (4 m B E Rl R B B 25 T 38
KRFEFE RS 24 PGV 3AF] 100 eme-s™ I, 1A 2 1) 7™
o455 WE 3 0 58 4 05 E R 4 00 R 41,406
17. 2%, M 24 PGV 353 200 cm-s™ I, 74 & i 7™ & 45
P ABE 3 0 58 2 45400 K RS AF 35 T T i 4 S R AIR T
6.2% F19. 7%, Ph 25538, UHPC #4 kg B &
R SMA K R BHATRFE SR AR AR FH T 1461407 , RERS 4%
RN R AR AT TR A4 3R 2 8l B 35 1 IRURS: , SR s i i I
P 2P AR I — 2 1 2 R, o R S 4544
1B AR T 1B 45 E] A2 A

"""" 2R 5-SMAR.RC
— -~ PERB-SMA&RC
——— " E i -SMA&RC
— SEeH-SMALRC
------ B -SMARUHPC
—-— AR -SMA&UHPC
——= PEEH#HH-SMALUHPC
— ZE2eMHi-SMALUHPC

LOF orzsmesesenece e
'/,' '/./ ~
08/ rd PPt
R — e
M- L s
§0.6 i //
KR .
O
e
0.2 !
: / 7
0 50 100 150 200

PGV/(cm-s 1)

B 17 #1547 SMA & RC - SMA & UHPC {k & 5 1514 gh
53
Fig. 17 Vulnerability curves of SMA & RC - SMA &
UHPC cable-stayed systems

5 Zit

W5 SMA F1ZR FRAV %% B A UHPC B85 | A K
5 P R AR Bl 1 R AT T b, X%
BRVBHATR R R 0 2 BT PEAS A5 2 AT 2518

(1) AN[ENE & R R AR MR AE T B S i bk
ABRZN, T B 2R, AN RE— TS

(2) TEHZAE T SMA FL R AT B8 A SR
il 3 27 Az ask KRS e T AR AT S JBE 1 2 i 1k 3 ]
DI R7 1R I 32 S A s 5 | 4 & A i
SRR e R S IE A Y Y B, R 5 | 21
SR S PR RO R, ST AR SO R I S X

B Em VR E + ok F UHPC MRHEEA TR i, IR 25
RFWZD7 ] LA F AR B 00 St e

(3) UHPC AR F X 528 53 40P 52 e AN
UG AR AR B S 40 T RE S AR X HE O, AR 2
H BRI R S 40P 0 5 i AL LR

{E& STk A -
I AR B SCHESE, ST AREIT , e Tt A
T ARTT TSI
PAZE A RICIEF I YT &
I 0 IR

bz

S 3Lk

(1] e A RIEHIE Sl s il . S B R s i . ITG/
T 2231-01—2020 [S]. At ARASE h A, 2020.
Ministry of Transport of the People’s Republic of China. Code
for seismic design of highway bridges: JTG/T 2231-01—2020
[S]. Beijing: China Communications Press, 2020.

(2] mh B R bR (M. Jbat: AR ZZHE R,
2017.

YE Aijun, GUAN Zhongguo. Seismic design of bridges [M].
Betjing: China Communications Press, 2017.

[3] FANG Cheng, ZHENG Yue, CHEN Junbai,

Superelastic NiTi SMA cables: thermal-mechanical behavior,

et al.

hysteretic modelling and seismic application [J]. Engineering
Structures, 2019, 183: 533.

[4] ZHENG Yue, DONG You, CHEN Bo, et al. Seismic damage
mitigation of bridges with self-adaptive SMA-cable-based
bearings [J]. Smart Structures and Systems, 2019, 24
(1):127.

[5] FANG Cheng, LIANG Dong, ZHENG Yue, et al. Seismic
performance of bridges with novel SMA cable-restrained high
damping rubber bearings against near-fault ground motions [J].
Earthquake Engineering and Structural Dynamics, 2022, 51:
44. DOI: https://doi.org/10.1002/eqe.3555.

[6] FANG C, LIU X, WANG W, ZHENG Y. Full-scale shaking
table test and numerical analysis of structural frames with SMA
cable-restrained base isolation [J]. Earthquake Engineering and
Structural Dynamics, 2023, 52: 3879. DOI: https://doi.org/
10.1002/eqe.3953.

[7] ZHENG Yue, FANG Cheng, LIANG Dong, et al. An
innovative seismic-resilient bridge with shape memory alloy
(SMA) -washer-based footing rocking RC piers [J]. Journal of
Intelligent Material Systems and Structures, 2021, 32
(5): 549.

[8] ZHENG Yue, DONG You and LI Yaohan. Resilience and life-
cycle performance of smart bridges with shape memory alloy
(SMA) -cable-based bearings [J]. Construction and Building
Materials, 2018,158:389.

(9] HBAEZR, skAAME, 5K K45 . 9-# i UHPC R 20 G4 4 e



1858

6] 5% K 2 2 (A 4K BE 2 B

51 %

[10]

[11]

[12]

[13]

[14]

[15]

WIFELT]. B PRASH R A2 (A SRR , 2016, 35(1) « 22.
SHAO Xudong, ZHANG Songtao, ZHANG Liang, es al.
Study on the performance of lightweight composite bridge deck
with ultrathin steel UHPC layer [J]. Journal of Chongqing
Jiaotong University (Natural Science ), 2016,35(1): 22.
GUO J, YE A, WANG X, et al. OpenSeesPyView: Python
programming-based visualization and post-processing tool for
OpenSeesPy[J]. SoftwareX, 2023, 21: 101278.
BOZORGNIA Y, BERTERO V. Earthquake engineering
[M]. [s.l.]: CRC Press, 2004.
PR FNR, EARTE . A BEES R R b Y BIF T ik e A T
[J]. T#J1%, 2018, 35(9): 1.
LI Hongnan, CHENG Hu, WANG Dongsheng. Review of
research progress on seismic fragility of bridge structures [J].
Engineering Mechanics, 2018, 35(9): 1.
TARF AR, F IR . R Push-over J7 kPP R I PIRE &
SAET]. R TR, 2000(2): 47.
WANG Dongsheng, ZHAI Tong, GUO Mingzhu. Using the
Push-over method to evaluate the seismic safety of Bridges[J].
World Earthquake Engineering, 2000, (2): 47.
W, PRI R, JESERE . LT A AT A s AR B A DT A
R IE L] B4R (A RBRERD , 2001(1): 10.
PAN Long, SUN Limin, FAN Lichu. Earthquake damage
assessment model and method of bridge based on push-over
analysis [J]. Journal of Tongji University (Natural Science) ,
2001(1): 10.

e /NEE L ST e MR R R A AT SR O R T T U v
(7). TAEHRZ, 1995(1): 31.
WANG Jing, GAO Xiaowang. Earthquake damage prediction

method for typical and important reinforced concrete beam

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Bridges in cities[ J]. Aseismic Engineering, 1995(1): 31.
AL BT Box-Cox A2 4555 DU AT Hrfl W7 (0 -3 495 38 2 Jik o
HWRESBENIEID]. B FFFA:, 2020

GUO Junjun. Research on velocity pulse seismic vulnerability
of cable-stayed bridges based on Box-Cox transformation and
Bayesian inference[ D ]. Shanghai: Tongji University, 2020.
ZHONG J, JEON J S, SHAO Y H, et a/. Optimal intensity
measures in probabilistic seismic demand models of cable-
stayed bridges subjected to pulse-like ground motions [J].
Journal of Bridge Engineering, 2019, 24(2): 04018118.
ZHONG J, PANG Y, JEON J S, et al. Seismic fragility
assessment of long-span cable-stayed bridges in China [J].
Advances in Structural Engineering, 2016, 19(11): 1797.
HWANG H, HUO J R. Probabilistic seismic damage
assessment  of highway bridges [C]//The 6th National
Conference on  Earthquake Engineering. ~ Washington:
Earthquake Engineering Research Institute, 1998.

FENG R, YUAN W, SEXTOS A. Probabilistic loss
assessment of curved bridges considering the effect of ground
motion directionality [J]. Earthquake Engineering &. Structural
Dynamics, 2021, 50(13): 3623.

Ha A R T FE S5 S S . 2 AR R BRI S R 1A R
JT/T 854—2013 [S]. dbmt: ANRZSHE AL, 2013.

Ministry of Transport of the People’s Republic of China.
Highway bridge spherical bearing specification systems: JT/T
854—2013[S]. Beijing: China Communications Press, 2013.
NIELSON B G, DESROCHES R. Analytical seismic fragility
curves for typical bridges in the central and southeastern united
states[ J]. Earthquake Spectra, 2007, 23(3): 615.



