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Abstract:

used in small-and-medium-span girder bridges but they

Laminated rubber bearings are commonly

lack in displacement capacity and are likely to slide in
which

displacements between piers and girders. Thus,

earthquakes, results in excessive relative

a new
type of composite rubber bearing, of which the cross
section is composed of a laminated area and a sliding
area, is proposed in this paper. Interior sliding is allowed

to reduce the horizontal stiffness, improve the

displacement capacity, and dissipate the seismic energy.

Quasi-static tests were conducted for six bearing
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specimens to study the effects of pressures, rubber

properties, and sliding area stiffness ratios on the
bearing performances. Finite element analyses were
performed based on a typical simply supported girder
bridge. The seismic responses of composite rubber
bearings and laminated rubber bearings were compared.
The results show that the composite rubber bearings
possess a small equivalent stiffness, strong displacement
and energy dissipation capacities. Total sliding of bearings
can be effectively avoided and both bearing displacements
and pier moments can be significantly reduced in

earthquakes.

Key words: small-and-medium-span bridge; composite

rubber bearing; quasi-static test; bearing sliding;

seismic performance
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Tab.1 Schemes and loading protocols of bearing specimens

s ZZ X/ mm WX/ mm BORHERE K/ MPa B R AR AR/ Y4 F3es

Al 410X 410X 90 290X 290 X 66 60 6 175 - y
A2 410410 %90 290X 290 X 66 60 6, 10 175 BILIES R
Bl 410X 410X 90 290X 290 X 66 50 6 175 YRITI NI AT Rkt
B2 214214 X 114 410X410X 78 50 6 150, 175, 200 T 7 7 WL ) 52
Cl1 360X 360X 88 200X 200X 54 60 10 100, 150 YRZE 37 1 N~ A
C2 510X 510X 120 300X 300X 88 60 10 100, 150 AR I A R 0
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Fig.2 Cyclic tests of CRB specimens
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Tab.2 Lateral equivalent stiffness and damping ratios of bearing specimens
, TEF Bl X NI B YRR R R/ BT/, AR e
R I 7 5 E3 =79 0
ST FHSCTmm gy B % MPa  (kNemm D) PRI/
Al 410410 57.7 60 175 6 1.67 10. 3
6 1.59 10.7
A2 410410 57.7 60 175 10 153 125
Bl 410410 57.7 50 175 6 1.14 9.4
150 6 0.75 12.5
B2 410X410 71.7 50 175 6 0.69 13.1
200 6 0.64 14.3
100 10 1.50 10.3
D X .
C1l 360X 360 42.1 60 150 10 116 12
100 10 2.17 8.5
o2 510X 51 41.
¢ P1026510 ) 60 150 10 1.68 11.8
400X 400 60 2.70
A e =2 A 350X 350 60 2.13 A
500X 500 60 3. 16




1140 [l o K 2 2 MCH 9K BE 2% O

% 50 %

Qy - - KPY

Koy :

@ fres

E5 MkitihEHEE

Fig.5 Bilinear restoring force model

d,=fs/Ks
Ky, =p (K. +Ks)

K, =p:K.

Qy:Kbydy
Hor, No (N 23500k 4 30 XIS R AR FH G 75 K
Ko Ko K43 0000 B 2 X0 08 i) W JRE 7RSI
T Bl DX 38 ) I KT, 35 i S g e
SRR, AR TR 5 s fs S0 A Bl IX R 2R
BOMPEERE ST 5 d, IR RS

HR 52\ I W BB 72 L R 3 A AR e Aok

6, A ECHE E > 60 J32 01 50 FE st A B LR B 0 S By
1.2 MPa#10. 9 MPa; ik g F v 52 )8k 7128 6 MPa
% 10 MPa, I D 5 A 5 A0 b 2 ] 1) JEE 482 ZR 407
0. 02~0. 06 Z [, S BACFR M T HUT M 0. 04, 3
2 S PR 1 e T D 2 RIS J I A I 2R 5000 31 B
M1 1AL O, B A5 45 (0404 b £ 4 ] 4
o FENARTAL, A LSRRG ROCR e ft, B 41A
CH MM EROERMBLTF. BIE RBUBAARYE )i
(AR RHA GG P, v] A i A& 1E R B — 2042
VARG AE YA 8 A A5 S A

2 EHHRTREE

SRERGE LR B AR S A N HAE /NS 1 TR B
IR AR SO S PR T AR S ST 1 SEAR AT BR TR
R FFIF R T W 1] A AR R sl s AR B o
2.1 1HAEER

Ph—JAE 3X 30 m Y = 85 T g 1R BE 2 T
FRTT S A BR TR 2 M 1H T 22, S5 A T 52 o
W AR T 40T, ZE AT BRA R i 6 AN JEMT
B BEFmAAEWE 6 R, E6HhANFER
B A L L S8 2 A y B S . R
5 H/NFERLH A, 95 19. 0 m, BRI 7 1k S B R 2
BB AR B, B F 1.6 m <X 1.6 m, Hub
4.0m, R 7.2 ~8.2m, iTHAHES. 0 m; 352

K 18.0m, & 2.0m, F& 1. 0 m; ELfil R K & AE LA
e, Horp, FRR0RA CS0 IREE T, HFEIUYL 36 3241
By C40 TR+, A AT 35 5% H HRBA0O ., 17 2841
T BAAS T S R HEE 1000 kN, $ I B R S
400 mm X 400 mm X 99 mm AHR ZAG I 37, A
PR S JRE TR T AT R, e RSt SRR 150 6 MPa

n 19.0 J
18.0

A

3

= BT A - 25 AT
A=8.11 m2 (= 1.6/ 24 1.6 A=4.00 2
1122.67 m4 o ]z;l 33 24
[y:24237 1'1'14 1),:133 m4
2 A
’ H' m 08
y J

E6 SLOIRIEWE (AR m)

Fig.6 Cross section of bridge example (unit: m)

K FH 45 48 43 M7 B2 ¥ OpenSees #1745 B2 JT 43
Bt S B A BR TR RN 8] Ta 0T o 32 RN 5 G
R R st SR OTRANL, MR 1A 6 v A T e v T 5
WILE 5 7K 65 R B s AE48L, Bt 324 €5 MR SR TR
W2 7 L BT ; R IR P A 4 s T, TR e
+ R H ConcreteO1 B4, XJ 1 A 25 JE B H7 58 BE 1Y
Kent-Scott-Park 1i & T AR, B Fx 7 5 B2 1 S B
§ifi 1% A Mander #5830 rh 75 SR N7 240, 94 77 R
Reinforcing Steel #5400, & FH 4% ] [ PE RS AL A5, an ]
ASY PN = s Y 1F s B2 s R = 2 ST S /S s | = i )
i ]l 2, AR 2 B U A AU IR S A
16 922 KN -m; % T S2JRE T 7, AU S35 T AR
28] B BE 482 22 B0AE 0. 10 ~ 0. 25 Z 8] AR SCHUE M
0. 20, 435128 H EA SR RRE A9 SteelO1 FLELA
22 Be R MERFIE /Y MultiLinear B4R} AR 18 57 A8
Bl A AR S8R RN ZH B AR e S T PR A S
RSP, R AT RE T 5387, K L W B 45—
BEE N A B AR S E R AR W EE , AT LA R A A48
i S A N A AR e S ) SRV SE RS 4 il ol 154, 2
mm F168. 6 mm , Fif & 257 (14 2. 2515 , Ayt fe it 5
NS, WA S A 0 Je I EE 34T B 1. O KN -m ™5
Ak LAl R FH b b SR T oy 2 Bl B W
JE by ooy R ANEE SN EE £, oy Lo BUE TN 7 BT
2.2 HIENBAN

Z TR )8 T B 8  HuaR e B 2R i I



5% 8 BREEDR A T T NES AR TR I A B AR S R P i 1141
_T T\ rm fﬁij \ ¢ = TT_ 37 B (twoNodeLink) iyﬂﬂ’%(e]asticBeamCo]umn)
% §>i @4‘5}5 22 (elasticBeamColumn) 3 % ¢ <2 ¢ 4 2
¥ Tk ‘ ® 4
R Hr¥#(dispBeamColumn) / ¢ ¢
i 2 (elasticBeamColumn)
BT R
¥4 V4
ARET A Y
¢/ z}_\_ > " ~ >
g RER g + 545 (zeroLength)y —= g
a FIRTTBA U FRATR)
_RPEERE T e
H (E60 mm) - >R £=26.8 MPa Jal - - _  f,=400 MPa
{ £=0.002 0 N E=200 GPa
I £0=0.006 0 tp ) fu=480 MPa
1 %ﬂ% ﬁ:o ﬁci292 N;Pa ) . :9 6| m& E.=20 GPa
3| @m0 54%) i = e Y/ B 50,002
[N g+ — Ry R IR L T £4=0.030
ie — ORI £4,=0.150
M A T VBt (Concrete01) i (Reinforcing Steel)
b MR Yk KA Rk (=] i 2%
= ! }

P 21:220%11?1\11(1\] " i}b _ VN oogNmt S k=702 200 kN-m™"
Jo = dy1ne=68.6 mm . k=1 120 kN-m™! k=702 200 kN-m™"
b F

1 =
/e ol e | Bt | Y. i f=37 650 000 KN-m
(VX7 A, oxy=154.2 mm k=37 650 000 kKN-m
’ k=100 000 000 kN-m

20 A 15 8 57 BE(MultiLinear) + 3 #5 (Elastic)
© 3T JBE R A R ] h 28

E7 EFOpenSeesIHRTER

Fig.7 Finite element model based on OpenSees

B FAG L ST B (Steel01)

JE |, M T AR I B 0 0. 1g, bRl IV 24
R 0. 75 so AT S G SRR AR 3 |
YRR T IR, A SCBEE T M R sh T,
Hrp o 17 M 52 g T RV B 2 5 B S I 36 A7
NTA AR, SR R e & 8 s o

0.6
0.5 ‘1
0.4

— B2 it
o B2—=1

0.3
0.2
0.1

Tnig e Rk / g

1 23 4 5 6 7 8 910
JEAIA /s
B8 mimith = NNk E K Mg
Fig.8 Acceleration response spectrums of ground

0

motions far away from fault

VT3 R 8l 75 2 2% s Bk i, D\ Baker 452 4&
FH A9 PEER Hb 72 38 £ 48 72 H 95 B Landers . Kobe Fl

Chichi HbZ 3t 3 5B 1L 5% (3 : 116000 . KIMO00
TCUO054) , Ff K¢ W {E Hb [ Jin 3 & (peak ground
acceleration, PGA) it 46 £ 5 N T.& i = )% i) —
JKAF-(0. 204 2g) o IR UNE 9a ~ ¢ fIrr , K]
093 ok e B A o R B g 3% 4 81 9d s, AT DL
R T Kobe HiFZ 2l DAL , AR %30 7 b 7 15 At 35 o
F5 O I SR A BB B K TR

T Ja o B4 ik 6 S Hb R sl RN in 20 s 9 F
I B AR G iR AR iR . BHJE 38R 5 Al
BELJE , 2 B0 B 0T i 2 5 38308 90 00 b 1Y R I 4
YR30 1. 407 s F10. 130 s) , FHAR IR RIFHE
0. 05 AN S5

3 HROMW

HT TSR EAT X BRI , LA AR H ] 35¢ A4
— GRS L R SO AT SR T, e BT R AR AL



1142

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

% 50 %

075 1
0.50 |
0.25 |

0
=-0.25
-0.50
-0.75

TS / (mes™)

0 10 20 30 40 50 60 70
e 1E /s
a Landersig i 2

0.30
0.20
0.10

HHEEE / (mes™)

-0.10

-0.20 : . . —
0 10 20 30 40 45
] / s

b Kobeid i F2

075
0.50 |
025}
0
=-0.25
=0.50 1
-0.75

TS / (mes™h)

0 10 20 30 40 50 60 70 80 90
18] /s
¢ Chichii# B2

0.7

O g —— E2titi
) Landers

0.5

<
i

ke R / g
g

o
]

(=)

JA¥ /s
d niEE R RS

B9 EFtEZD
Fig.9 Ground motions near faults
355 S KA (RICRANI RS ) SOEFRAR NS |
PR S 4 . 3R 381 MY 1 P SRR 2 114 b 7= Wi

N Fe RAE B T HAELASN , IE RS R ) . PR
PRI REAR RL7 1E U AR, A AE TR AR, H
H 2] B AR ST AR R 1) S P e KAV S | SRR AT
BRI S5 S R 0 3/ N AR AR I S AR 2
O B SR AR S Y e A T SRR B T
BB IE S BE A A AE Landers #17ZE N A & 4 T 8464009
SR B ORI SRV S 1 350 ) , HAs T S
MRS TUAE R o P LA A AR S 38 B i %
5 SRR /N IR AR B AT

Sk i — 20 43 A W o S8 Bl 7 e Rz 1 DX DA
E2-1 Hb R R 5], K AL 11 S A A7 % st A R i
ezl FrE10 119, fE 10,11 a7 %, A=
2 S A A A5 A M S A P A7 A6 2 1A s T ( RV 408
g 5 30 4% 22 [E) RS0 8 28 ) 30T, Fe RS RS A8 i il
183. 2 mm A1 159. 9 mm. SR i A5 2 a7 iR 5]
SV BIRIE ShG  E E k A T B A, I
FEBT A 07 B e A2 A 2 By, an SR /D Iz 1) M 7R
RN TCTE A AT, PRI S e de KA B Rk 4
MRSERER , 53k [ 4 1125 —3. M2 FAA
W 7 JRE A R SRR YR B, VA AT T I S e
AN RIHEE G T IR, AL, 45 A 3R 3 g i
JAEANE S Wi I8 PR, S A i ks Sk 11 S A 457 i A% 5
AFasE , FARFEINAE « 837 Hb 72 A sk 5 s 17 % AR
— 350 AR AR AR S e () B KA B A 223K 63 %4, 1T
A S JREAA 22 249 , TR 20 A AR S JE ) o7
R i AR .

B2 R T ASTA] 52 T 00 A4 S A8 i [RTRE 1
X, gl A T 11 AT LK, 4 A A5 =2 R 7 L RR A
FHTF Ab~F 5500 P [ B Ay Ao 180 T DR [ 2 245
TR LR AR S e | K, FERERE ) 3% o

R ARGT A AR SO AR ST B
e PERE, LA Landers Hu g2 R 151 , 4 2 JEA7 #6 I fE 4
Hil FE13H . 256 9a B 10 FIE 13 nl %0,
FH R WA =2 88 A 50 R 1 28 5 b 1T 32 3ok P el
LRI ARAZT , (5 R M o7 BH S i 228 3 7, < A e

®3 HRUEIMNRAE

Tab.3 Maximum seismic responses of bridges

ALA = 7 25 Jie FQ}'

- SRR fm  dORARRGE m BORECRASE (o) RRREE IR R
LNB CRB LNB CRB LNB CRB LNB CRB LNB CRB

E2-1 —150.3 85.2 79.4 10.5 12025.2 6919.6 2.19 0.55 0.71 0.41
E2-2 125.1 95.9 56.0 3.5 13 500. 5 7341.3 1.82 0.62 0.80 0.43
E2-3 —92.2 77.6 12.2 0.3 13010.6 7807.5 1.34 0.50 0.77 0.46
Landers —195.7 158.1 —48.4 0 —13899.9 10757.8 2.85 1.03 0.82 0.64
Kobe —76.7 —66.3 —5.8 2.2 —11716.5 —6659.9 1.12 0.43 0.69 0.39
Chichi —157.6 —103.4 —25.1 5.2 —14249.7 7791.9 2.30 0.67 0.84 0.46




5 8 1

PR , A 8T T R M AR B 2 B AR I SRR VE T

1143

g

g

o

i>_|

{ﬁ

Rl
oo L= -15030NB) .
0 10 20 30 40 50 60

FFE] /
10 ZEEMFZETE(E2-1)

Displacement time-history curves of bear-
ings (E2-1)

Fig.10

250 1
200

AFH /KN
- 8

|
[
(=
(=]

=200

=250
=200

-100 0 100 200
A2 / mm
BEl11 ScEEiEE 2k (E2-1)
Fig.11 Hysteresis curves of bearings (E2-1)

160 1
O CRB

210} OLNB

g

29 80

3

i

g£ 40
1]

(=3

E2-1 E2-2 E2-3 Landers Kobe Chichi

R B LI
E12 ZEEge=EFREIT
Fig.12 Comparison of energy dissipation of two

bearings

AV A% 143 4 A A i R 32 ok e e 7 549 DXCTR] (40 s Fff
AT ), PRI AT 37 MR o S 8 fk w2 A 285 4 RS2
JAE W 7, (L 2B 5 A0 G S ) YA o 5 A A% R BR AR o2
AR HAR AR SORE /N 55— T, i 151 9d AT
1, B Kobe MU A2 41 H AT 73 MR 4315 il o B
=, JUHUE Landers IR A R G KA BOVE-F &5
B, X 1 o 0 4 ] S DA T R 4 g e 7 1 sk e 7%
FA o AM . A, 3 3 HBR T Kobe #7271 A

b3 7y ML R A A A S R TR o Al AR S
TEATIE AT A2k A SCRE R AR 3y, DALt 3l )
M 57 DX/ 5 2 5 AGE S A 52 30T I J= M R R Y
SN S A (EE IR R MK T H

200
150
100

50 ¢

[ 158.1(CRB)

(=]
T

SCENLFS / mm

-48.4(LNB)

i -195.7(LNB
(|

0 10 20 30 40 50 60 70 80 90
] / s

E13 ZEERIFRTTE(Landers)

Fig.13 Displacement time-history curves of bear-

& g
S v O W
S o o O

ings (Landers)
4 LR

BERS /NI AR AT T T B AR XA SRR 2 o i
BTN RAIAL R RA, $8 T — Pl & 52 223 1
WL B ARNE SR JF TP T S AR AU 3 3 5
A BRoC AT, AR A e T

(1) ZH AR S e g [n] 2k S B AR Y
XUEAERFAE B, 7K1 25 R0 EE W A2/ [ A 9
MR AR S e, S5 25 B e LR, B I A8 38 31 200 %6
AN KA SRR IR B3 3

(2) T4 vl LASE R S ) Bt il g FFE RE RE
75 JEARHBE B2 3 REAS 8 R S JRE I 5 59 I A i (LA
T 30 DX JEE o5 E A 38 0 2 Dol N S )38 S5 2 I E 42
e SERRELJE L, BT S A D P S IR A2 A
TIRENEAT R P e LR P2 520

(3) M R=2 A1 I LA AR S (3 7 BE ) FIAE fE
AESI5i , SO IR RS SRAR RIS RS /N T
PR AR SR T i Y T IR R AR

(4) 30 W 2= 1 7o A D 00 300 ok o2 iz A 4
(9 AR 1 2 Al 35 3 R A A I [0, 2 A S PR 52
AT T2 B 3t R R P S i (RS SRR T T
B AR B S

ARSI F A5 T A 0% FEREAT
i) 1} 88 1) MR A JH S A7 AR SR ) i & AR S T I
J17EMERE 2 R AR U s AN AN [l 3] |
PUR BB FURE 2525 JEAF 5 LR S Ll XN S B0
FTRRAIET, SRR IRV REMA B ZE 5, 1K



1144 6 3 2 2 (A 28 B 2% ) %50 %
S a] B A0 ST . highway bridges in China [J]. Soil Dynamics and Earthquake

1E& STk A :

BiifEiR I T, A IR BT 1R SCIRE
TR 4R IR SRS

SEFTR : SOBEIRI 70T, 45 SR SRS

Ao/ - SROESEHR R , 48 FIESURE

SE WK

[1]

(8]

LIJ, PENG T, XU Y. Damage investigation of girder bridges
under the Wenchuan earthquake and corresponding seismic
design recommendations [J].
Engineering Vibration, 2008,7(4): 337.

FETAR, BRARAE . BUNMBRE A B & i — A 5 R i (M.
et ARAZiE A, 2013,

ZHUANG Weilin, CHEN Lesheng. Analysis of highways’

damage in the Wenchuan earthquake— bridge and tunnel [M ].

Earthquake Engineering and

Beijing: China Communications Press, 2013.

b, Eroig, BUIH, 5. IRFEE RS S
SO MR SO T[T ). R E A BRAAR, 2016,29(3): 73.

LI Chong, WANG Kehai, HUI Yingxin, e/ al. Seismic
response of continuous girder bridge with laminated rubber
bearing considering friction sliding [J]. China Journal of
Highway and Transport, 2016,29(3): 73.

R, G, B . NSRRI S A AR B b
RG] FEAHAR, 2015,28(3) - 35.

LI Jianzhong, TANG Hu, GUAN Zhongguo. A new isolation
system for small and medium span bridges on laminated rubber
bearings[J|. China Journal of Highway and Transport, 2015, 28
(3): 35.

STEELMAN J S, FAHNESTOCK L A, FILIPOV E T,
et al. Shear and friction response of nonseismic laminated
elastomeric bridge bearings subject to seismic demands [J].
Journal of Bridge Engineering, 2013,18(7): 612.

XIANG N, LI J. Experimental and numerical study on seismic
sliding  mechanism  of laminated-rubber  bearings [J].
Engineering Structures, 2017,141: 159.

Foiilg, N, sk AREAR I SR FEAE AL REIRK IR AT 5T
(I a5 ehit, 2020,39(19): 1.

WANG Kehai, WU Gang, ZHANG Panpan. Tests for friction
sliding performance of plate rubber bearing [J]. Journal of
Vibration and Shock,2020,39(19): 1.

WILCHES ESTAN I D J, SANTA MARIA H, RIDDELL
R, et al. Influence of the use of external shear keys on the
seismic behavior of Chilean highway bridges [J]. Engineering
Structures, 2017,147: 613.

XIANG N, LI J. Effect of exterior concrete shear keys on the

seismic performance of laminated rubber bearing-supported

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Engineering, 2018,112: 185.
LIU C, GAO R, GUO B. Seismic design method analyses of
an innovative steel damping bearing for railway bridges [J].
Engineering Structures, 2018,167: 518.

XIANG N, ALAM M S, LI J. Yielding steel dampers as
restraining devices to control seismic sliding of laminated rubber
bearings for highway bridges: analytical and experimental study
[J]. Journal of Bridge Engineering, 2019,24(11): 4019103.
GUY, YUAN W, DANG X. Test and numerical study on the
seismic performance of a cable restrainer for girder bridges
[C]// 20th Congress of IABSE. New York: International
Association for Bridge and Structural Engineering, 2019: 1697-
1706.

WU, FTTH, SRR . PR FRALE B W7 = R )
LR [T ] )5 24l CH SRR 2D, 2020, 48 (9) -
1256.

GU Yitong, YUAN Wancheng, DANG Xinzhi. Effect of cable
restrainers on seismic response analysis of cross-fault bridges
[J]. Journal of Tongji University (Natural Science), 2020, 48
(9): 1256.

STRAUSS A, APOSTOLIDI E, ZIMMERMANN T, ez al.
Experimental investigations of fiber and steel reinforced
elastomeric bearings: shear modulus and damping coefficient
[J]. Engineering Structures, 2014,75: 402.

LI H, TIAN S, DANG X, et al. Performance of steel mesh
reinforced elastomeric isolation bearing: experimental study[J].
Construction and Building Materials, 2016,121: 60.

PR N RAEFIE i s el . A P R SO RNE : JTG
T 2231 - 01—2020[S ]. dbat: ARzl i, 2020.
Ministry of Transport of China. Specifications for seismic
design of highway bridges: JTG T 2231 - 01—2020 [S].
Beiyjing: China Communications Press, 2020.

LA, SR TTIR A AR S AR | B R PERE RIS [T, IR
gl 1989(4): 447

FAN Lichu, YUAN Wancheng. Research on seismic isolation
performance of bridge rubber bearing [J]. Journal of Tongji
University, 1989(4): 447.
MCKENNA F. OpenSees:

engineering

a framework for earthquake

simulation [J]. in  Science and
Engineering, 2011,13(4): 58.
CHANG G A, MANDER J B. Seismic energy based fatigue

damage analysis of bridge columns: part l—evaluation of

Computing

seismic capacity [ R]. Buffalo, New York: State University of
New York, 1994.

BAKERJ W, LIN T, SHAHI S K, ez al. New ground motion
selection procedures and selected motions for the PEER
transportation Pacific

research program [R]. Berkeley:

Earthquake Engineering Research Center, 2011.



