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Seismic response analysis of Fe-SMA-double variable friction pendulum bearing
isolated continuous beam bridge under near-fault ground motions

SHANG Jiying"?, LOU Dongxu', HAN Jianping', YU Yinquan®, SONG Binglei'
(1. School of Civil Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
2. China Institute of Building Standard Design and Research Co., Ltd., Beijing 100048, China)

Abstract: To address issues such as excessive displacement and inadequate self-resetting capabilities in isolated
bridges employing traditional double concave friction pendulum bearings, a novel iron-based shape memory alloy-
double variable friction pendulum bearing (Fe-SMA-DVFPB) was developed. This bearing integrates the variable
friction mechanism on the sliding surface with the superelastic properties of shape memory alloy. A constitutive
model for the bearing is established, and its equivalent analysis model is determined through theoretical analysis and
numerical simulation. Based on practical engineering considerations, isolated bridges with different types of bearings
are designed, and their seismic performance under near-fault ground motions is analyzed. The results show that the
maximum isolator displacements of the three types of isolation structures under pulse-type earthquakes are 2.1, 1.63
and 1.47 times greater than those under non-pulse-type earthquakes, respectively. Compared to DCFPB-isolated
bridges, Fe-SMA-DVFPB-isolated bridges exhibit the maximum reduction in isolator displacement of 38.9% under
pulse-type earthquakes and 13% under non-pulse-type earthquakes. Additionally, the maximum reduction in residual

displacement is 93.5% for pulse-type and 83.1% for non-pulse-type earthquakes. The use of Fe-SMA-DVFPB
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significantly improves control over both relative displacement and residual displacement. The reduction in relative
displacement and residual displacement in Fe-SMA-DVFPB-isolated bridge bearings is significantly greater than the
increase in bending moment and shear force at the pier base. Fe-SMA-DVFPB can further enhance the post-
earthquake resilience of bridges.

Key words: iron-based shape memory alloy; double variable friction pendulum bearing; constitutive model;

analysis model ; near-fault ground motions; seismic performance
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TEVF A PR B BT TR AR 22 W H . A58 FPB 18RS I 119 28 462 22 B50RN i SR 2428 [ e AR | ik 4 - 3K07E
KSR b i R A T T 7= A g R A RS 1 ) R, A b, TSAT &80 48 i 1 0l 1 B8 2 428 s 7% S ( double
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Fig.2 Calculation diagram of Fe-SMA-DVFPB Fig.3 Schematic diagram of sliding surface
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Fig.4 Simplified Fe-SMA constitutive model
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Fig.8 Implementation of the analysis model Fig.9 Hysteretic curves of Fe-SMA-DVFPB theoretical

analysis and equivalent analysis model
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Fig. 11  Finite element model of dynamic calculation
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HHERERRRM T, . ASCRT, =27, Hi T %1 DVFPB S# &
RPN R FEA S , FETRRR AW T, , 8 540 Table 1 Parameters of DVFPB
SE RS S EAE VR BN T AL N 35 mm, DVFPB #%it&  rRmm ow o psor/mm
B 1, 2000 0.03 0.05 0.07 120

JIE 5 DVFPB F1 Fe-SMA-DVFPB [ 245 4 TR 7R
ZHNXT I, DCFPB it %2 4% 5 DVFPB AH[A], DCFPB ¥ 1 - (428 152 R A0 5 DVFPB Hhuls X Sk 114 8
1 ZR K, M), Fe-SMA FLICSEE I k, =443 kN/mm, k, =38 kN/mm, e =0.9,¢}' =6, =5.3,£/' =0.2,
Fe-SMA $7 & H 0.8 mm PAZZ EIFEXT 22x7 BELEAHI A, 13 ASGARIAN 257" B 5E K W], SMA nJ LAAE [ 25
8% ~10% 1Bl N B A4 189 S0 BE 7, (ER 78 I AR 418 B iy 28 1R Ak 5 I 48, PR o A DS 3 Ky 28
EEARHITE 6% , SCHEA B i FHRE AR BRI, SR« — B — S 88 i JE ], — Sk F 16 >33, ZEAfF
SRR B S, b RS AR T 2 , T RS BRI A A% . DCFPB \DVFPB il Fe-SMA-DVFPB Ff#E
LR AR R A A LR 2
£2 EREFRENRERRESE L

Table 2 Comparison of periods of non-isolated bridges and isolated bridges s
SERETY FEbasE DCFPB DVFPB Fe-SMA-DVFPB
T, 0.97 3.17 2.65 2.36

4.4 HEFHBAN
A TR R S S HOM A IF 454 TG/ T B02-01—2008( /A BEHFEHTRZ 4NN > A FE K
VAR T AR ST 0 (Pacific Earthquake Engineering Research Center, PEER ) (3 28 Hd it 24 S5 8l 2
HERSC S, AT KR kAL (PGV/PGA>0.2) MIFESK AL (PGV/PGA<0.2) MR 4% 12 7%, W2 5=
BRI 3, BB DR HERR R IR R MR S 2 , SR ISR ] o R A Y R Bl 5, A S8 B
BE M1 (Chi-Chi) 5 QWUZEETE 20 km LN ; @RRHA/NT 5.5 G @S AN KT 0.1 g4
*3 WEHMERBH

Table 3  Parameters of the selected ground motion records

A ik nfr g ik nfr
=S Buh R;,/km PGA/g PGV/(en/s)| HIZEZhRS = Ry,/km PGA/g PGV/(cm/s)
1 CHY074-E 10.8 0.23 31.4 1 TCU104-N 12.9 0.09 475
2 TCU089-N 9.0 0.23 33.1 2 TCU036-N 19.8 0.13 475
3 CHY029-N 11.0 0.24 39.7 3 TCU103-E 6.0 0.13 70.2
4 CHY029-E 11.0 0.29 35.2 4 TCU036-E 19.8 0.14 57.5
5 CHY041-E 19.8 0.3 20.4 5 TCU039-N 19.9 0.14 56.3
6 TCUO76-E 2.7 0.34 51.8 6 TCU109-E 13.0 0.15 56.9
7 TCU089-E 9.0 0.35 35.0 7 TCU109-N 13.0 0.16 56.4
8 TCUO72-N 7.1 0.38 52.5 8 TCU102-N 1.5 0.17 66.4
9 TCUO74-N 13.8 0.38 44.9 9 TCU128-N 13.1 0.17 62.6
10 TCUO76-N 2.7 0.43 59.7 10 TCU039-E 19.9 0.20 55.3
11 TCUO084-N 11.4 0.43 48.1 11 TCU120-E 7.4 0.23 59.8
12 TCUO78-E 8.2 0.45 40.2 12 TCU102-E 1.5 0.30 91.7
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FE 12 SRR LS 12 Sk b B R S VE R, %5 T4 5% F§ DCFPB . DVFPB I Fe-SMA-DVFPB [ 5E
KRR R EE R AR R A TR ST

Fe-SMA-DVFPB P i 42 R — S A 72 bk v 2 b 7% 215 ( TCUO36-E ) FRAE ik v 784 b 7% 2 ( CHY029-E ) T i 1l
IS L UL 12, o] LA H ko 780 b 75 3l EL A Ee A koo 780 1l 72 20 B8 R I BB, ) 2 e st BB R I 1 %
Fe-SMA-DVFPB fz KA 8K 108 mm , I Fe-SMA 720 R AR BRI RS R
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Fig. 12 Hysteresis curves of Fe-SMA-DVFPB under two types of ground motion
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Fig. 13 Comparison of the displacement of different isolated bridge bearings
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Fig. 14  Comparison of bearing displacement

under two types of ground motion

SEF I ARRK R 1.47 75, AR Bk BU b 5= sl 2 %k 3 Ao = a6 110 B A 22 ikl B K 1) =X JRE A7 R i)
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Table 4 Average displacement of the maximum displacement of three types of bearings

H 2T ST R SAEAIES/ mm B INIE 2 v
ik ofi 0 DCFPB 286.9 —
DVFPB 200.9 -30.0
Fe-SMA-DVFPB 175.3 -38.9
ek v DCFPB 136.8 —
DVFPB 123.3 -9.9
Fe-SMA-DVFPB 119.0 -13.0
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Table 5  Average value of residual displacement of three types of bearings

15 Comparison of residual displacement of the

bearings under two types of ground motion

Hh I SRR SCIEIRAR N FE/ mm RN AR R %
Jok w784 DCFPB 8.65 —
DVFPB 9.05 +4.6
Fe-SMA-DVFPB 0.56 -93.5
ek oY DCFPB 4.55 —
DVFPB 4.92 +8.1
Fe-SMA-DVFPB 0.77 -83.1
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Fig. 16  Comparison of pier base bending moments in different bridge structures under near-fault ground motions
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Fig. 17 Comparison of pier base shear forces in different bridges under near-fault ground motions
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Table 6 Average values of pier base bending moments and shear forces for three types of bearing-isolated bridges

Hh = SRR BORAS R/ (x10° kN - m)  BURBHEZER/%  BUES 1/ (x10° kN)  BUKBT 2L R/ %

Jik 75 JEFaR= 16.63 — 2.54 —
DCFPB 7.55 — 0.65 —
DVFPB 7.86 +4.1 0.62 -4.6
Fe-SMA-DVFPB 7.80 +3.3 0.67 +3.1

Ak h I3 14.77 — 2.56 —
DCFPB 7.63 — 0.65 —

DVFPB 7.65 +0.3 0.65 0
Fe-SMA-DVFPB 8.41 +10.2 0.63 -3.1
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