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. earthquake deformations of the soil and bridge, pile

deformations, column drift ratios, bearing displacements, and
expansion joint deformations were investigated to reveal the
- , impact of soil liquefaction on seismic responses of these three

3 R types of bridges. The numerical results show that soil
liquefaction significantly increases the unseating potential of
the simply supported girder bridge with pile group
foundations. For abutments of continuous girder bridge,
unseating or abutment-deck collision potentials are generally
increased. In contrast, seismic responses of the simply
supported girder bridge with pile-shaft foundations are rarely

influenced by soil liquefaction.

Key words: bridge engineering; liquefaction; seismic demand

property; finite element model; small and medium span girder
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Seismic Response of Girder Bridges in
Liquefiable River Valleys with Different ’
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Abstract: Seismic responses of girder bridges may vary due to . 4
different structural systems and foundation types. In this

regard, based on typical three-span girder bridges in liquefiable [6-8]

A b

river valleys, three 2-dimensional finite element models [9-10]

considering soilstructure interaction were built, including [1113]
. b

simply supported girder bridge with pile group foundations, s
continuous girder bridge with pile group foundations, and ’
b

[17]

simply supported girder bridge with pile-shaft foundations.
Nonlinear time history analyses were performed to investigate

the seismic response properties of these bridges. Post s
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Fig. 1 Modeling of soil-structure interaction
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Fig. 2 Bridge structural configurations and soil layer profiles

1
Tab. 1 Material properties of soil on the valley

ground
/ / /
(kN «m™?) () (mes 1)
21 39 6.0X10°6 0. 45
20 29 3.0X10°* 0. 85
17 — 1.3X107° —
23 — 1.0X107° —
2.2 N
b b
2, 2 m,
(1] _
b
b Y b
c d ’ ’
3 ( :m) 6 600 kN « m ™ ';

Fig. 3 Geometric dimensions of bridge

components (unit: m)
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3.5 4
Tab. 4 Expansion joint deformation at abutments
/m /m
(@) (2) (3 4) /(D /(2
P1 Gl 0.2562 —0.231 0.129 —0.326 0.51 1.41
N G2 0.362 —0.472 0.351 —0.453 0.97 0. 96
G3  0.376 —0.256 0.318 —0.228 0.85 0. 89
3 P1 s Gl 0.299 —0.217 0.241 —0.387 0.81 1.78
1 1 G2 0.493 —0.316 0.405 —0.401 0.82 1.27
’ G3  0.556 —0.331 0.517 —0.329 0.93 0.99
b ’ 4
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Gl 0.097 —0.143 0. 288 —0.083 2.97 0.58
G2 0.312 —0.532  0.413 —0.416 1.32 0.78 (3)
G3 0.142 —0.444  0.085 —0. 464 0. 60 1. 05 ’
b b
4 .
b
Gl G2 ,
’ €Y) )
’ ’ 3
b ’
b b N
(3% ~49%), (5)
b
b
) Gl
. ( 41%
A b
78%0) 5 . G2
(27%)
’ H ’
G3 .
s 3
’ b [1]

[D]. : , 2011,



766
XU Pengju. Seismic response analysis and simplified method of [14] SHIN H., ARDUINO P, KRAMER S, e al. Seismic response
bridge pile foundation in liquefiable ground [ D]. Harbin: of a typical highway bridge in liquefiable soil [C]// ZENG D,
Harbin Institute of Technology, 2011. MANZARI M, HILTUNEN D. Geotechnical Earthquake

[ 2] BHATTACHARYA S, TOKIMATSU K, GODA K, e al. Engineering and Soil Dynamics IV. Reston: ASCE, 2008:
Collapse of showa bridge during 1964 niigata earthquake: a 1-11.
quantitative reappraisal on the failure mechanisms []]. Soil [15] ZHANG Y, CONTE J. YANG Z. e al. Two-dimensional
Dynamics and Earthquake Engineering, 2014, 65; 55. nonlinear earthquake response analysis of a bridge-foundation-

[3] LINS, TSENG Y, CHIANG C, e al. Damage of piles caused ground system []]. Earthquake Spectra, 2008, 24(2): 343,
by lateral spreading — back study of three cases [ C] // [16] ELGAMAL A, YAN L. YANG Z, e al. Three-dimensional
BOULANGER R, TOKIMATSU K. Seismic Performance and seismic response of Humboldt bay bridge-foundation-ground
Simulation of Pile Foundations in Liquefied and Laterally system [J]. Journal of Structural Engineering, 2008, 134
Spreading Ground. Davis: ASCE, 2006; 121-133. (7): 1165.

[41] HAMANDA M, O'ROURKE T. Case studies of liquefaction ~ L[17] . .
and lifeline performance during past earthquakes, volume 1, [yl 22016, 29(4) : 85.

Japanese case studies [R]. New York; NCEER, 1992. WANG Xiaowei, LI Chuang. YE Aijun, e al. Seismic

[5] ISHIHARA K. ACACIO A, TOWHATA L Liquefaction demand analysis of a simply supported girder bridge in liquefied
induced ground damage in Dagupan in the July 16, 1990 or nonliquefied ground [J]. China Journal of Highway and
LUZON Earthquake [J]. Soils and Foundations, 1993, 33(1) ; Transport, 2016, 29(4); 85.

133, [18]

[6] . TOBITA T, IAIS. Cjj 166—2011 [S]. , 2011.

. . 2009, 28(10): 2012. Ministry of Housing and Urban-Rural Development of the
WANG Mingwu. TOBITA T. 1A S. Dynamic centrifuge tests People’s Republic of China. Guidelines for seismic design of
of seismic responses of pile foundations in inclined liquefiable highway bridges: Cjj 166—2011 [ S]. Beijing: China
soils [J]. Chinese Journal of Rock Mechanics and Engineering, 1] idré};:;tt;;ans BT:S;:ieif%; Ziialr.nework for carthauike

[7] ZLOIEZNiS <Ii(,))l'3(2)(l),T11i.ANGER R. BRANDENBERG S, et al. engineering simulation [ JJ. Computing in  Science and
Dynamic analyses of soil-pile-structure interaction in laterally Engineering. 2011, 13(1): 58.
spreading ground during carthquake shaking [ C ] // [20] BIOT M. Theory of elasticity and consolidation for a porous
BOULANGER R. TOKIMATSU K. Scismic Performance and anisotropic solid [y]. journal of Applied Physics, 1955, 26(2)
Simulation of Pile Foundations in Liquefied and Laterally 182. )

Spreading Ground. Davis; ASCE. 2006, 218-229. [21] YANG Z, ELGAMAL A, PARRA E. Computational model

(8] ARMSTRONG R. BOULANGER R, BEATY M. e al. for cyclic mobility and associated shear deformation [ J].

. . . ) ) Journal of Geotechnical and Geoenvironmental Engineering.,
Liquefaction effects on piled bridge abutments: centrifuge tests 2003, 129¢12) . 1119,
and numerical analyses [ J]. Journal of Geotechnical and o . L . .
[22] ELGAMAL A, YANG Z, PARRA E. Computational modeling
Geoenvironmental Engincering. 2012, 139(3): 433. of cyclic mobility and post-liquefaction site response [J]. Soil
Lo ’ ’ T ) Dynamics and Earthquake Engineering, 2002, 22(4): 259.
Ly 012 45¢ D 302 [23] BOULANGER R, CURRAS C, KUTTER B, et al. Seismic
TANG Liang. LING Xianzhang. XU Pengju. e al. Numerical soil-pile-structure interaction experiments and analyses [ ] ].
simulation of shaking table test for seismic soil-pile interaction Journal of Geotechnical and Geoenvironmental Engineering.
in liquefying ground [JJ. China Civil Engineering Journal, 1999. 125(9), 750.
2012, 45(Suppl. 1)+ 302. [24] BRANDENBERG S, ZHAO M, BOULANGER R. e al. P -

[10] SUL, TANGL, LING X, e al. Pile response to liquefaction- y plasticity model for nonlinear dynamic analysis of piles in
induced lateral spreading: a shake-table investigation [J]. Soil liquefiable soil [ ] J. Journal of Geotechnical —and
Dynamics and Earthquake Engineering. 2016, 82: 196. Geoenvironmental Engineering, 2013, 139(8) . 1262.

[11] TANG L, MAULA B, LING X, et al. Numerical simulations [25] WILSON D, BOULANGER R. KUTTER B. Soilpile
of shaketable experiment for dynamic soilpilestructure superstructure interaction at soft or liquefiable soils sites
interaction in liquefiable soils [J]. Earthquake Engineering and centrifuge data report for CSP3 [R7]. Davis: University of
Engineering Vibration, 2014, 13(1): 171. California at Davis, 1997.

[12] VALSAMIS A, BOUCKOVALAS G, CHALOULOS Y. [26] , R .

Parametric analysis of single pile response in laterally spreading [yl. , 2016, 33(8): 132.
ground [J]. Soil Dynamics and Earthquake Engineering, 2012, WANG Xiaowei. YE Aijun. LUO Fuyuan. Seismic response
34C1): 99. sensitivity analysis of pile supported bridge structures in

[13] Uzuoka R, Sento N, Kazama M, et al. Three-dimensional liquefiable ground []]. Engineering Mechanics, 2016, 33

numerical simulation of earthquake damage to group-piles in a
liquefied ground [ J]. Soil
Engineering, 2007, 27(5): 395.

Dynamics and Earthquake

(8):132.
( 810



810
, Vehicles, 2015 8: 695.
[ 8] SHARFMAN B. Mercedes and the boxfish [J]. The Scientist.
2006, 20(9).17.
[ 9] VAN WASSENBERGH S, VAN MANEN K, MARCROFT T
A, et al. Boxfish swimming paradox resolved: forces by the
[1] HUCHO W H. Aerodynamics of road vehicles [M]. 4nd ed. flow of water around the body promote manoeuvrability [J].
Detroit: SAE Inc, 2004. Journal of the Royal Society Interface, 2015, 12(103): 1146.
[2] . [M]. ,2005. [10] BARTOLIK, GHARIB M, WEBBP W, e al. Body-induced
GU Zhengqi. Automotive aerodynamics [ M]. Beijing: China vortical flows: a common mechanism for self-corrective
Communications Press, 2005. trimming control in boxfishes [ J]. Journal of Experimental
[3] M. .1998. Biology, 2005, 208(2); 327.
FU Limin. Automotive aerodynamics [ M]. Beijing: China ~ [11] BARTOLIK, GHARIB M, WEIHS D, e al. Hydrodynamic
Machine Press, 1998. stability of swimming in ostraciid fishes: role of the carapace in
[4] GAGNON L, RICHARD M, BEARDSELL G, e al. The the smooth trunkfish lactophrys triqueter (teleostei: ostraciidae)
process of making an aerodynamically efficient car body for the [J1. Journal of Experimental Biology, 2003, 206(4): 725.
SAE supermileage competition [ C] // SAE Technical Paper. [12] BARTOLIK, GORDON M S. GHARIB M, e al. Flow
Detroit: SAE, 2012, 2012-01-0176. patterns around the carapaces of rigid-bodied, multi-propulsor
[5] D’HOOGE A, PALIN R B, JOHNSON S, e al. The boxfishes ( teleostei: ostraciidae ) [ J ]. Integrative and
aerodynamic development of the tesla model S-part 2: wheel Comparative Biology. 2002, 42(5): 971.
design optimization[ C] // SAE Technical Paper. Detroit: SAE, [13] BARTOLIK, GORDON M S, WEBB P, et al. Evidence of
2012 2012-01-0178. self-correcting spiral flows in swimming boxfishes [ T J.
[6] BURTON D, MCARTHUR D, SHERIDAN ], e al. BioinsPiration&Biomimetics. 2008, 3(1): 014001.
Contribution of add-on components to the aerodynamic drag of [14] , , .
a cab-over truck-trailer combination vehicle [ J]. SAE [yl ( ), 2017,45(9) . 1377.
International Journal of Commercial Vehicles, 2013, 6. 477. ZHU Hui, ZHENG Zihao, YANG Zhigang. Regulation and
[ 7] SCHAUT N, SENGUPTA R. Aerodynamic optimization of mechanism of aerodynamic drag reduction by horizontal tail

trailer add-on devices fully-and partially-skirted trailer

configurations [ J]. SAE International Journal of Commercial

contraction [ ] ]. Journal of Tongji University ( Natural

Science), 2017,45(9) . 1377.

WERNERERENETVERVEREVERENEVERERERERETERNERNEUERENENVEREREUE N RENE RN RERERERE RN NERE RO R R R vl vl we e

(
[27]

[28]

[29]

[30]

766 )

WANG X. LUO F, SU Z, e al. Efficient [inite-element
model for seismic response estimation of piles and soils in
liquefied and laterally spreading ground considering shear
localization [J]. International Journal of Geomechanics, 2017,
17(6): 6016039,

WANG X, SHAFIEEZADEH A, YE A. Optimal intensity
measures for probabilistic seismic demand modeling of
extended pile-shaft-supported bridges in liquefied and laterally
spreading ground [ J]. Bulletin of Earthquake Engineering,
2018, 16(1): 229.

KRAMER S, ARDUINO P, SHIN H. Using OpenSees for
performance-based evaluation of bridges on liquefiable soils
[R].
Center, 2008.

SU L, LU j, ELGAMAL A, et al. Seismic performance of a

Berkeley: Pacific Earthquake Engineering Research

pile-supported  wharf: three-dimensional finite element

simulation [ J]. Soil Dynamics and Earthquake Engineering,

[31]

[32]

[33]

[34]

[35]

2017, 95: 167.

SCOTT M, FENVES G. Krylov subspace accelerated newton
algorithm: application to dynamic progressive collapse
simulation of frames [J]. Journal of Structural Engineering,
2010, 136(5): 473.

WANG Z, DUENAS-OSORIO L. PADGETT J. Influence of
soilbstructure interaction and liquefaction on the isolation
efficiency of a typical multispan continuous steel girder bridge
[J]1. Journal of Bridge Engineering, 2013, 19(8) : A4014001.

LI J. SPENCER B, ELNASHAI A. Bayesian updating of
fragility functions using hybrid simulation [J]. Journal of
Structural Engineering, 2012, 139(7) . 1160.

TAVARES D, PADGETT J, PAULTRE P. Fragility curves of
typical as-built highway bridges in eastern Canada [ ] ].
Engineering Structures, 2012, 40(7):107.

KIM S, SHINOZUKA M. Development of fragility curves of
bridges retrofitted by column jacketing [ J]. Probabilistic

Engineering Mechanics, 2004, 19(1/2): 105.



