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Abstract: A three-dimensional finite element model was established for a shaking table test of
dynamic pile group-soil interaction. Governing equations of u-p formulation were used to describe
the dynamic properties of saturated sand. We choose a plastic multi-yield surface constitutive
model to describe the dynamic properties of saturated sand, and a nonlinear beam-column element
was used to simulate the pile in this model. The results of the test verify the validity and effec-
tiveness of the numerical model. In an experiment using a 2 X 2 pile group, a three-dimensional
nonlinear finite element model of soil-pile-bridge structure interaction was established. Based on
this 2X 2 pile group model, with a 2 piles in row pile group model (2PR) and a 2 piles in parallel
pile group model (2PP), a 3X 3 pile group model (with a 3PR pile group model and a 3PP pile

O YR HEH:2016-10-21
EEWA HFE AR H (51578195,51378161 1 51308547) 5 [H 58 1 45 FL Rl WF 5% & J& 973 X135 H (2012CB026104)
PEEBIN M (1992, 5B TR, 3% S+ KR TREHLIE 3 01 2% % D7 I WF 5% . E-mail: tanghao2358@163.com
BEEE M R£Q981—), B W+ I ARG, NG R TR 2 5 Bk 3k 8l 0y 2 5 05 i B s .

E-mail; hit t1@163.com,



870 WwoE T O® % 2016 4F

group model) have been expended. Based on different configurations of pile group foundations, an
analysis of soil-pile group interaction in liquefied ground was made. When using the same number
of piles and a pile array direction parallel to the direction of seismic wave, stress is reduced by
5%~10%. However, there are few obvious effects on site liquefaction conditions. Under the
same parallel array of piles, in comparison to the two-pile model, the three-pile model ground-
liquefaction time results in delays of 5 s, and pile bending moment and shear force decreases
33% ~38%. With an increase in the number of piles, the ground-liquefaction time is delayed, and
the stress of pile body decreases. The results of this study will be of significant use for bridge
engineeringdesign.

Key words: liquefied ground; pile group foundation; strong seismic response; pile-soil interaction;

three-dimensional nonlinear finite element method
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Fig.2 Interaction model of pilegroup-soil-bridge structure

in liquefied ground
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Table 1 Parameters for constitutive model of clay
e HUE
R/ (kg » m™?) 1800
SR A I B VI B Go /kPa(P, =80 kPa) 6.0 10"
% (kB B, /kPa(P, =80 kPa) 3.0X10°
Fhi® S ¢ /kPa 35
WEAE BT 2E g mex (P, =80 kPa) 0.1
FEMES /() 12
IS H n, 0
BERM E/(m s 1.0X10°°
MER/N 0.4

R2 WINAMERTESH

Table 2 Parameters for constitutive model of sand

St b
W/ (kg + m %) 2 000
SR N S ) BT Y BB /kPa( P, =80 kPa) 1.0X10°
S KB By /kPa(P, =80 kPa) 3.0X10°
FEHES 6/ 37
WEAE BT B 2 g max (P, =80 kPa) 0.1
ZH VAR EE P, /kPa 80
EIH KB E n, 0.5
AAOL IR ¢/ () 27
BERBE/(m s 6.6X107°
FE SCH B 51 A A B 4 R 1 AR SR i oy 0.05
FE SCH B 51 R B IK 0 R fH  d 0.6
FE SCHT B R AR IK R 0 AR U & d 3
AL 5] A FRAR 9 1 0 R AE BB I B4 1) /kPa 5
AL | AR THLAR 9 P 5 % AR BB R RIS . 0.003
WAL | R FIAR B P B 7 AE BB AR I S 1
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Table 3 Physical parameters of reinforced concrete pile
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Fig.3 Comparison between experimental and calculated

values of acceleration time-history of soil
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Fig.5 Comparison between experimental and calculated

values of the strain of pile
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Table 4 Parameters for constitutive model of medium sand

St rhk
R/ (kg + m ) 2 000
2 % i R A B BY VI AR B/ kPa( P, =80 kPa) 1.0X10°
S KB By /kPa(P, =80 kPa) 3.0X10°
FEHES 6/ 37
WEAH BY A @ max (P =80 kPa) 0.1
Z% A M E P, /kPa 80
FEHHESE n, 0.5
MDA $0/° 27
BBREE/(m s 6.6X10°
R PIETE AV E R SR i e 0.05
B SCH BT 7 51 AR A SR R Al R o o 0.6
FE SCH B 5 R AR B K 0 AR 5% i d 3
AL 5] A FRAR 9 P B R AE BB B4 1, /kPa 5
TAL S| AR I8 P B R AE BB R S, 0.003
AL | AR TR 9 1 0 7 AR BB S8 1
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Table 5 Parameters for constitutive model of dense sand

S b
W/ (kg » m™3) 2 100
Z: AR N A B 3Y I & /kPa( P, =80 kPa) 1.3X10°
S % KB Bo/kPa(P, =80 kPa) 3.9X10°
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WEAH BY A @ max (P =80 kPa) 0.1
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AL | A AR I 1 B R AE BB RS S8 1, 0.003
Ak 5| T A A 0 7 AR ARG 2R 1

2.1 WHEHETIE K

B7 45 T U HESNIE T 24K Au/s” GRBAL
B K I H1/ A RN ) 1A, M R, = AR
PEWC & 0 A b b )2 3 & A WAk . B 2PR i 2PP Y
FEREAE Y + PRV AL e B) B2 L F 2 X2 BEAEAE AN, 5%
LI, 2 < 2 B Ak Xof A ) A Jon 1 B 4 2, - A
FRALPURNIEE A, MR R ] 3R b AR R IR
e R P R b A VR A T i T A L T B T b
B2 A AT AR . OUREHESIE R A A A A N
AR AL UL 8, 2 X 2 BERERLA [, 2PR Fil 2PP
TE AP A 0 A A1) 256 0 /0N 16 96 1 20 %0 L B A B A
GBS 1700 F 27 % . AT UL, 2 X 2 BEARAR AU rp
ARG AP F St 43 A O O L bR o R v A A7 B A1
BB/ HESLBTR MR AR, X 5 5 b L R R 43 B
B e—3, X T 2PR BLEL 5 2PP BLAI, M b
HEZ Iy 1] 5 b 72 8h 1) P AT B A A AR R AR W

(a) 2}27HEHE () 2HHBEAE—AT () 2MRAEAE—51)

(2PR) (2PP)

(f) 31RbEAE—41(3PP)
B 6 AKX

Fig.6 Pile-group configurations

(e) 3IRMEE—4T(BPR)

KAWL TR R RN Au /o WEEAH 0.4,
Mk By U {1 25 A )2 A T A i HS i 8T )
T2 B 4 1.5~1.7 m,
2.2 =HHEFIE K

Lo T = mEHESE U F H 1K Au/o’ 19745
1k, HE RN SPR A 3PP B b AR AR+ (A 8 Ak B
] L 33 FEAEAL Y, 3 55 B HE XU A5 1 T 1y 45

R EZ BN N, X B R, B — B AT B TRE9 , & BUAR R HES B T L B AR
0 . 0 . 0
=-1=5s =-(=5s - (=55
-~ 1=10s R -1=10s R -1=10s R
4r o y=15s [ «r=15s 4r o y=15s
~1t=20s - 1t=20s =~ t=20s
L | -t=25s -t=25s
£ 8 £ 8 £ 8 ~1=30s
K 12} K 12} % 12
16} 161 16
201 20K 20 : : : : -
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Aulo’ Aulo’ Aulo’
(a) 221 BF AL & (b) 2PRIFHFAL & (c) 2PPHENIFLE

A7 #HRIERE N Au/c’ #h

Fig.7 Influence of configurations with single row and two piles on the Au /s’



874

2016 4%

—-—r=112s —-—r=112s —-—t=112s
16/ =175 ®w 16 _i=117s  #w 16 _i=117s %8
—1=30s —-1=30s —1=30s
0l —— 2 . W 20 . ' ' 20 ' A !
-800 -600 -400 -200 0 200 400 -1200 -800 -400 0 400 -1200 -800 -400 0 400
%/ (KN-m) B4/ (KN-m) 2/ (kN-m)
0 ~—p— 0 , ~ V . 0 ——
|\
4t PI
£ 8 £ 8 ( E
B g B g G
| =—=r=11.2s |——t=112s —-—(=112s
16 ——t=11.7s 16 ——t=11.7s 16 —1=11.7s
—1=30s —-1=30s —1=30s
20 20 20
-300 -200 -100 0 100 200 300 -400 -200 0 200 400 -400 -200 0 200 400
B /kN B 1/kN By 71/kN
(a) 22HE AL E (b) 2PRAFHERLE (c) 2PPHEHERC &
B8 RHMAEBREANIENY TG AP
Fig.8 Influence of configurations with single row and two piles on bending moment and shear force of pile
0 - 0 : 0 ,
=t=55 A =t=5s =1=5s
<-1=10s 3 <-t=10s < 1=10s
wi=15s b Alg 1 4t =155 b wi=15% b
=1=20s W =1=20's - =1=20's
-1=25s Y | | -t=25s

02 04 06 08 1.0 0 02 04 06 08 1.0
Au/c’ Au/c’ Au/c’'
(a) 3x3IHEM AL & (b) 3PRIFAH AL & (c) 3PPHEATALE
B9 #H=IEEN Au/c'H®
Fig.9 Influence of configurations with single row and three piles on the Au/c’

B B fL B OB B2 18, 3 X3 FEEAR 2 vp - A i
IRACHI IS (] 2 LE 2 X2 REMERS U SESE 5 s, Al
PR SEHE S IE 3t nT 45 1 S B R . = HEHES IR
2R A 25 6 A 8 i 78 A WL 10, A ) A5 R
BN 20 0 F0 25 %0 5 BY 3 73 I/ 33 5 A 3804 H
AR 5 DR HE S E X — . xF A 8 A 10,
e BB HE = AR AR Y A AR Y 25 R R B ) LU B HEXURE 24
W/ 21 00~ 25 o 5 R UL B HE = R B A Al ) R R
REELR .

it

Bt X IR 8 5 i SR A S P AR R T WAL

3

HoRE -+ B 07 A B R = 4 R 2R v A BR G o A B
T, 0 A5 1 AR g o 1 5 O B
HEAT X FE X B AR Y 1) v S M EA T 50 L IR IR 50
B e 2 S B TR v, 20 W A TR IR =X 0 A 56 Ak
Hb 7R M B8 5 b Hb R, AR B I R SEAR AR

(1) 7 A A% 0 55 A 500 A OG5 Wk Y e
W AEY )5 2 v RO PR SRS R A
R VMG, bt # b, 2 55 AR HE
PR 25, 76 L B3 1.5~ 1.7 m &b MY 30 0 1 B
1o 48R T MR AL DA 7 A R | ) R Y
AR Z —

(2) 2 2 B A ASE AU (1) + R Ak I B) B T 2 PR



% 38 4 45 6 ] B 2 VA R R A R SR R 4 875
0 0
4 4t
£ 8 1 g8
:fé 12 4 L% 12+
—r=112s —r=112s | —r=112s .
W 17 #0 6 17 #0 61 im17s ®0®
——1=30s ——1=30s ——1=30s
20 3 2 2 b!
-600 -400 -200 0 200 400 -900 -600 -300 300 600  -900 -600 -300 0 300
L/ (kN-m) %/ (KN-m) L%/ (kN-m)
0 0 0
4 Gk 4 b al ik
- - <ol (
o 2 i .
% S s
T g SRT) Bl B
=125 ——r=112s | =—r=11.25s
16 ——1=11.7s 15 ——1=11.7s 16 ——1=11.7s
—1=30s ——1=30's —1=30s
20 : : - e 20 : A
-200 -100 0 100 200 -300 -200 -100 O 100 200 300 -400 -200 0 200 400
B85 77/kN B /KN B 73/kN
(a) 3x3HEHEAL S (b) 3PREFHIFL & (c) 3PPRENERC
B 10 PH=irf F e TR A Hoh
Fig.10 Influence of configurations with single row and three piles on bending moment and shear force of pile

F1 2PP BEMERIRY , BE 1 4546 43 k7 16 %6 F1 2024 .
B30 BN 17 Y%/ 27 %, 2 X 2 BEREAR A 4 ik
Xof AT P S P AR O B S, b T AR o R p Az F Y Ah
107 BRI S W HE TR M R AR

(3) 3X 3 BEMEALIY ) + R W AL B[R] i T 3PR Al
3PP BEAEASE TR, Ak 25 5 43 i e/ 25 %6 i 336, B35 )
A3 IE /N 20 %6 25 % 33X -5 RUBE 4> BT 45 R — 3K

(4) B B8 AR R B B HE B O 1] 5 b 7R D%
A5 PEAT I (2PR, 3PR) H 5 M 7% I i A 7 1) 2
ELRF (2PP, 3PP) #E 352 J1 30/ 5% ~10% , 1M X 45
b VA1 150 000 TG B s

(5) FAFHESNE KR, = AEAETR A+ R B
R 11 e R] 247 B OBUREASS U SE 2% 5 s, A (14 45 0 R BY 7 D
/N 33% ~38% . HIULT] L. MR AT L B S R
B0, k- A R R A W B K S Ml b Ak g
59 WS I R R 5 1 R A M RE R SR
FL M 5 n] RE RN T

£ Z 3k (References)
(1] xS A PR S T — B AR R E e ] T

FEHLE L 2000(3) :27-32.

LIU Hui-shan. A Discussion on Seismic Design of Pile Founda-

(2]

(3]

[4]

(5]

(6]

(7]

tion: Inspiration from the Great Osaka-Kobe Earthquake[]].
Earthquake Resistant Engineering, 2000 ( 3). 27-32. (in
Chinese)

AT 5= e IR AL 3 M 1 A AR 1) 25 T
R LIt 4 5% TR, 2004,20(2) 1 17-22.

LI Yu-run, YUAN Xiao-ming. State-of-art of Study on Influ-

W B 5L

ences of Liquefaction-induced Soil Spreading over Pile Founda-
tion Response [ ]J]. World Earthquake Engineering, 2004, 20
(2):17-22.(in Chinese)

Tokinatsu K, Suzuki H, Sato M. Effects of Inertial and Kine-
matic Interaction on Seismic Behavior of Pile with Embedded
Foundation[ J . Soil Dynamic and Earthquake Engineering,
2005,25:753-762.

LuJ C,Elgamal A,Yan L J,et al.Large Scale Numerical Mod-
eling in Geotechnical Earthquake Engineering[ ] ].International
Journal of Geomechanics,2011,11(6):490-503.

Klar A, Frydman S, Baker R.Seismic Analysis of Infinite Pile
Groups in Liquefiable Soil[ J].Soil Dynamics and Earthquake
Engineering,2004,24(8) :565-575.

Zhou X L, Wang ] H.Analysis of Pile Groups in a Poroelastic
Medium Subjected to Horizontal Vibration[ ] ].Computers and
Geotechnics,2009,36(3):406-418.

LuJ F,Xu B,Wang J H.A Numerical Model for the Isolation
of Moving-load Induced Vibrations by Pile Rows Embedded in
Layered Porous Media[ ] ]. International Journal of Solids and

Structures,2009,46(21) :3771-3781.



876

==
=

H

T #&

B 14 2016 4

(8]

9]

(1o0]

[11]

[12]

Wang Z, Lu Y, Bai C. Numerical Simulation of Explosion-
induced Soil Liquefaction and Its Effect on Surface Structures
[J]. Finite Elements in Analysis and Design, 2011, 47 (9):
1079-1090.
Jayasinghe L. B, Thambiratnam D P, Perera N,et al.Computer
Simulation of Underground Blast Response of Pile in Saturated
Soil[J].Computers and Structures,2013,120:86-95.
A R B g L TR Al ) 1) A B 1S 1 A R A IR A3
WrlI0.% 4 1% 2011, 3238 F1) 1) :501-506.
WANG Rui,ZHANG Jian-min, ZHANG Ga. Analysis of Fail-
ure of Piled Foundation due to Lateral Spreading in Liquefied
Soils[J].Rock and Soil Mechanics,2011,32(Suppl) :501-506.
(in Chinese)
T 7k AR S A L S 43 R R AL T ) 1] 2 g SN
PLB AR S W 52 L) ] 97 SR I T AR 2412, 2014, 24 (1) : 40-45.
LI Yu-run, ZHANG Zhong-le, GU Zong-ang, et al. Experi-
mental Study of Lateral Dynamic Response Mechanism of Pile
Foundation in Stratified Liquefiable Soil[ J].Journal of Disas-
ter Prevention and Mitigation Engineering, 2014, 24 (1) : 40-
45.(in Chinese)
FAAE R R B A A5 B T R AL AR A AL A 3IR 2 A
BRG] R TS TR RS0 .2014,34(2) : 246-251.
WANG Zhi-hua, XU Chao, ZHOU En-quan, et al. Shaking
Table Test on Effects of Sand Flow on Pile in Liquefied

[13]

[14]

[15

[16]

[17]

Ground[ ] ].Earthquake Engineering and Engineering Dynam-
ics,2014,34(2) :246-251.(in Chinese)

RESE VBT IR MG 26 L 45 WAL 3 - 1 b R R EL PR R )
AR AEB )] £ AR TR, 2012, 45 (W T 1)1 302-
306,311,

TANG Liang, LING Xian-zhang,XU Peng-ju, et al.Numerical
Simulation of Shaking Table Test for Seismic Soil-pile Inter-
action in Liquefying Ground [ ] ]. Chinese Civil Engineering
Journal,2012,45(Suppl) :302-306,311.(in Chinese)

Tang L,Maula B H,Ling X Z,et al. Numerical Simulations of
Shake-table Experiment for Dynamic Soil-pile-structure Inter-
action in Liquefiable Soils[]]. Earthquake Engineering and
Engineering Vibration,2014,13(1) :171-180.

Tang L,Ling X Z.Response of a RC Pile Group in Liquefiable
Soil: A Shake-table Investigation [ J ]. Soil Dynamics and
Earthquake Engineering,2014,67:301-315.

LuJ C,Yang Z H,Elgamal A.OpenSeesPL:3D Lateral Pile-
User's Manual[ M ].California: Univer-

Ground Interaction

sity of California,San Diego,2011.

LT A 7 A 532 R A i i B 7 1T Ak 23 O 5 WF R LD

W IR U WA IR Tl K 2%, 2012,
LIN Ji-cong.Simplified Seismic Analysis Method of Bridge of
Piles-group Foundation in Liquefiable Ground[ D]. Harbin:

Harbin Institute of Technology,2012.



