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Abstract; Most research in the seismic analysis of pile foundations in liquefied ground is based on
small-scale model testing and theoretical analysis. This paper presents the development of a three-
dimensional finite element model for dynamic pile-soil interaction using the dynamic calculation
parameters of Nevada sand calibrated by conducting the centrifuge test outlined in the Verification
of Liquefaction Analysis by Centrifuge Studies (VELACS) project.On the basis of this numerical
model, the dynamic p-y curves under various shaking amplitudes are studied, and a macro-ele-
ment model for analysis of dynamic pile-soil interaction in liquefied ground is developed. In addi-
tion, a simplified method for seismic analysis of the piles on the basis of the Winkler model is
presented and verified by the results of numerical simulation.
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Table 1 Parameters for Nevada sand!''"'?!
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ZZ KRB E By (kPa, P, =80 kPa) 221 850
WEAE B [ 2E g max (P, =80 kPa) 0.1

P/ (kg » m™9) 1973
NS ¢/ 31.4

SV B AR EE P./kPa 80
[LEES g 0.3

Wik =4 d 0.4

R RZEL d» 2
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Fig.2 Effect of loading amplitudes on dynamic p-y curves at the depth of 4 m
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& 2 3 AT AR e 1 38 /INEE (0.05¢) , +
A B ALER N, p-y M St ol B L7 S Pk Bl
AR R B A 3G, AR R A AL (FLIEEE », = 1) L3
[ e v AR 2 T R R Y A R 0.15¢ % & 0.25g B
W T AR R R A B R X K FEER T
Ty p EIEWIR T pa TR AN BEE N
2R R (B A RN = AR LR 36 KR B AR
22 FAp-y HERNETHL

S5 R s AR B DT TR L 51K B 4 8 B B -
Bl AR O R M B T 4 1 JE A SEVARL B O TR) i K e
HFWzh S p-y M TG G5 3 o T, 3
I S WA S b A Bl g A AR 43 BT 68 1R AL
oo bR, AR XT3 ) poy Bl ZE 5
B, SRR AL R R K 2 T p o #E AR A7 )
[ PO R R WA S S A R 150 S S B S
AFEALEW T3 ) py MiZm i Tk, ¥ALE
s 0.2 — 4R 37N Bt.0~0.2.0.2~0.4,0.4~

0.6.0.6~0.8,0.8~1.0 #1 1.0,

1 p-y I B T M a7

(D fLEE r,=1.0

MG AR B 52 AT A LR B 7 = 1.0 B3l 7 p-y
iy £ i [l Pl e B A1 B 1 O R RN AR O R R AR AR
P [l BB T A 007 B AR ME A o . DR AR B p-y il
ity ] Bl g A I B 0 e K T e Rl R KR
FAIXLFE v AE R H T AL, B 0.10g 1 Hz 1E3X
P A T HR 4 m ab 14K p-y M B (& 4, ik
W (pray ) B (posy ) VERBN ST p-y M2 ] B
TS, %3 A TR P4 (American Petraleum
Institute, APD BT i HfE#E B AR ERD £ p-y I ZR
HEATHTU L G MR 4 m Ab B T [1# 5 () ],
Prig R E C.=0.16 B, 45 2 19 i1 £ 55 5 100 B 100 0 119
He B AW 5 i, BVIEIR 4 m kb BRI 3 ) p-y
M a T s .

p4 :0.16])/\[:1 (1)
~ 200 — 30
g 100 P P y 15;
z o \O\IA\NAN N £
=-100 -15
=200 -30

0 1 2 3 4 5 6 7 8 9 10 11
I 1)/ s

B4 010g 1 Hz EZEBATER4mi
AR p-y KA
Fig.4 Dynamic p-y time history at the depth of 4 m under
the input of sine wave with amplitude of 0.1g and

frequency of 1 Hz



837 % A

B 5 Y A 0 A T SRR B 0 A 4 7 7 947

80
o 60f a |
E PnX0.16
% 40f E
S A *0.10g, 1 Hz

20 < 0.15¢, 1 Hz

40.25g,1 Hz
0 L

0 5 10 15 20 25 30
y/mm
(a) K4 m

250
2007 PanX0.16
Easor .
2 100k « g = 0.10g, 1 Hz
S S
50R%" e
0 L L L
0 10 20 30 40
y/mm

(b) A8 m
A5 MR4mA8mikahh py Bk
TFWw&EG,=1.0)
Fig.5 Backbone curve of the dynamic p-y curve at
the depth of 4 m and 8 m (,=1.0)

B 2 O VR 8 m b KR poy BHZR B UET
AR EL C.=1.6 27518 AT Fo A 3 PR A0 ) B T i 46
(W5, MES)ATUEH . BRER S p &
AL BRI TT pacs B2 37T 08075 2000 & T i 4
46T 435 0 I P T 1 HE B % X G L T U
AEETIR A S C.=0.16 [FFEEH THE 8 m ik
A PR T MR AN F R I At B R A 2 A HE AT R B
(FEWZZ k2D . Wb fLEE ».=1.0 BT B 30
F1 p-y WA il £k T DU o APT B0V P HEFE Y
Wt p-y 2T LIAT I8 R %L 0.16 155, B]

D=0 =C. X ppp =

K X H
.1 A « X tanh
0.16 X A X p, X tan [A><pu

b po AR I BR R 2 CkN/m) L B (3) Al
O RBINE A g B R B, AT AR APT M
WHE s H b8 s B (m) . $E R R 38
TR B ABRARE T pu H s

p.=(C, XH+C, XD) Xy XH 3
e B A EIE T AR B IRBT ST p A

p.=Cy; XD Xy XH D
Xy B RAEE (N/m’) s D AHELRR (m) s
C1.Co\Cs AR SHL MR APTHEHE .
2) L r,<<1.0

X yj (2)

R AT LR o, <<1.0 B, AR EE
p-y W In] P i FRAR /N I iR (4% & 0.25¢ A
T 5T p HWIR Ty pa TR AR LI, JE 4
B E ML, RmRYE Liv =0 C,
T 5 T T C, B AL E s B 2
WA C =1—r), HEEKGE—h T p-y i
LTk, Ll C, Pk SRl BUE LR L -,
<C1.0 BF L 7o 2R K B L i AR Bt LR AR AL B AT
AR C.=1—0.84r, . fLIE I r,<<1.0 BF 30 11 p-
vy MM E T LR

Pricio=C. X pap =

(1—0.84r,) XA X p, X tanh(i(;:ﬁ Xy]

(5

DIBEIR 4 m FLEL +,=0.2 Fl r, = 0.6 K] 19
s p-y LR BT BB T AN, 3 =K (5) 1A B (A
6) Al WL, B AR+ J1 p FUBE £ A XS By Y9 AR

350
300 00 e
2 L A5t
e 250]
. S 0.4F
Z 200
e L {03k
= ; ]
N L : = 0.05g, 1 Hz
1501 0.2t *0.10g, 1 Hz
| 0.1 [ A 0.15g, 1 .HZ
100 s v 0.25¢, 1 Hz
F «‘p.o . X (.'
50f 0.00 0.0
0 1 T jreeeeeemen g 1
0 10 20 30 40
y/mm
(a) fLJE r,=0.2
200
150
~ A
E 04 r .
X 0.2+ =0.10g,  Hz
4 °0.15g,1 Hz |
sob % 0.1F 40.25¢g, 1 HZ/."
0. %QO 0.01 "(_)_.‘0'2
0 LT P 1
0 10 20 30 40

y/mm
(b) fLIEtbr=0.6
B6 3EK4mIAEEKRFHA p-y W&
BT & e
Fig.6 Verification of backbone curve of the dynamic

p-y curve at the depth of 4 m



948 WwoE T O® % 2015 4F
AN ABHEA BT DL B 03 poy 2 T £ 9P
AW, FE GO &E H FALER »,<<1.0 B oy’

Mzl p-y M&m s Tk,
il LTy pry MZ B A T &R B

-
p=<y—amm>xAXpHXmm{KXP{xyj
(6)

A X p.

3 BEMESTKRE

Boulanger %) i 1% 72 8 0 A5 Y T %1 i
W~ Bl 3 AH BLAE R 0 B R L T A DU AT
BRI RIBR A RS pu ATE p=0.5p .
B yoo HROREEEE S pu 2 L Cy FIELJE &R %L
co JH IS X BE SR T I IE o 2 TR i T
WAL 1 B E - 13 Ty AR EAE o A
3.1 EXTH

Boulanger %) 7 Hu BRI i 3L PE 56 (p-y©) 28
PEETC (p-y?) FIRLEE BT (p-y*) FRERA AL (K 7)

GENTE BPESATE HENG
I} L 7811
= Y

FRp LAY BLJE 72 14

B7 RELHE
Fig.7
S BT p SRR T R R BELJE ST R ORI .
PICPFR T p SRR
p=Ky* 7
A K s TeF A DI & 5y Sy 5k T 1 1Y
(LA
IAVE B TC RN R BT . Y B TR
PRI, —H BAMERN T po BT p-
vy MWL 8 (a), J1 p ¥ (I IE -
C .y !
C e ys + y])ylt;]
&
s pu WSRO BROR 2R 5 y» S SRR BT Y 07
¥ sy50 0 p=0.5p . IR RLEIRIIIAE RS 5 p Ly 20 5]
Sy BBV B B B 4y £ BN RS 5 C o 43 300 Ay 45 1 98
PR ITIE AR R
AV OCH DI LR K E R

Macro-element model

]) :p\\lt — (pult _po)(

n o+ sign(y) « (pu—p,) [ 1
|y =y HC + yso (C « yoot |yt —yb )
€))
Matlock (1970) # L, F BT F 1 C=10.n =5
M C,=0.35, API i @il b+ C=0.5.n=2
M C,=0.2, ARSCYEI AP HLIE 24 iy i f
eIt — NIRRT (pc— )
A=A e MR BT (p! — vy IR IR Ak, 2
BHIT T p=p +p'. MEITTHEREME- TR
T 42b 4 5% 11 5K T LA & /R FIHLEE 5 Matlock 4565
PEMME L p-y B A — 8, R EE T
TR L AR X 2l 3 R bR a2 20 ) ) BEAEE . P
HIUE pe-ye R WLIE 8 (b)  EEEICIF p*-y* Lk
WE 8 (o). WEITTHINTT p N

. Yso0
c=1.8¢ pu -
P pl|:yso+50(yo_yg)
i } (10)
y50+50(yo *yg)
FEETCAEI TT p¢ H
[)d :Cd * Due — (Cd e Dl _PS) M
Yso0
(1D
':y50+2yg_y§:|

ey REEHITTINIAE 5y 4 ]I Y IE 18] 62 %
CHTHRAEA v50 /1000 5 vo A TE] B A4 4 16] 32 B (90 4R
(0N —y50/100) 5 pi 8 N EEBEOG 1 1000 6 BE 45 )
FIRLES 5 C o o JBE 55 20 0 (o R BE 4% ) 5 R Al R K

Az .
1.0 1.0
0.5 0.5/
2 < 0
0.0 < 0.0
-0.5 -0.5¢
-1.0 ' ' : -1.0
-0.10-0.05 0.00 0.050.10  0.10 -0.05 0.00 0.05 0.10
' v
(a) WYL IGAE (b) Mtk
1.0 1.0
0.5 {05
£0.0 L_j =00
S 2
2.0.5 1 0.5

-1.0 -1, , - -
-0.10-0.05 0.00 0.050.10 1-%.10-0.05 0.00 0.050.10
V y
(o) EEHE LA (d Hood&

A8 EPAMYIRALL &

Fig.8 Load-displacement curves of macro-element model



837 % A

B 5 Y A 0 A T SRR B 0 A 4 7 7 949

-+ B AL B sy, S e T BR T
P BT 2R 0 PR & DT R4 1k T/E . X — Rtk R
Yo F50Cys =y Ay +50 (o —y O Bl M E
AT 2 A2 A B limp e =oo, RIAE-+ A i
A 254

y”+5wy3_y”zﬂﬁwg:y$+%%(1m

yso — 9500y, — %) =08y* =y, _% (13)

2o BT ) U 2R AR R e (1) B 2E
_op 2n(p§ —Cqybu) [ Yso j”
Ayt yao T2yt — v v + 2]y — |

1.85 é—o 1.8p . %0
T . (1)

@gy“ry&j (Aggoy“ryoj
3.2 HAE#ER
W R = Fh o o0 B AT B ) -+ 3 ) A B
YERR 22 e BRI E 8 (d)]. AR Y 7 B8 L 5K
(15) , BE R 2 A5 UL (16)
y=y "+ y"+yt (15)

Kg

1 1 1
K=(— - =yl 1
® Tk Tk (1o

Y v 2% ST AR B O R A HE AR T 2 A AR A
PEYO NS IE  BAT st oo AR . B o7 208
A A AR S ST B ST SR R T, A
B B A - A T A P R A SR T SR
JUABVE R OT I [F] TAE . 0k ) R BR R S, WA
FESE IO R EE .

3.3 RESH

3 ok A A ST B W AR 3 - A AR T ) 3
J1 py ME&E T AR BAXLLK OO THE pa M
yso s BT INZ 25T p B B A AR Y i R 7K
BT pu- M p=05p  BEXT AL REEN R v o S
M8 Liyanapathirana'® §) 75 3% B JE R 2L ¢ = pvs
Cvs HBTUIRED .

BKEENYS p . WIHLME Cy 21 Brandenberg
I R EUHEL Cy=1.0,

4 BUSMATESHERE

4.1 HEHER

5 =2 A FROCR R R4 — B0, 5 T S0 R gk
TERSLRY s 7 W B BT A 2 A BB 2 (TR 9) . AR
P BN RE-FE BT UL, 4 24 SO0, BETITY A
BEADL 4 v i AR AR A A . AR A A

YERIR A bk gl Jp 2 e e R . ¥ 3 )y poy
BRI SR FH 2 795 1 OO S 53851 R[] 2 59 50 ) )
JRHR ZR A BE B TT R 7 g HG DA R B T R S BT R
7K J5 ) AR AN R — . 7 [ 5 10 93 T
bk A AR B 37 0 LR I AR A D 3 SO 2 A
52 N+ 3l 3 A0 BAE T BB 4017
/fbw

LR E

L
B

«o-\A\—a

ﬁE P-ANN—

B i i 5

/ PT—VWN—

L

/n—'\N\r—ﬂ

VNN D A b T
- -2

A9 RSB AER TER

Fig.9 Numerical model for simplified method
4.2 MRS\ BURD

87 Ak 23 BT 050 S W 43 - (1) HEAT A He 3 b 17
2 I A3 BT » AR A M B 57 B RN fL A B AR L A A T Ak
TR (1) F0 R I Bl 5 (2) i A A1 38 b  1E AT WAk 3
BE- 4B JIAH B AE R 53 B, 3EHL EL Centro 3 (&
10)#EAT B B3 K 14 8h I3 SR 53 B - 15 20 LA B it
FEFNALC LU R (& 11) . SR F AT AL BB AR A, 4 A
H B AR ALF% BF B2 AE g SR R | O it % &
LE B pu B yso s $EAT BE- 1 3 7 A0 B AE H
G3HT

- 0.4 |
w020 t ‘
;é _82 ) p\/wﬁy’\/l\\}%M\MMJWW\W\JWA’W‘MWW/M«'WW"\/\W/M\M\W‘M‘/\MWW—
=-0.4

0 2 4 6 8101214 16 182022 24 26 28 30
i8]/ s

A 10 BRI RSN E 3

Fig.10 Input at model base
4.3 EUFEWEBEKRRE

B Ox ] Ak BB AR Y, i B E AR 2 BUBE 1Y O %

W E & DS EE L TER— 30 1 py BEBLY [ E
PR U A HAR R AL B 37 A A 7 7
WA, LA El Centro I % AN AL B9 2l g 45 Pk 2 47 a7
A3 B J7 125 B A B PR AR



950 o= (I 2015 4F
M4 m ' ' ' ' ' 02 W
1201 b 0.0 -
-0.2 1 p Tii .
60F 1 : : : : : :
0.2 ]
- g O S WISAM ST
\E 1 1 1 1 L 1 ;}’\i 00 i
% 601 1S m ' ' ' ' 4 Feapmr . . . . N
0.2_ T T T T T I_
30F E
00 — AL b
0 T 021 4 m . . — AR
230 1 - L ! ! ; 0 5 10 15 20 25 30
0 5 10 15 20 25 30 N 1)/ s
I 1H) /s
(a) {550 A B12 Mtz xARTETLLER
. Fig.12 Results of simplified method and finite element method
HVR4 m - o e g P
Lof B A AR = 4 BR AR A L 5 5]
(1) M A IR X R 3  p-y L5
037 W 45 5 T I 0 (N L RS e WA
00 Py 1128 T T R/ 040 0 B 1
= S m T RSB RC 5 21 M K 38— o A i [l i RS B
Lor W 0 10 90 2% 1 B 8 A R b MR B T B BRAR
N
0.5' N o
(2) L X APT B HHEFE I RD £+ p-y MR
0.0 - — - ETR— = AR EATBIE, 5 2 A HFLE T e b + 3h
’ R /s 9y oy MR T i F ik
(b) L LE i 72 (3) WL F WA L30T p-y IR A B T il
28 2k 20, Bk Boul R R 72 BT R R, I
B 11 B bR A AR 5 AU B R AR BUL Boulanger Bl (978 LAUL TS
. . . H T A B9 - 3 A B AR AR
Fig.11 Displacement time histories and pore pressure

ratio time histories of free field soil

1) 37 3% 2 1A BAE B 7 o 1k 1) T A AR L B T
VLI 3o 73 45 B A I e B . DA e i 9 (7 B AR |
REVR S AL Y 3 g B B AL 1 12 Sy ] Ak D7 125
A BROCIEE T A5 21 A9 A [R5 Bk 14 (52 8% If 7 X Le 1
Do o AT UL 7 Ao 7 3 45 B B L B I e il 2 B AR
WA IR IRIET 3 s G5 R W5 H A3 s
P A 75 1 0T 5845 B B 25 SRR R T4 FROT I i 25
Ko BZ AT AR B RE 8 B s A Y B
K 4 Ak 1A BRIT 1, HLH T30 )t /) T A7 BR I8 12
AT RHLI B 8 E 1 TH I S B /b M L
T A TR S B A R

5 g

5T WAL 5 Mo k- 3l 3 AR AR O A B B
LR 5T R B O LI R b E B N e
ISEY B Bl 3 28 i S WA 7 M 2 A RO

(4) FEF B Boulanger £ #Y, £2 H W 1k 3%
HubE- - 3l 77 A ELAE FH R340 20 A O ik 9 56 0E 7 Ak T
B IE R

2 2% 3k (References)

(1] FEs2 Ak mE -+ 3h DA BAE T p-y MR R B 5 (D] G
IR s BRI Tolk K2, 2010.
TANG Liang. p-y Model of Dynamic Pile-soil Interaction in
Liquefying Ground [ D J]. Harbin: Harbin Institute of
Technology,2010.(in Chinese)

(2] SR WAL M b 32 2 ROBE- 1 3l J A B A T IRT A6 0 47 5 v
[DJ. IR W R 58 Tolk K2, 2011,
ZHANG Xiao-yu. Simplified Method of Dynamic Full-scale
Pile-soil Interaction in Liquefying Ground[ D]. Harbin: Harbin
Lnstitute of Technology.2011. (in Chinese)

[3] Kagawa T,Kraft L M.Seismic p-y Responses of Flexible Piles
[J].Journal of the Geotechnical Engineering Division,1980,106
(GT84):899-918.

[4] Liyanapathirana D S, Poulos H G.Pseudostatic Approach for



837 % A

TR WA A T R RUBE B R 7 Ak 20 BT 5 1%

951

(5]

(6]

(8]

9]

L1o]

Seismic Analysis of Piles in Liquefying Soil [ J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2005, 131
(12):1480-1487.
Sarkar R, Maheshwari B K.Influence of Soil Nonlinearity and
Liquefaction on Dynamic Response of Pile Groups[ C]//The
14" World Conference on Earthquake Engineering. Beijing.,
China:[s.n.],2008.
Matlock H, Foo S H C. Simulation of Lateral Pile Behavior
Under Earthquake Motion [ C]//Speciality Conference on
Earthquake Engineering and Soil Dynamics.1978,2: 600-619.
Naggar M H, Novak M. Nonlinear Analysis for Dynamic
Lateral Pile Response[ ] ].Soil Dynamics and Earthquake En-
gineering,1996,15(4) :233-244.
Boulanger R W, Curras J, Kutter B L, et al. Seismic Soil-pile-
structure Interaction Experiments and Analyses[ J].Journal of
Geotechnical and Geoenvironmental Engineering, 1999, 125
(9):750-759.
FE5E e WA IR MG 2 L A5 W Ak 3 bk b R AR HLAE AR B
B B A L) ] £ R TR 2 4, 2012, 45 (GHE 1) 1) 2 302-306,
311.
TANG Liang, LING Xian-zhang, XU Peng-Ju, et al. Numerical
Simulation of Shaking Table Test for Seismic Soil-pile Interac-
tion in Liquefying Ground[]].China Civil Engineering Journal,
2012,45(Suppl) :302-306,311.(in Chinese)
RS BB SUMG A - SRS I AR I ) T 3D b b K Bl
1N IR B IR0 = A A IR T B T i L)) R TR A
fi2,2013,46 (3§ F] 1) :180-184.

[11]

[12]

[13]

[14]

[16]

TANG Liang, LING Xian-zhang, Elgamal A. Three-dimen-
sional Finite Element Analysis of Shake-table Test for
Dynamic Pile Behavior in Liquefaction-induced Lateral Sprea-
ding Ground [ ] ]. China Civil Engineering Journal, 2013, 46
(Suppl) :180-184.(in Chinese)
Mazzoni S, Mckenna F,Scott M H, et al. Opensees Command
Language Manual[ R].Berkley: Berkley University of Califor-
nia,2007.
Elgamal A, Lu J, Forcellini D. Mitigation of Liquefaction-in-
duced Lateral Deformation in a Sloping Stratum: three-dimen-
sional Numerical Simulation[ ] ].Journal of Geotechnical and
Geoenvironmental Engineering,2009,135(11):1672-1682.
American Petraleum Institute. Recommended Practice for
Planning, Designing and Constructing Fixed Offshore Plat-
forms[ M ]. API Recommended Practice 2A-WSD (RP2A-
WSD) ,2000.
Liu L, Dobry R.Effect of Liquefaction on Lateral Response of
Piles by Centrifuge Model Tests [ ] ]. National Center for
Earthquake Engineering Research Nceer, 1995, 9(1).7-11.
Brandenberg S J,Zhao M, Boulanger R W, et al. p-y Plasticity
Model for Nonlinear Dynamic Analysis of Piles in Liquefiable
Soil[J].Journal of Geotechnical and Geoenvironmental Engi-
neering.2012,139(8):1262-1274.
Liyanapathirana D S,Poulos H G.Sesmic Lateral Response of
Piles in Liqufying Soil[ ] ].Journal of Geotechnical and Geo-

Environmental Engineering,2005,1(131):1466-1479.



