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Shake table test for seismic response of pile foundation
and bridge structure in liquefiable ground

XU Peng-ju, LING Xian-zhang, TANG Liang, GAO Xia, ZHANG Yong-giang, HU Qing-li
(School of Civil Engineering, Harbin Institute of Technology, Harbin 150090, China,hit_tl@ 163. com)

Abstract; The shake table test for studying the pile-soil-structure seismic interaction in liquefiable ground was
carried out, and the characteristics of seismic response of the structure were investigated. Results show that un-
der small seismic input, the dynamic response of foundation is relatively small, while the pore pressure reaches
its peak within several seconds after the peak input acceleration time and then, almost immediately, begins to
dissipate. Slight liquefaction occurs in the upper sand layer, and the difference of peak pore pressure between
far-pile area and near-pile area is very little. The dynamic deformation of pile-pier manifests specific elasticity,
and the confinement effect of foundation on the seismic response of the pile cannot be neglected. The dynamic
strain of pile in sand is larger than that in clay. On the other hand, the dynamic strain of pile in clay is much
larger than that of pier, due to the co-action of confinement effect of upper clay on the pile and counterweight in-
ertia effect of the pier top. While inputting the large seismic wave, complete liquefaction, accompanied by
strong shear flow, occurs in a short time. The pore pressure increases immediately after the peak input accelera-
tion time, then increases to its peak gradually, and the dissipation rate is also very low. The peak pore pressure
of near-pile area, different from the case of small seismic input, is much larger than that of far-pile area. Dy-
namic response of pile-pier is quite violent, and the fixing point of pile greatly moves upwards, as a result of
large counterweight inertia effect together with complete liquefaction in sand. A large range of damage locates a-
round the interface of sand and upper clay layers, and the pile breaks in the clay layer.

Key words: liquefiable ground; pile foundation; bridge structure; seismic response; shake table test

gz;ﬁ; : zli(l)(f égfif_lrz“gﬁﬁiﬂﬁ*‘l YR (50815009) i b W Ak S T BOPE AT R )
B : EXRARE I 4E T 9% Bh I H [1-3] J= =t 23 baA B P, 97k
FEER A B2 (1967—) | 5 | BIHER, F-LBF5E ; MR R 1) — R A A FB, B R E IR ZE

BB (1963—) ), B8, T A4 0.



- 1190 - MR

Tk ko o R

a2

BT HE B H A E - Defense H
AT 5 fe R = 4 b R M R & (R
20 m x 15 m, F K7RZEL 1 200 t) AU AR 5 4% A
FH, R 8RR RS () P 8h 15 0 0 iF o8 S 448 T
RAF B F-Be. 2002 4F LK, 76 1 K A R Bl 4
LGB A AT A S A - + - BRI A5
bR AR ELAE PR IR, FRAT 153 50175 TS A 55 R AR
ARG BENE S SR G R RS S AR b i |
AR b2 540 5, )5 8 T 2 iR AR i
PRl RIS, A SCHIE VTR Ak BT -
— M R A0 b R AR AR F AR 20 A R g 5 R

1 RIEHEA

R T 5% R A 10 & LA 1R 40 R
B - FEBLE A2 0.1 m K252 m A LR
1.7 m, Fh Ok TR e 04 ik 22 Wikl ™ b st
H 3R, B TR RS )2, thiE e
ANRALED 2 (AR5 2503, 5, FERi420. 35 mm,
B OB AR 2 mm. e B K TR R4 ) 5 BT G
120 kg e, AR H SR 4540 FE [R5 K2
F R TR 5 8 50 = 50 ik 5, >R FH 38
[E MTS H % frl Al 3K 26 =X = 1a) A 003 5= 9k 3 15 2%
B, BN VS S A B IR A A 2 mox
Yi 1.5 mx 2 m BRI H 46, 75 SR
B 1) 2 LAY AN PN B AR — )22 R 10 em VR4
LI T FE RN RIS 48 s A TR 45 4
ST R SR M ) P TN <2 BN — R A
B, A IR B I T BE D 5850 T R d
Z R4 33K T A 0. 02g M, 4

S [7l— bt 5 b A 5 00 WMMTHF Y27 —
S+ RF B A 8 9725 AJLBUK IR

N AE F o

S10 « 0 O f it °
| 400 | 400 ‘158 250 ‘200‘ 500 |
| \ e \ |

200

N a7
% C K17%J

S =
O A7 oAl6 =
et | I | e y
= a3 57 A1 .
Ia) S7+ P (e} —_
- § § A6 age
A Se+ | S6 =)
= AKS5 S5 |53 &
w
S - OA5 OAl4 L
- AK4  AK3 o =
d say Pea ¥ =
o e )2 77| PA4 AK2 0A13 3
& 5 §

550

Bl AR A E A (mm)

0. 15gEl Centro 3 (B} [A] e 45 2%k 1. /10, /)
#2),0. 15gEl Centro 3 (/N ) ,0. 5¢ El Centro i
(KRB, AT— TOUm R &5 o, Fr LR AT U
AT G — TN #k.

2 E-ZHEAEREKE

+ - SE AR R LY I (R 2,55 ~
6.45 Hz, i + 48 H R W 2 09 i i+ B H A
1. 36 Hz FREE/MEARISME 1. 40 Hz A TR
WER S A A 1. 20 Hz, 7 DL 46 09 H PR35
T B YR AR I A0, TR e A6 04 A AR A2 £ -
SRR BIRS). HRIRIE (29 5 em) H R 30 20
PS489 BE 2 R 3. 5% |, i b L 1 BHLJE L
F12.71% ~21.2% , F I 456 10 B2 5% AN XF
Mo E ) ROSE AN B

3 R ENHE

JE45 0. 15gE] Centro J% i AT, #i38 FIlAF —
HERUR IR 30 0. 15gEL Centro Sk AT, 8= |
PR RO AL , bR R ERA KB A - AR S
/IN.0. 5gEl Centro #i AT, ibJE AR WAL, 152 51
Wb E K, MR T U S ~ 8 em (Jg ik 15 ~
18 cm) s — FEII R ZUIR BN, I 78y A il 05 3
IR HEAE A + 2 SR 2 0 B L 16 em AR ATy
(PETREJZ ) s HEAED 25 F DR 4 2 P
RAFERIHC IR 31 em B2, 1 BIAE A BEIR & 2E T
Wb WA AR b, I B - WA R TR A ) i T
o HAER 3 B 30884 i s HK s, T W3k
I3 AT R R /M HE.

4 BEILE RN
)2 o AL 5 4L Ho B R L P2 ~ 4. JE 5

fLE L
Sooo

O =W
[N =1 SFN
R

o)

L /KPa
I

O—=1oW
Z

N
fLE

[« L]
Z
(98]
fLIE <
|
OO0
S osee
3
B
7 Z
w EEN

fLH/KPa
I

]

(=W

<

=)

=96 10 20 30 0 10 20 30
t/s tls

< 4 ki =203 K1

2 3 E 0] (‘N\N

< 200 [ T

=) -0.1

=9 10 20 30 6 10 20 30

t/s tls

B2 JE45 0. 15gEl Centro ik AfLIE S fLIE I



TRMG2E 45 AT AL MU ST SR R s R v O A1R 50 65

N3 - 1191 -

%5 8 3
0.6
Saf e Ko 20
Lo . T 0 02
= 5l = 0.0
= 0 20 40 60 80 100 -020 20 40 60 80 100
tls tls
6 3 82
o K4 = 0. K4
T L L B 1 i e
! 7 = JO0
=-20 20 40 60 80 100 0 20 40 60 80 100
tls 06 tls
6 2 04
o A o L I et
20 T
=740 20 40 60 80 100 0 20 40 60 80 100
t/s tls
0.6
=6 Kl Z 04
3 {A\‘\ =00 e M
=0 S 000
Sl -0.2
=770 20 40 60 80 100 0 20 40 60 80 100
t/s tls
UK TLIE H
&3 0.15gEl Centro i AfLESFLE
s 10 o 27
S ol m*#*““‘“’T‘“‘“‘T*\\\JSSi e 6 L KO
=g ! = 4
3 2
0 20 40 60 80 100 0 20 40 60 80 100
tls . tls
20 o LIf
L1 o{ = Lo K4
=0 e & e s T 0
=100 | = e
= :
= 0 50 40 60 80 100 0 20 40 60 80 100
tls tls
= 20 [ K3 = % U —
g o = 50 Tzo 40 60 80 100
E—zoéf Wzo 40 60 80 100/ _1
= -40 tls t/s
20 K1 2 20 K1
£ 0[ pree— H 10{ pre—
% 0 ]“ ! - ‘H—’_‘ 0.0 I
Z 10 20 40 60 80 1007100 120 40 60 80 100
= -20 s ils
LI fLE
[l 4 0.5gEl Centro i AFLE 5L L

0. 15gEl Centro 5 AR, A Tl |, WefH fLEA
W)y (A 2 0= 5 kS ), T W i FL s L WY R 3
W HAR#0.3.0.15gE] Centro AT, H F
I E, WEARLAL A W osi/ s (2 5 1) B2

AUK3 K4 ] L /N AR AR X I L S
A DX DGR (L 25 AR /I, T R R A AT I X0
{EFL e R T A XU L e, PRI A B X LR
(52 M AR K AR BE b B Ty A A i BE . g A U0
B B AT, H BRI A FL RIS, KRB A T
HZE Y (B LR IR S 28 8 K T IE FL R IR ) |, SC
BRIk & i T A R 8y ik pr a7 103 A
El Centro % AW )2 7= A= B K A e (04 B 20 4 3

B3 A2 12 /10 Fr9 s D AR L3 2
5 M EwEE RN

R 0 38 3 9 S, 2% i 194 b I 52 N 114 0
(LTI W T T I K R A T 4 A DL [
5. J545 0. 15¢ El Centro JiZ #11 0. 15g El Centro %%
AT, BRI A A A5 0 A s R A AH
[R) s HJ2  FERD)Z2 A RS )2+ ,0. 15g El Centro
P EAR 0. 15g E1 Centro J5 i AT W R 38 £ g
TR, R 1 2 T ) W (L R R AR U (B KT
JEH (HiZ=1,/5%70.63 ~0.91) , 1 B Hiy 5L X}
0. 15 gElCentro 8 i A 1) iz i 58 5 B4, 1 % s 4

WA FFL R LA (3 44 HL 1 303A 3 0. 6 (/D)2 1350
BRI ) . 0. SgEL Centro JEIAT, H'F
17 AR L L DA AL EL 35 A s i ka3 ( 5/
AT AR, XEH T EHILEKRS T
Heh e i B n gt ) , (02, (L% [
WA E Mt 1 HRSE 30 ~ 50 s, AP )2 25
SREVHAL. 3 RIS AR, FL U 249 1% 1] 35 F1 (.
INERINR  FLIEFE R AP 2 )5 5 s NIk F)
WA, FFAR PR AT O B BT , FLIEAE
i A T Ve 1 336 2 I () 1 K, i I 2218 BT =
WA AP, DA {5 i A AR 0, o T it PRI 2 R ) ke
JEE DA LR 4 K s i) 2 435 2 v ) K. Ee e

-200
0 (AI7)(A17) (AL7) Hh %
2m(m%MM) lm@<i/ L2
‘ (A15)
\; (A14)
= AT )2
(A13)
—=— JE4i 0.15gEL Contro %
——0.15gEL Contro
" 0.5gEL Contro i
e
0.6 0.9 1.2 1.5
VA N 14 /g
-200
(12.545) (12.545) (12.54s) LS
0 (12543
Soo [ (12:549) (12.545) R+ 2
= 400 F(12.54s (12.485)
£ 600
o (12.54s)
% 800 AL 1)z
i
+ 1005 (13,705
1200 T
1400 _a JE43 0. 15gELContro i3
(12389 0.15gELContro i
1600 38 —~0. SgELCOHHO W
1800 [12:305] 15 38() %% .
2000577 0.8 12 16 2.0 24
2 ENIIBE LN ONEY
T < WA O R0 R 5« T o R 06 5 i Ao R 0 =2
Eb. WA J3E 43 A Rl AL Sy ool B T4 5 0 o R K

FRRIM A PR TP 37 5 PR B Ay 06 R ok 32 % 2 PR %1, B 0y s
B 5 sl BE IR B A LR R B R o A



R

S

- 1192 - T

/4

NI FA2E

0. 15g El Centro % A B W=, W& T
I W4 (0. 15g El Centro %5 45 0. 15g
El Centro i A NP2 EERALBLG BB 2 ) il
WEFLUE L 5. 0. 5g El Centro 4 AR, A
T b DA R R (R Ao R R OR R AR
ARA 2 S 35 - Wl N e sh ARk, S AR 42
XoF iy AT AT R S WA ], T A J2 1 B R e i il
ARG AW AT A A R BT VI s, Sl
by I R S R D R AT ARG R R A
A W OO RS W R, I8 S bz
I EBDRE 2% 0. 5g EL Centro ¢ A AR A:
FHIZBR R ACHD J2 A A s BB U i sh e 80 ( -2
W R R 2 AR R s 8 ), R 2 X
AR BB ORAE .

= JE4i 0.15gELCentro i (A9

-800 | (At
i (A9) =2~ 0.15¢ELCentro Jii
05g LCentro §
-400 |
FAg) (A bR
_ 0 (A7) R+ )2
"é‘ L
£ 400 A6
ﬁ & (A6)
800 | (A5) WAL ED £ 2
A (A4
1200 [
(A3) N
1600 fx0) (A2). ‘ ‘ T R
00 02 04 06 08 10 12 14 16
WA {3 3 /g
_gook (15,005) _x(4.025) (13.40s)
-400}
. " S
_ 4005} i L
£ 40f 39597 {10 ) (12.505)
;ﬁ i f(]z 22) ARAE D £ )7
=800 / (12.48) T — J&4i 0.15gELCentro %
(3.9 (12.405 0. 15& LCentro J%
1200k ‘\‘ (12.46s) —* 0.5gkLCentro b3
| J(12.465)
(3.925)\_ /.
1600 (12.38s) (13.54s)
(12.385§3-95s) . L
0.4 0.8 12 1.6 2.0 24 28
UER A1 o 3ok T K R K
Bl 6 BE — FE S 0 n R LR R BOR R A

6 AR — A Ak R B

AR S 3 B 1 5%, il B AE — AR
E‘J“”‘{EDHEE\mkﬁﬁﬂﬁgﬁiﬁgﬁ{%ﬁﬁﬁfﬁ
UL 6. J145 0. 15g El Centro JZ #110. 15g El Centro
2 TN N = I ST i % N BV R s ] S (=B 95
BEASHH ) WA 3 R R < 1, B TOUUE R A
AR R W IR B R R G i 1.5, B/
TR AT L HE AT () 5 A 240 TR0 7T IR i A P

we SN (Ol i A B9 R AE ) 5 P RR e AT
DIl M IEE NN L= IBUY -9 ONES Y e Bk )
AHTE], BB T ORORS 2R RA 2 ik EE ] 5
B2 7ErbJE A ARG + 2,0, 15g El Centro %
RS 0. 15g El Centro I iy AT e (i 2 2 fi
R, AR M) T ) D P B JOR AR B  KT
Ja# , BLBABEMAR T 0. 15g El Centro i % A FY S
TRRE, W) TR 24 (0. 15g El Centro I
BN TBE - FEAR SR EE 8K ) - 0. 5g El Centro
WEHAT AEJR Y DE {E B B (1. 17g) W fim
JERCR ZH0(2. 03) AR K H 2 3E AWPEF H A
Rl 2 AR R RN 32 AT 3 B2 TR FR
PN RN S P i A E LW 29 N
o<1, BB EEDRE 2 A AL B LU ) B
WA S8 B8 FROR R B AN 3T 1. 05, 3k J2 i T K%
LT N ot 5y A NN N Y AL () | el
J2 AR ZR AL (B A T F i 1 5 % A K R
JEWER. PR AR 240 Bl 31 em HIWr b1
R I A R AR MR BT A% ), WIS PR kA I
(]38 A% (T ORORG = J2 XA 1 4 [ 4 FH 2R 2%0) 3%
s P AE SRAR I AR X g A A9 52 B il R
YER) 5 55— J5 I, B J2 A 5 ZUR Ak T - B Ak
b ER R R AR R R R RS, I AR B[R] A
BARD 2R RS 2 i Y W RN R | U
B2 3E9 ONEY S S PN Y5 R WA AU OB S =W

WA 03 B R R 5 03 K X R T TR
o i AT BT T ) 1 i 2
7 G

IR SR 1 A BT 2l 6L F% I A DL IRT 7. /)N
REHIAT AT B0 8% W IR i ) T
AP WEAE BRI 2, TR TE i N A R R A H b
T SRS AR PRAK 52 200 R R, Ul BN {UHE
~ AEBCH SRS AR AR S, T L e 22
AR 52 A8 5 AT 3 S 3h 2 B iR A, 0. 15g El
Centro 5 A T B2 145 0. 15g El Centro I %
AT WA 302 3 D B I A I 5 i 25 (H

g 28 PAUPERE BT é 4 e & A mAE
2

S 0 25

=70 10 20
tls tls
(a) [£47 0.15gEL Centro % fii AT 2l {3 % i 72

= 40 £ 20

= OF s )

g U M50 100 ¥ 50 100

£-40 & 20

t/s tls
(b)0.15gEL Centro % A 3l {3 #5 o] 72

P07 RSO T S R



8 1)

TRMG2E 25 AT WA 7 MU AT SR ) i 97 41R 50 5 1

- 1193 -

72, 45 0. 15g El Centro S5 A N AE IR B 7
¥ 2 5 1 S 2 B S5 A, 0. 15 gEl Centro ¢ iy
A RIS A2 A 65 1 sh G A 2 A, 3%
W45 e v 0303 e T A ) 1 MR BB OR A5 A X
R BN RTIORAE T, 1 — (B AR DU A TE .
0. 5gEl Centro % AN, HEARPRAT T (21 55 , B8 T 8l {3z
Bl O R E, TITEE X

8 M - AEH K
BRIC FAOHE - HEBE B SRR LI 8 ~O.

20 S1 20 S3
210 »o0
= o0 =20
-10 -40
0 10 20 30 0 10 20 30
tls tls
100 S5 S7
a0 s 400
El-100 2 0
=200 -400
0 10 20 30 10 20 30
tls ) tls .
200 59200 S10
il 0 5 0
E-200 =
~400 =200
0 10 20 30 0 10 20 30
tls tls

&8 JEY450.15g El Centro JH AME — KBS AR

20 S1 100 - S3
B l% = -
= _58 =0 :
o 50 100 —100° 50 100
t/s t/s
200 S5 1000 T S7
SICI | o sl R T
=200 | 2 0}
-400 0 50 100
0 50 100 000
tls tls
200 SO 200] S10
T W =Y 0%
=200 [ = i
-400 50 100 2009 50 100
t/s t/s

F9  E450. 15¢ El Centro Yy AL 25
/NERIE , B BE - R SR AR AN R
I AEEAEAERDJZHOR 1 J2 A Bl AR 2K X
W JERP Z RS + 2 Th iR T 5) R AR R 1Y
JRK Z—;0. 15gEl Centro J % [ 47 0. 15gEl Cen-
tro P AT BE - FEELY B AR IR E KIS 2, X 2
H T S R AR N A I 5 1y 3 ARORS 2 JE X AR
A EVERT, IR AT, N ARKE 2 5P R0
SRR A 1 Bl 07 A8 O H B9 A8 (B ST
S3) s IMAEH AL &R, iy T FADRS 0 J23 X60 4k A [
S E AR O iy I EAE A, Bl R 1R
R B Bl 0 A2 78 DR TR Bl AR (SR AR,

A A S7 55 89 .810) , i 0. 5gEl Centro 4 A
IR R A T L ERG EJE T R S PR b RE
PESEIR 5 b A B2 4l 40 B 153 1k 7 4 I OC R %
YJ. 0. 5gEl Centro %y A&, HEAR P i (21 55 , Bk -
FEELEh AR IE SR B R H, TEiHE R X

9 % i

D) PRah & s AR G 14 B T A SR = ik 3
WA B AR BIR B 2 BRI e R S
ARG R e A R R R ARG R
PrivrE s, WIAE B K A TRb Rt R
I BER A 8, BE A [ 5 — B A% Hl %
AR X — S TR RO O A — 2 R

2)/NRRIAE , MR BT I 05 i 3 R
ASAHIR] , AELIE X T 208 0 i A8 B0y B 5 270 Tk
F 45 i AAT — 7€ WO A 5 FL A S A 5 e
Bk JE JLRD A I (R, FFARPRUE ATH ST BL,
AR DX 5 Bk DX {ELFL TR 22 AR N, RS, 3
R [T T L o P R o JRE TR 2R
LB — el N AR A AR FL s B e
DTy AP R

3)HE - HES R ROV 3 IR T g A
BERRE | - A5 R T R I A D A 5 BRI
PR INRIAT  BE — AR B s 3 1 A8
FEEL AR L2l R AR AN T 0, TR 46 I T A
o5 AR TR R A Al T 46 D0 T4 B i i
et 3 R 2 0 B 5 15 b R o A b R 2N ) 24 R
PR SEAERDJZ R0 2 h s A8 B G |
BB - J= FE B0 2l AR 8 R T AR Bl AR R
R M — AU SO s A T
T FEARABE SRR, I Z 0 = iR AL,
B AR L B ] A A A R B B RS B B B B
RGP B EL T MG L = b S W5, R OORS £ )2
X AP Y [ R 258 T (G A2 B 18] ¥ £

5% ik

(1] B, ERTE. WAL AE - £ - BR R E5H 3 1
HAEARSh G gt ()] HRR TR S TR
31,2002,22(4) :53 - 59.

[2] ABDOUN T, DOBRY R. Evaluation of pile foundation
response to lateral spreading [ J]. Soil Dynamics and
Earthquake Engineering, 2002,22:1051 - 1058.

[3] FINN W D L, FUJITA N. Piles in liquefiable soils:
seismic analysis and design issues [ J]. Soil Dynamics

and Earthquake Engineering, 2002,22.731 -742.

( FHE2 1198 1)



