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Shaking table model study of seismic response of marine large
diameter group piles
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Engineering, Fujian University of Technology, Fuzhou 350118, P. R. China)

Abstract: China’s offshore waters are located in the Pacific Rim seismic zone, and the large-diameter group pile
foundations commonly used in marine engineering are facing seismic threat. A 1g shaking table model test was
used to investigate the effects of ground vibration characteristics, seismic intensity and pile arrangement on the
dynamic responses of pore water pressure, soil acceleration and pile bending moment of the soil surrounding the
pile. The results show that, under the same conditions, the Taft seismic wave is more likely to cause
liquefaction of the soil around the piles more cyclic cycles number and lower principal frequency compared with
the El-Centro seismic wave; the principal {requency of the El-Centro seismic wave is closer to the intrinsic
frequency of the modelled foundation, which leads to the more significant peaks in the base acceleration and
bending moment responses. Under the same amount of consumables, the superporous pressure ratio response of
the soil around the piles of the nine-pile arrangement is stronger than that of the four-pile arrangement; under all

the loading conditions, the acceleration response of the four-pile foundation is stronger due to the fact that it is
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easier to liquefy in the shallow region, and the degree of liquefaction of the four-pile foundation is lower,

whereas this pattern is opposite in the deeper region; the bending moment distribution of the nine-pile foundation

is more uniform, and the seismic performance of the nine-pile foundation is stronger than that of the four-pile

foundation. Overall, the overall seismic performance of nine-pile foundation is better.

Keywords: large-diameter group piles; pile-soil system; shaking table test; seismic response; offshore platforms
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Table 1 Test similarity laws for some key parameters
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Table 2 Parameters of sandy soil used in the experiment
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Fig.1 The cyclic response of the sand used
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Fig. 2 Four-pile model sensor layout
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Fig. 3 Nine-pile model sensor layout
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Fig. 5 Overall model of the four piles
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Fig. 6 Input seismic wave acceleration time course curve
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Table 3 Seismic loading conditions
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% XX #

KRR, FFERAARFENE SRR SRR R

7

Pb & R ¥ o 3k B W Ak Ar o, HLOJUPE T30 9 88 L % L
% Je R U EE PO TSR, 2o DU R T LAY 1.3
5o A bR B0 (R Y 1, A R Ok A 25 Rk —
HARK . TR 0. 2g IESZPEAE R T, JubE S fibk HE K 200
mm LA N B AE JE 2 R R TR AL T D i T
{50 7 A 7] H % Ah 1 6 LR Bh & R O K 3K B T Ak B
AL PL P2 4b AL R R F 0.8 Y Hiu i 3l iR i
$ETHE 0. 3g B, PIFP EE Al £ 200 mm R B i Bl P 19
+ 2R 8 T AR .

SR E JUME T80 9 A7 & A L e i Rz 5 Sy J)
FU it A2 A5 S R T DU T, L Y LR T R
PR, X RALE LT E S AR5
YEFAR G, 3X 345 B T % AR M RFEIR R LBk S
il T SR NG ) R 7 W P A E = AT e o 2
HAEF TSR, BER RSP AETEOR Y 33+
RFLBUKE F 1 BT X —45 18 5 R IR 5 45
F—F,

WL b 75 Sl W A AR A6 X FL R (4 52 i ] DL & B
Wi 5 Hb 5 2 (B A 15 K, TR X308 i DR 2
MR LY R, X — B mMEREE T E L2
HR 380, A A BT R 32 00 A RN T Bl 22 3 K dE
1M 3G 58 T R P A MR o T B A b R 3 (E
B, TR 2 A 0K v IR D Sk UKL 8] i A BLAE
AR W AL DX SR A YR, 5 145 18— 3.
2.3 fniEERRE

DY AT T 5 AE AN [R) b O R B R &R
B AR O E 11 TR . — Ok UL, N 2% )2 45
TN N8 A S o = R SRS R T (D N ¢
N o AH RS0 45 R R W] AN Rl A SR AR
I 1) b W6, 38k R G R B TR /S | RS
43 2 A A R o R R R AR, Hoax —
J24 VB 5 H U T DA (R AR OG o 3R PR R AR AR

200

T o JwA oD
100 | AL T// //5:}’5" K]
0 || /%" HHE 2 0]
o ¢
E f \
£ -100 AL LA
) o
g -200 - A2 —v— Taft-0.3g
B 300 | o — — Taft-0.2g
% A3 v —e—Taft-0.1g
= 400 ° 'y —=— Taft-0.05g
Al /- w- ELCentro-0.3g
-500 F - A- ELCentro-0.2g
- - ELCentro-0.1g
-600 A9 - - ELCentro-0.059
0.0 0.5 1.0 15 2.0 25 3.0

INEERARE
B11 MEETRARMEESATIEERREZHSH
Fig.11 Distribution of acceleration amplification factor

under different seismic wave inputs for four pile conditions

P Bl 8 0 T BE R i 2R, B MRE HOHh AR B
T i ) | BT 2 DA e 5 e o L L
AR 0 B RE i R R A A b 2 gk 1 Y AR
AN TR A 58 e T MR X3, 8 43 T 00 BT
IR R ZR 0 I 3R /N T G A0 15 O, R Ry B
TR LR DL K b EB Ak 5T i A K )2
Bl J7 52, S BN AL (43 B0 R B K, A A
HREOR R B K .

W5 A (] 58 B2 IS 0 B s R O R K
F RN A5 i A S RE B 4R TR T S S O T R AR Y
o AL AL L BCE o3 B, BE A A 5l R 1Y 1
i, A AL S W T WAk Y 52 e A Bl 2 K
ARG B b TR S AR WA R R i i 2R
TR B B BN 5 4 2 W) B AR EAE A B
I 55 o

X LY P b M O N T B0 Y 4 SR e L EL-
Centro M5 I A T 45 31 04 2 B2 e {8 40 1 25 R 34
i T Taft Hb 2 P AT 25 5 X 5 5005 43 Bt 1) 45
Ry . MLk B 5 A R AT EL-
Centro M= I VE B, W] BB & 2E LR BN , S B 45 44
P 2 R BE BE KL Hb R U A B 22 7 S O Rl A
() 00 T RE i K R B A 3 2 S . TEIRIRVE Y,
T RE TR AR B 22 S B R R DRI TR/ o X
5 A R U8 U RO A O, TE bR U ) b AR O
rh A A R I v B A R A AV R I 32 T R
S, i 45 EL-Centro #1152 I 5 Taft #h 5= ¥ K 45
ZE Gy AN TRL I 51 RS Y e 07 22 S BT U5 . WK
3 B AL B4 0 B R TS R R e vz 15 0, PR A b 52
(A [] 7= AR 00 26 S R B IS 8 0 . X2 i T REBE
5 RR PRI B 4R AR BAR, L B 42 35 EL-Centro Hy
L AR (AR AE AR B Ak T 7R AR T Y e
N 2 5 E— A K

K 12(a)~(c) BTEBRAE A 0. 1g 1Y IE 52 7 3 il
TLALTCHE 40 mm) (AZ(HEER 160 mm) A3 (HE I
280 mm) 3 &b iy hin B AR A 2 . AN hoR] LA
hLFE AL, 2 B AE AL A 0 R B R . AR
i AL 20 A7 AR A R AR S A B A iR 30
b B RS AL, L JUAE R LAY A2 B0 B0
O WA B T U A, AR AR A
&, EOUNE A0 B AR T A . FE A2,
JUME NN % BE AR BT 4R 1 s N LB T R0 S8 0, i
DU A o 32 A 0 e R 42 sk IS L A o W )N
T DU AR IR . AE A3 CE, R RE TR A 0 e B A
TR B B0 B S e g, L L o R A U A
TR BE S5 A AL L A3 B AT AL G AL B O
Ak B WAL, X AT g B R JupE SR AL 5 - R A BAE



8 E R B R LR FROP E )

% XX A

FHHE 5, IR 2l ik A v 0l a0 % S 8 R, AT B T
TRP BRI, 5 EOh S B HOR R RO K. Ak 12
(d)~(D 7R, 0. 2g IE LW AT PRI R AL A2 {7
AT BT R R O T T JEE R U, DY A A o sk

JER T IUBE I B2 o E7E A3, JUAE s 22 )
MR T UM B, 0.3g M A FiZgRS
0. 2g Al o 3X 0 ENIE T 4R 2l i 7% b JUAE BE Al X+
PR 5 A T 5 Y A

6 6 i
: — M
4 4F — Lt
%2 %25
0 H=OF
® ®E
=2 E2F
4 4F
A1-40mmAt - A2-160mm#tk
-6 PO T N TN T N T N T T Y T T | 6-' 1 PO I T T N T T Y T |
0 3 6 9 12 15 0 3 6 9 12 15

I ] t/s
(a) A14b g g ma i (PGA=0.1g)

I []t/s
(b) A2 4k m# B i (PGA=0.1g)

A3-280mmith
A |

7] SR R B |

0 3 6 9 12 15
I TRl Ys

(¢) A3 b H FE W 1 (PGA=0.1g)

6 6 6
f f
4F — Jutik 4F — Jutik 4 — Jutit
w2F w2F )
EN: EN: El
®moE =®OF =0
®] g B
E2F E2F 52
4F 4 F 4
[ A1-40mm#k [ A2-160mm#t A3-280mmih
_6'|| I I T TR N T T [N T T | 6'||||||||||||| _6|||||||||||||||
0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15
N []t/s I [] /s I T s

(d) AT Ak B2 i (PGA=0.2¢)

— JUl

58]

T FEE (m/'s”)

A1-40mm#k
T I T T T T T I |
9 12 15

6
AN
(g) ALKk B m i (PGA=0.3g)

(e) A2 4b i £ W 7 (PGA—0.2g)

6

~

58]

ﬂg ﬁ%(nﬂsz)

A2-160mm#it
T I T T T T N |
9 12 15

6

AN

(h) A2 A4k B m i (PGA=0.3g)
12 AL mEERER

6
— JUl 4 — Julk
o)
E
B0
z
=

() A34b s B2 i (PGA=0.2g)

A3-280mmih
T I T I T T T |
9 12 15

0 3 6
i T vs
(1) A3 4b T B i (PGA=0.3g)

Fig. 12

LR TERE X, TFERE R LT
WAL, BOJURESE Rl 23 e B 3G R B e, A5
AF ) FH A9 St 9 1O A 78S KA A A R Al A o R i
REBK T IUbE . 0B 2 DX 38800 = A s, X AT g
550 N I35 A O, JURE FE A R BE ) A s T
Y157, HARR DRSS o N AR B B F AR
14 b DX VAR T BRI A X A58 /0N , JUBE A R (R R B EE 41
2.4 WEBTESH

P ol L R O A AT A B S A 4% R AN 8] 13
Ne HEIH LM, “H B EIEA B, WHES
Sy A 4 RN T R b R O N R b B B
W) N7 K/ NAEAE % A B B X 9 - EL-Centro Hi 52 3 34

Time course of soil acceleration around the pile

il T e B R R R AR X K 3 55 0 i 40 A T A
19 4598 — 3, B T EL-Centro 1 52 J 32 41 57 4 7 4%
Hf) [ A AT R, N EL-Centro #b 72 3% #i AT M 72
5 8 A FH 5 T T afe b A 38t s 5 v o7 i {1
TR, AT ol 5 A A 28 235 ) 110 25 66 o o O 1Y .
B P 2 00 10, B B R Y D A % D
JTHERS o MR L EL 0 BN 2o A, A iR R 1 4
THRECR LRSS T m . M ALt A R — 4
FEBEE, L )ERE SR N, ST O LR
RSB EWM, X — 2R E L ELREG LT’
KA, 5 Hussien 1R 58 25 1 — 5,

P&l 14 Sk DU B T 0 A LA T 950 B B 25 R i) o7 06



% XX 1 KERE,S  FFERARERELE A ERDSERRXEIR 9
150 FE ) Ab 1 25 B A 35 5 7R A I 6k N B e K
lgg B ol TR 25 32 0 9 1 S A5 AT e o R T A 1

p 5 /N 2 DL A B 0 v Sk 2 DL BUER A oh 7 R
50 1 L, B 72 X JEE S 1 0 16 24 o 4

g -100 ﬁ/‘[\c
N ——Taf.3g RE He DU T L 256 237, 48 D4 T
o5 =il 0125 IR0 6 90 0 5 R 0 0K T U LA L £ B e B G
300 ol e DL B A AT 3 B B A R —
520 T 3eb G 052 6 oA 9800 A 7 0, ok 6 o DU £ 4
e \ |- =~ El Gentro-0.1g {4 A2 T R S il A A e O T

50 100 150 200
I 2% /N » cm

13 FEMFEEBATHEAEESEEBS T

Fig. 13 Distribution of peak bending moments of the four-

pile corner piles under different seismic wave inputs

. ME I3, S oM KL 2 =B
2, B AR ES SR e A7 B A 5. TE XK
BT TR R Y LT 0.63 L,(BEA £ 1K

150
100 v
50 —
0 —Z v
=50 4 /
E -100 4%
R 150 NN
B 200 — 85 3
250 4 -~ - PU Bk Ak
300 —v& D JUBEBE
-350 |- --@-- JUBE fi b
—400 (o -em- - SR b
—450 | |
15 30
IEfEZ5E/(N-cm)
(a) 0.05g
150
100 —
50 _;:; v
0 % ¥
-50 -,
E 100 1
I@E -150 —‘:“.:\‘ Ny
B 200 £ y
250 (= 4= == DU
300 [aA sheA- bR
350 T e bt b
72(5)8 B D llfofE_ElPUfE
0 50 100 150 200 250
IE{EZ5E/(N-cm)
(¢) 0.2¢g

P P A B 5 A AR E A S R 2

Xt HE UAE T 00 B 0 A | A A B v A B 4 R 0
H AT LLA Y 7E 15 B AR s ok T, oo ik Ak
KSR RE 04 R 22 AN BT, Bt R A T B =2 1 Y
WO IE LA 5] o AR E M bE S iR X, 4
BER Z, b AEZ R A/ o X R IR TR AR R
BB ) 25 MR N 1) B AT AR — S i 22 ek H2E R A
K, Hox 72 5 % Bl A N B2 0 R A 3 R T

150

100 —

50

0
=50
—100
—150
—200
—250
-300
—350
—400
—450

HR/mm

150
100
50

-50
—100
—-150
—200
—250
—300
—350
—400
—450

HR/mm

I S

_l"£ I" I”

e

ey

L v b
S v A UL
e b b
' I i

50 100 150
IB{EZ57E/(N-cm)
(b) 0.1g

S
.

<<
.
,

i J e PR
g ¢ A Ul
T e Ul b

IR

0 50 100 150 200 250 300
IE{EZEFE/(N-cm)

(d) 0.3g

E14 EZFANTHSTHEEEIRESHARE

Fig. 14 Peak bending moment depth distribution of pile body under sinusoidal wave input



10 B NN N A N 4

FAROF & L)

% XX A

/N

Bifi 25 4% 5 B DA 0. 05g 14 28 0. 1g, Wi AL 72 B
TR, DU BE T 00 K T A BE B AR 04 1S K 248. 8% .
MRS 0. 1g 3 = 0. 2g I, 7K 1A 4b BE 5 25 40
e F 38 160. 5% o 3 — 1 & 0. 3g I, % AL
9% o 1h B Bl 2 PR 30 o B 0 B T, B B 25 0 i 1
TR AL 2 Wk /DS o B AT R 0 X LR b R
Jo7 R 7 e 5 D A A AR o

3 HHig

ik TF R BT K 2 SR B OR AR AR 4R 3
BRI 5 R AR RE A A AR BT O R
FEATE A B8 20, B 9E T b 7% 50 3 0 M R AR 1 X A A
BB AL DL R B A By g e A 5
BRI FE458 .

1) FH T 1l 5% I A0 % PR AN TR) AN [m) b 52 o A%
Gk Sk A 0 5 ) BR B A AR 22 . AEARTRVE
B 1] N, T aft b 5 95 0% 418 45 Jisl Yk B 35, T aft b o D 4
A H El-Centro b 52 i 4 A T 25 5 5 2okt J5 w4k -
i 55 b El-Centro M 5 I 0 52 3 FE i 25 F 19 56 — &
AR H G S R IR Sl S 5 A A A e 7 0
WK, FEDURE BT K TR 3 b b R U
PEZ TR

2)7E 0. 2g IESZ U AR, JUbE L Al i J) + e AL
JE H 2950 PO AR RERH Y 1. 277~1. 545 4% , F W 5 PO A%
FLnl TOUAE B, JubE B A S A A A BAE R R R
1T ATE JR] - L He e 1 By i 25 W Ak SO + ok
TE 3 Ty WA 1 3 2% DX, Dl e 56 Al 174 o sk B ) 52 g
I HE U RE Al B Ay B AR AR )2 0 B S A
JE 52 A B R, 3 2 DR U S Al A A R
feb 5], KN RS TR E . I, TEFEM
AHTR) A1 B0 6 T35 By Z1 RS B AR A9 b X, U gk
filt A9 AR R BT 47 o U T K AR A P 1 B0 B
JE— AT R B R, B i A A PR M R 2 2R
B ENENEN B A E T ER R,

3) B B A A0 A 5 A MR Il R A b B b
B 7 SR A O o AR 25 R W A o3 AT I O, AR R
TH A ISR A T 5 K i AL DL S - 3R B I A AR
T 55 P RE AL 3

S & Uk

(1] o, T, fkmbr, & . KPG8 T 38+
R A R AR A MR B O ML B R AR SR [U). A5+ T
AR, 2023, 45(8): 1574-1585.
CAO G W, DING X M, ZHANG D X, et al. Bearing

behaviors of large-diameter monopiles in soft clay under
horizontal cyclic loading based on centrifugal model tests
[J]. Chinese Journal of Geotechnical Engineering, 2023,
45(8): 1574-1585. (in Chinese)

[2] LANG R Q, LIU R, LIAN JJ, et al. Study on load-
bearing characteristics of a new pile group foundation for
an offshore wind turbine [J]. The Scientific World
Journal, 2014, 2014(1): 394104.

[3] WANG X F, LIS X, LIJL. Effect of pile arrangement

on lateral response of group-pile foundation for offshore

wind turbines in sand [J]. Applied Ocean Research,

2022, 124:103194.

XN, 20, BESC, 55 Nk T BS 2B bE

14 M 7 W R AR AE [T, b R 5 BRI R A 4R O 330,

2022, 44(6): 42-51.

LIU S C, WANG A H, ZHANG D W, et al. Seismic

[4

[a—

response of strength composite piles in a liquefiable soil
[J]. Journal of Civil and Environmental Engineering,
2022, 44(6): 42-51. (in Chinese)

[5] MG, Zmhs, £, % AREEERLLERER

I8 T 7S AT il 3 BB BT S D). R B LR A
fi, 2025, 38(3): 595-603.
FENG Z J, L1Y P, WANG W, et al. Experimental
study on shaking table model of six piles with large
diameter and variable section in different thickened soil
layers [J]. Journal of Vibration Engineering, 2025, 38
(3): 595-603. (in Chinese)

[ 6 ] PENZIEN J, KAUL M K. Response of offshore towers
to strong motion earthquakes [J]. Earthquake Engineer-
ing &. Structural Dynamics, 1972, 1(1): 55-68.

[7] YANG W L, LI Q. The expanded Morison equation
considering inner and outer water hydrodynamic pressure
of hollow piers [J]. Ocean Engineering, 2013, 69: 79-87.

[8]1 DING X M, CHIAN S C, LIAN J, et al. Wind-wave
combined effect on dynamic response of soil-monopile-
OWT system considering cyclic hydro-mechanical clay
behavior [J]. Computers and Geotechnics, 2023, 154:
105124.

[9] DING X M, LIU H L, KONG G Q, et al. Time-
domain analysis of velocity waves in a pipe pile due to a
transient point load [J]. Computers and Geotechnics,
2014, 58: 101-116.

[10] A, by, WG, 45 . K gl 4 T i ok
LR AE BE Bl Iy Ry bR LD, A TR R, 2022, 44
(5): 810-819.
ZHENG C J, LIN H, CAO G W, et al. Analytical
solution for dynamic response of offshore large-diameter
pipe piles subjected to horizontal dynamic loads [J].
Chinese Journal of Geotechnical Engineering, 2022, 44
(5): 810-819. (in Chinese)

(11] &, X000 IR A AR R S hE R & -1 - 454



% XX #

AR, S . AERARBERLER RS SERREHR 11

[13]

B A R[], B ARSI TR, 2011(6): 7-12, 58.
WU C F, LIU B B. Dynamic response analysis of high-
rise pile cap-soil-structure under the wave and earth-
quake action [J]. Journal of Civil, Architectural &. Envi-
ronmental Engineering, 2011(6): 7-12, 58. (in Chinese)
hRAR . REAE AR I 2 KA 28 57 v xR Al il 52w Y
e [D]. dbat: JbstsgiE K4, 2020.

MA X D. Study on the influence of pile group
arrangement and non-uniform sediment on local scour
around piles [D]. Beijing: Beijing Jiaotong University,
2020. (in Chinese)

295 wF, W, S shoK R xR AR 3 8 b
b 5 WE N 45 R S (D). M AR S AR RS, 2022,
42(4): 70-79.

LIF, PENG XY, HUANG W Y, et al. Study on the
effects of hydrodynamic pressure on the seismic respons-
es of monopile embedded in deep water [J]. Earthquake
Engineering and Engineering Dynamics, 2022, 42(4):
70-79. (in Chinese)

WU A J, YANG W L. Numerical study of pile group
effect on the hydrodynamic force on a pile of sea-crossing
bridges during earthquakes [J]. Ocean Engineering,
2020, 199: 106999.

WP, S, LR . KU AT AR T I REAE 2
FEPERTSE[T]. 75 B B TR 27 4, 2021, 42(3): 63-71.
SHI J, JIANG Z N, KONG D S. Study on stress
characteristics of marine pile groups under the action of
water flow load [J]. Journal of Qingdao University of
Technology, 2021, 42(3): 63-71. (in Chinese)

CUIL, JENG D S, LIU J W. Numerical analysis of the
seabed liquefaction around a fixed gravity-based structure
(GBS) of an offshore platform and protection [J]. Ocean
Engineering, 2022, 249: 110844.

TR, SRR, E, %R T E N IR R
FEALA S0 2 Ge AL B O vk DA -4 A R R 3 15 3K
8RBT A S TR R, 2021, 40(12): 2553-
2569.

WANG Z J, LI S M, HE X, et al. System similar
design method for shaking table test based on separated
dimensional analysis and its application in soil-under-
ground pipe gallery interaction [J]. Chinese Journal of
Rock Mechanics and Engineering, 2021, 40(12): 2553-
2569. (in Chinese)

JAR A, YRR, BT M KUHLAE B R G Sk A i KT
ARBAERE 2T T]. T 98 R = i (A AR B ), 2022,
43(2): 235-241.

ZHOU E Q, XU X,

capacity of pile-bucket composite foundation of offshore

LU J F. Horizontal bearing

wind turbine [J]. Journal of Jiangsu University (Natural

Science Edition), 2022, 43(2): 235-241. (in Chinese)

(19]

[20]

[21]

[22]

(23]

(24]

[26]

(27]

ZHOU Z J, WANG K C, FENG H M, et al. Centrifu-
gal model test of post-grouting pile group in loess area
[J]. Soil Dynamics and Earthquake Engineering, 2021,
151: 106985.

TROGHT, T R B0 AT A i (AR AR 2O I 0 BN AF
FE]. L TR, 1996, 18(3): 80-86.

XU G M, ZHANG W M. Study on particle size effect
and boundary effect in centrifugal model [J]. Chinese
Journal of Geotechnical Engineering, 1996, 18(3): 80-
86. (in Chinese)

WEHEERR, T, RBL, & ECCIRBE £ M 2 Pih
Pe e M RE IR 3h A LA ER OF S [T]. LK 5 BRI TR
FARCP ), 2023, 45(5): 81-93.

SHEN J L, DING X M, WU Q, et al. Shaking table
model test on seismic performance of retaining slope
with ECC anti-sliding sheet pile wall [J]. Journal of Civil
and Environmental Engineering, 2023, 45(5): 81-93. (in
Chinese)

E G, W, EARS, SRR L3 b B R
A it b 52 w7 O R G ST (7). A e, 2023, 44
(3): 861-872.

YAN Z X, LI Y R, WANG D S, et al. Centrifugal
experimental study on seismic response of bridge pile
group foundation in overlaying water sandy field [J].
Rock and Soil Mechanics, 2023, 44(3): 861-872. (in
Chinese)

LOPEZ JIMENEZ G A, DIAS D, JENCK O. Effect of
the soil-pile-structure interaction in seismic analysis:
Case of liquefiable soils [J]. Acta Geotechnica, 2019, 14
(5): 1509-1525.

B M R AE T S0 0 - Bl - B R 4 A 2l ) v )i
FrrERFSE (D] SRR HR K%, 2021.

WU Q. Study on the dynamic response of coral sand-
[D].
Chongqing: Chongqing University, 2021. (in Chinese)
ZHAO JQ, OU Q, LIU X C, et al. Shaking table tests

on seismic responses of silica sand foundation reinforced

foundation-superstructure ~ under  earthquakes

by  vibroflotation [J].  International Journal of
Geomechanics, 2024, 24(7): 04024114.

WANG C L, DING X M, CHEN Z X, et al. Seismic
response of utility tunnels subjected to different earth-
quake excitations [J]. Geomechanics and Engineering,
2021, 24(1): 67-79.

HUSSIEN M N, TOBITA T, IAI S, et al. Soil-pile-
structure kinematic and inertial interaction observed in
geotechnical centrifuge experiments [J]. Soil Dynamics

and Earthquake Engineering, 2016, 89: 75-84.

(## XXX)



