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Abstract: The stone column technique is one of the liquefaction mitigation methods used in liquefiable deposite. Owing to the
higher permeability of stone column materials than that of the surrounding soil, the stone columns may expedite the drainage
process of the excess pore pressure under seismic loading so that to partly or completely eliminate the triggering of liquefaction.
One stone column with the influenced surrounding soil is treated as a representative element, and based on the previous
analytical solution to this problem, the analytical solutions for vertical and radical drainages are obtained by considering the
excess pore water pressure on the boundary of single stone column-influenced area as the known condition. The centrifugal
model tests on stone column-improved ground are carried out. The total drainage water in the centrifuge model improved by
stone columns is calculated using the above analytical solution, and is further converted into the settlement based on the
equivalent relationship between the seepage discharge and the volumetric change of the surrounding soil. The calculated
settlement is found to be in good agreement with the measured one in experiment, which verifies the proposed solution.
Furthermore, the evolution of horizontal and vertical drainages of stone column composite deposite in the model tests is
analyzed by combining the derived analytical solutions for water drainage with the test results.

Key words: stone column-improved ground; shaking loading; analytical solution; water drainage; hypergravity physical modeling

0 3 H 41 ] A SRR B R VR P M b A 2 5 e 4
MR E AR th SR TR, —————
W) SO ER RN T B L R R e ) R = — 13, BeWB: EXAARRFEEIH (51988101, 51578501, 51778573,
R \ S TR SR SRR 51 BRI T
SUREHIL 5 BCHOL L KR UK TS ALt e o AT (R

B RS RN I A Ay 8 2R S LR A A 1 R A . @S/ (E-mail: qzking@zju.edu.cn)



9 1

XPL S SREIERT T REANEE A BB 0 S YR 1743

L ISR, EECR OKVe. AR S, &
HEv: OB s fLEN RO 25, BEAMEERE NS R
ZUFRPUR AL NI T B AR F B, PR b iR
7E VA B AR ICOK H R HR AR BT IR 1S, fEREA
A, B ENSENE R RO, E R
FEFP AR G o] DMEAHEKIEE, iR, oes
HeK &, Rk, AT nod i i i 3 ke & FLRS/K E
THEG EHRSI LRGN BRI R A, BEFLE
WM, AP R PRk A

B PR 45 S T RE S IR e B A A ] o AR
Wb Hb B & it Tk F2 LR R AT T i e, 3
FELT AT S FH TR A3 BT (A R AR K O TR A 43
Mgkl eabh, B N AMF £ 253 AR 06 AN H 1S
AIF 0 2 TS5 R A A A A T 7 R 7l ] 43 ek e g
Wt . 2537 BN k5 & ) PRsh G BRI T T
FAEAT AR AT YR A [ A S S R R, R B A A
AL b L R LR B R R DN, A A A
52 A M R HE K RS X} s 4= P AL STk N B
Sasaki ZECVKE M FIRD FE 8] 2 755 & I9R8h & LW 5 AR
F M U HE K P A b 35 8 B LS B K AV B vk
R IR A HE ACHE AT DA B ARG A v 1) 8 L K
S, By IEHIFE A Huang 25U O5@ i % B HRE0 &1
ORI, AN AL B 5 137 e 3R Bh ik FE rhl EFL
5 SRR R PR, It AR EAAR N B R o,
LTI Z /N ; Dashti NI R (R E J1iESh &1k
IGRUH, WEAAEINIE T MR ik A2 A I 4k = 4EHEK
A, BRI AR Rt — 2PN T R R AR T
F%5; Badanagki SE("2N@E It B O ARG K& BURE A A
0FE | S AT E 2 WA NI F 5778 i S e iy > 2

Seed U FE AL T % M A HE KT I HE K 1Y
W RE, RSN N =R HEAKR S B FLE
WA, 193025 R R AR I A A R A i AL
JEFEGITRE, @i HUE SRR B T A FEA RS
BN LR G AN T BORE T8 5 TR ST
P BTN N T 2 pE M R R R AR HE K AR B
HeAK 1 b B3 M ke 5 FL R VAL R 2 T 2, A T
FUBRAKE A1 — R fidr . )5, ENSETEHRE
TR A A A2 b 1 ME 4 & ) U T 4 %« Tang
SEISTEE ST 1 AR Aar A F T 25 B8 BEL 28RN i A RS
(42 R P A BTN s SRRSO S T 5 e A
ARG EBR . LSRR guEin. mahxisE
FRH LR MR AR A 1R 8 A THI A UM A R A 2 6 b 35 e AT
filgs IR UGS W T S R R 45 5 LA IE N
A £ A8 A RN b I mp B0 S 3 VR P 2P 3 AT O fr 2
BN (PR A A A b, S (] 225 A AT i

FH AT UL, ARG 3 A R AR A A HE K
TR SRR 7 B G, g A AN R VS IIF 7O AH 45

s MR REEIRT T2 8P T XA IR S b HE
PR B 25 AL AT RIS, 1025 FE R AT 3 A 7T
JRR 2 AE S A L i 2 5 A IR Seed fijAL
THER RIS RARUAHIR R, FFRI A A R A b2k
AIHEKVEREHEATIR AR T . IRBNATEUAE ] T AR
ARSI S HOK YRS BE— 2B

AL A TR RS b, B3 2DHES TIER
it B A TR 25 8 AR B R B R M R B s KT )
ABEFEREHTHERIER, TR T — A b
S E IR G BARE, SEAHERINR RS
FERIEN, KIS R AU SRR G S
VIR RV & RAF, RAE 7 ASCHE R AR R S it I
BB T A RIE A L.

(R 2 95T =3: DF = v

Mo SRR I IR BT B AT T BUA R R R A b2k
I, AT & BEAFIRE A 1) 32 3R ), AT —
2N E AR NI EAR, ik 1 PR, A
SCRCRA e OME AR ] IR 55 AR (B, B
FE 7] — T B2 Ab 2k = AN (AP 8 () AR TR AR A @
EHLIE HFOK IBRAT A TEE R OB AR
B @OFEAE—IREE 2 &b, LA ABEAAIIK
BT A KRR, @R, LRk
AZKANTT 4

(a) BAMMERER
2re

2rp z

u’//J/%W

z

(b) AT A
B 1 ARt B B AR B R E

Fig. 1 Schematic diagram of numerical model for stone

column-improved ground



1744 s + T

2020 4F

MR RN JFE, AT RN 22 A 8 E R Ak
AR L g 824 5 2306 A2 T 3
gvzi:u y (1)
E E

Kb, e, WEMEAR, ENTARRAEER, q TSR
BIER TSR], — R AL SRR A,
i, N AT —IRFE T SR LS .

31D P I ) K A 515

oe 1|0u. o
SR L @)
ot E |l ot ot

MRYESCRR15, 191, X TAREFRBHRFL, Hif

AR 5 [ gE HEK BAFE R R UL R EE, mIfS
r 2 E)

v, ror\ or) vy, Oz ot
A, T oy 4550 - 197K B 508
B, oy, WKIIERL.

RGN @, HAREHEA RS LR AL 14 2E
EGRIEE

Ou, 2k, ou,
&[:ZEEWW’ (4)
K, up AT —IRFEEAC AR B AL, rp REAA
FAR, ky NPEMAIBIE REL

E—IREE IR L PR e LS E OH
B gE0s-171,

, :;[n(rz—rQ)
K, re AR BE AR AR

X (2 ~ (5) NEAMR S IR EHTT 2.
TIRE R IIAT A6 25 A AL TR 2 AF

ou
=~ _. =0, 6
6r r=r, ( )
w,|.o=0 » u]._,=0, (7
Ou ou,
— :0 ’ : _ :0 ’ 8
62 z=H 62 z=H ( )
U, =u(z)=0 )
Ul =Uy o (10)

2 WMTEIERIKER
S Tang 505 102K ) B 1R L AR A
R, AR 7 AR

_ tdgx2 - Mz
)= — ) —sin—e ™" dC, 11
u (z,t) J.Odé’;M I ¢, (n

A, COMEERTEIEIMINZ], A4, =4 +4,,

L
kSV

E 2
s'%’ Ar= ﬂz ’M=2m2+1
Vw o H 2

1+ — | —4

V(] - av

(m=0,1,2,), B=2Ek, Ny, ’C)s v’ =2(N>-1)-

4, =

k,/ (k,r2C), N=2 KL,
T
P
3D WXt r BRI, FERI A% (6)
A oC10) w5
22 2—
u = r21nL_r f 68V+kiabis +u o (12)
o2k, T 2 oy, oz ’

p

B ap X ) AR 2) B
u, =R(r)-G(q,t,z) +u, (13)

A,

G(q’[,z): yw . i %-Zisnfl%
2%, |E\oc SmM  H

m=1

’i ﬂ A (1=8) _ ﬂ —4,(=0) | _
L{dr[d:je et } dg}

0

kij.lﬂz 21\/2[ sin MZe-Aw(l{)dg ,
v, 0dd o H H

p2_ g2
R(r):(rf Inl-——" J
r 2

Hi (13) AT, FEREAAEREAR R TS LN (R
Wi 2420 re), HARAE— TR BB FL us FTELS K R
5 G R G ZIR EHEA N FURE wp AT, o, B
R UK T 42 r IR THREG 5z, (Mg
FR o A B e p 3 — R P B B A A R
r (rp <r<ro)HJEFLIE us MRS r HX, A
I7l s SR B G wp SR R LS R

£ dr IFTRI A, VRE z SeRESE AR ORFRD 38
A BEHE K RN

A(qsc )z = kshiA = kSh %
y, or

r—r 2 dzde o (14)

w

H—2EER 13), X 4 TN

2

Aq,.). = }]ish G(z,t,q)(:L— rijnrpdzdl o (15)

w p

3 (15) i V53 B A5t SR LR BRI L
S RRE R R 2 NIRRT R

B BTk P e A B8 FEL 0 S48
B u, |, o BBAERBIE L B LI
WP B BB ez, 0> MR (13) 7
ey

P2
u, ~G(q,z,t)| r,’ In—— 5 L, (16)
rp



9 1

XPL S SREIERT T REANEE A BB 0 S YR 1745

. P22
u (z,t) » G(q,z,0)| 17 In—-—= 5 R Y))
r

p

a5 (15, (6), (17) A&

kg, u,(z,t) rc2
A(qsc )z = }/ p r2 _ 7"2 r__ rP zandZdt °
A Il I I R
¢ r, 2

(18)
(18D RIATE de B[] IR z A H I 43 st ik
WK M HEK i E R .
B (16) AR (5), FH4aR (17, Al
—IREE AR T FLIE N

4
2r° 21nr—°—§rf+lr2
I A A 47"
u, = NER u,(z,t) » (19)
(rflnr“— ¢ pj
A 2

HIMEAT BT de ISTAI A, FEVRTE 2 A1 2z AbHIE T
TR EBRRE S XN

k(1= 4,)
A(qs )z:z,NzM = , ’ 2 7"2 ’
Yo (2 —2) r: In e — = -
7 2

r r. 3 1
{ = 1n_C_Zr°2 +er2 [u,(z,,0) —u,(z,_,0)]dr .

r, —I"p I"p

(20)

3 BEHERINIGIEUE
3.1 R AKX AR

FIFHHIL K2 ZIU-400 #8571 8 0HLRS) & T &
T HW A AR R L ARG, DA UEAR SCHT R
HH R A B IER T HEE 7 B O L I s e
R AR A B BN ), AR EEE LIRS &
TERERY RSB R AN, AT A0 iR 2 3 b b 72
e LA K ¢ AR T AR, ARG EGAE 50g 850 hinid B2
AT, F R R BRI 50 A I R T ORAIE AR
R Sk 18] 5B A AR RN — 3

K Z IR B VIR FE A B I M 754,
BB SF (KX 58 X @) A4 730 mm X 330 mm X 425 mm.
NT EEB IR LB E R, WG 1k
RS 10%M8 £ GRIETM ), A
K FRRLAR (PIAR AR, AR BL SR AP 1 S HF
SrEZE B AR 1 A 2. mFE 1A, BEA AR R
BB ZBL NI AR 800 7. Seed 251 NTT
PEANEA B IE, WA BEARHRIZIE R B — oAb B
AR N R LA B DR, BRI Wit
FE AR BLHBE R T 6 TR S PRIEOL o

=1 XM RERYIES
Table 1 Physical properties of test materials

Pmax Pmin Pmin k

e
fhr Gs /(g'em®)  /(grem®) /(gremd) /(m/s, 277C)
RES _
X 5
10%% + 2.647 1.765 1.386 1.695 1.864 X 10
TREHRD 2.644 1713 1.489 1.605  1.49%X102
e 1001
18 —— gt
4r gol —e— AR
XK
e
&
£
40
s
?; 20+
H.,
{. 0 L I; ]
10 1 0.1 0.01 0.001
PR K /Mmm

2 RIEMRRECHZ

Fig. 2 Grain-size distribution curves of test materials
3.2 HEME

R R0 A% TR AT B AN B 3 R . B R R S
N 400 mm. FEHRZNE G HATE— D= FIE T
SRR Z RSN, FE 272 M 50 mm IR AT
B 6 MACT IR, £ ZA M 50 mm JFER AT
B 6 NS T, 20 AR B B R A PN A% 150 mm
XFRAT B S A e, ERARATE 1 N3
A RS A ot M DN 7R P 2% T U

|80 185 | 100 100 ,_ 150 | 115
| | I I I | |
_ 0 L |
ol O X o
ci g E? el (=]
s H EH3{ { A6| | p5| |BE3 g
+ g V3 | o||a =
i § i -
w! B il | T S| |ahs |
°y g Vel o |8 o
8 l fg P2 + l
gN - S
v a1l EH1 O
07 5] EVi A2 P1| |BE1 =]
wgom > B4 mm
O T o LI + &l n

| BotRmemes T B LER ® KFmLEH

® & © e o
EVIEV3 [ 247 + RI-R3

g||e e, © © @ © @
EHI—EH3P1-P6O 4 4 1g

® & & © © © o

| 730 |

3 BILERREMER

Fig. 3 Schematic configurations of centrifuge model



1746 H O+ T OB % M

2020 4F

TR R R b it 7 3X 7 3L 21 ARFEAE, ik
W8N LZE . BAERIER 4 RAM Adalier
LRI SO BAGRIG R RS —3, O~ 1.5 m, X
BRI RSN 3 em, SEEJETH N 10 cm, tHEAS R4
AT b FHL 1 S 1) %N 7%

FERIATIA A 2 SE R L iBIE RO
B, ARSCEASR 1 Hz IR /N T 0.05g 1%
B ESZ IR N BTN (Ul 4 Fras), DLRE St K
Peahgl e LR B B hlR ik, SR 1
BT RBUR A B E P, WISk T B IR B,
Pesh 1 459 )5, Fra@EfEsE 15 min BLESAARS) 1
FEAE LR SE AT R, BT LRIRS) 2.

0.06 -
0.03
0
-0.03

-0.06
0.06

ik BE /g

0.03

-0.03

~0.06 1 I L 1 I
0 5 10 15 20 25 30
Al /s

4 FREHETRIIHA

Fig. 4 Input motions at base of two shaking events
3.3 HANKINEER

5,6 714 I T PRURIR BN AR R I 2R T B AT ASE
R AL R A, & 5 AT, SR
RUIEHIL “ABESTH” MRFIR. AP TTRER
R B, EIRSIATRE A HOKIEA BT DI AR
R AT B A AT P T B A R
P ETFERRKZNERE, HVE GRR) 2R T
KN BLAh, IRENIE S ALIS BT, B AR
WA BESEE . A IREZAKAIME R, 2 id B AR
FELI AT

—15 1 I 1 1 |
0 50 100 150 200 250

B A) /s
5 {REFRITPER T2

Fig. 5 Time histories and prediction of surface settlement

Hil&l 6 T I, BEEIRSIAAAE, BAAFRE L
JR LS RS IE R, IR ETRI A
P, HR3D 1 P, AFEIREEEFLEIEHEE 6~13
kPa; Rzl 2 1, ANFEIRE GRS FLEIEEE 16~22
kPa. JRBN1E 15, BEAYTRZ R A FL T T LR
PR, VLR JE R N FLISUK ) 38T

20
ok P6 ©'0=27.6 kPa
0 N I 1
201
10k P5 '=64.6kPa
0 /_\I‘\—'— I |
201
Lol P4 ¢'(=95.3 kPa
<
] S, T
< 0 ' : '
H a0
= P3  0%=125.6 kPa
E of

R A

201

P2 6'0=150.7 kPa

0 L L ]

207
1ok Pl '0=185.9 kPa
1 L ]
0 50 100 150 200
i) /s
(a) #&3h
30
5L P6 ©'4=27.6 kPa
0 1 1
301
sk P5 ©'=64.6 kPa
0 1 1
301
5k P4 ¢',=95.3 kPa
d.: 0 1 1
=
¥ 301
g sh P3 6=125.6 kPa
.w 0 1 1
30r
15k w:um kPa
0 1 1
30
15+ r&wss kPa
1 I t J
0 50 100 150 200
) /s
(b) H#&zh2

6 BERFLIERTIZHIZ
Fig. 6 Time histories of excess pore water pressure
XFHEIE 5, 6, FILLR LRGSR e 5l L&
THEUFAEX MR R . MRV SR fLE R EE K
HEAEIRENIERE, 4R A B LS T B gk Bk A
B4R J5 [ S5 PR LE BT D, X5 DA B O LR ED



9 1

XPL S SREIERT T REANEE A BB 0 S YR 1747

Hitie gt B—®, FEFEFEE TR R E A
AT, SRS R A T B LK A b
THEL. BB 6 T IL, HRAN 1 OB 4 R (0
LR (nmuloly s u HAEERZINEEILE, o, N
WILh LA RN A1) #NT 0.4, PRBXFHA LI %
RIS, X BB R TR N BB 2 A
RRIZE r BT 0.8, HARIRFE ro /T 0.3, BEAHER DT
B RT3 1 51 HR TR .

CUE T FERIRET, b LR 47508 R R
WAL B 1 KB 58, Shahir 252515 1 il 8 i
FLE B AR A D AR 205 R AFRIA T

1+ (-, <1 (FLE BB

L =1 . (21)

Yl (@=L <1 (FLEWE BB
L, b NARBETBIE RBVIGEE, NIRRT Z
% ZBON KRR, SRl gy il 9 FLE B A BT
NS SRR N g S S

it e, X 2D HSHHAUE=10, Bi=2
B=10, 7182 r, 3 51%F 0.3, 0.4 A1 0.8 B, XM
BB ZE KRR N 1.8, 24 6.7, HiE 6 Wl
Wy Ab T UG AR 1T BT ) o A LA DA =2 33
I T EEBIAS . 5%. R, PEIRARBN 5] B FE L
JE EEAS 2 DL 5| e B MR R A8 0E R B3 AR
1, ASCRAEBIER BB ARG,

3.4 EIRANIEMMIIE

M 3 AT, FLA VAR EAE 4 AR A AT FE AR I
FTE S, AEAL AL THIUE 9 8 B b A2 5
Wi i FEl A 7 re BROME . SAEGUERS (18) AT (200 MIE
Ffgt, R P b I 1 2 T B e IR 3 i A b 7 M R A AL
JE M= AE BT ERET B T A S HEK R O TR . ]
Ve RORE A AL FIFRAR AN T e 4, U)K B 5 T
DUBE SRS IR o R BIA SO R & T
SIS B3 MR, HEK R ARG (1T B0 A2
T rpigmya i, ISR aHKE O Thr DA
S BB 0 B I L T AR A 15 B0 RO R B B ik
AKFHEK S O NS SR K HEK &2 A,
MR EHK S E Ov R BB RKE B mHKE, B

u
ru
o1y

0= QL + Qv ’ (22)
0, = [[A(q,).dudz . (23)
Oy = [ M@)o 41 (24)

B 7 DR W R SR AL N R, X (22)
THRUIRREABOCA A T ST RRE. dl 7 AT,
PRBN 1R T ASCH S LM IR, THRS) 2 15

DU I SEAE RN T SEIE . AT AT A, PR3 2 1
MBI R AR ERBIER T 6.7 i, AR
SR R T AARE RBOAAL” B B T Al T
R RIS T

K8 gl VRN (22) [REEAS BRIV 2 T
k. gl 8 Ar AL, RSB BT LE T 5E &
FWR W TREBRELERE, SEE SR
. HTASCHR SRR TR A S I 45
RONE, KSR E IR A b AT RE I A T B R
BOSANEA IS IE R B PTIRA S B R, 7]
PN AR ST 2 303 3 J0000 AR Jm e P

151

12 L
t‘.
£ 9r
£
& o
x o " R
re o &3
3r R
< 1 1 1 1 1
0 3 6 9 12 15

SEWHE /mm

&7 HEIORFESMERT BEXT L
Fig. 7 Comparison between measured and predicted surface

settlements

10

SERME HHEAE

! !
0 50 100 150 200
I} /s

[ 8 1HEUIIRFERTIESTNMER I B AL

Fig. 8 Time histories of measured and predicted surface settlement
3.5 FrAMEAMERIHIKEFE 2T

LG AR B ARG AR SR A AT B
AR ALER R, R (18) M (200 75
I 9 From BIPUIR AN T 1A A 52 5 8 ) A /K
BRI R AR AL R AR

HIEL 9 T, ZKP A AN RS A K AE R 3 — T
RALH, R —EP AL, fEKIIREEE T
MBS AR BEAT RE 1A KT [ HEK . FEIRBIBY Beith I
T ARAN R B WA HEK RS TR AN, Ik
EhfF 1L JEBE R I A RR R, B L
BUEAEHEAR. L AR R AE R RE I 18] A e



1748 H O+ T OB % M

2020 4F

5K 5 ProsiURERE—3. 54k, PIRIREN T
A S B AT AT 7K T T2 A S PR 38 o v 38
FER, ANTRIR FE A I AT AR T A HE K B S A
LIS KT IEAR O . PR IRIREN B B R AR AE
KRR, HWEGDRZE K g, HizhT
WIZ KT HEKE

0-02 e iy Skl BRBE/m

-0- —0— 0~2.7

-m- - 2765
= -e- ——  65-97
15 0.01 T4 —2— 9.7~127
i —-¥-——— 12.7~15.7
@ — - Her — e

0 P 8 F Y < T
1 ]
W 017
B R3h1
g o—IH—
B
_0-1 1 1 1
10 100 1000
B al/s
(a) 3N
0-0% i iy kP17 YREE/m
e~ —o= 0~27 ;
0.03-m- —0- 2765 -<
& -®- == 6.5~9.7
= Ao 97127
Ig 0020 yo o 127-157 -
‘ﬁ\x */0,,_0:-0-‘
0.01
0 LR~k Mot Sk sk At o o
. Olr
B He5h2
= 0
=
-0.1 1 1 1
10 100 1000
1) /s
(b) #&3zh2

9 AEESMEZRITIE
Fig. 9 Time histories of discharge water in stone column-improved

ground

4 & B

AR SR BN B R WA 5L A RS 0
SHOKYERS L, T O MO, ST
(LR AR P R ML 2 A K P e B 9890
BRIER, IR T — AW A R RSN
GRS HEATIOE, SR 3 AL,

i BB A S BB 96 R 1 S Ay —
ANFAEATERBII,  LAREAHE BB B30 A HOFLIE
(ENC AN, 35 TR PR &t
S RUKOT SRR A R

(2) BB IR KA T R4, 46 145 0
RS K B B AR TR, R IR

S SRR ST — 80 BiE 7 ASCHES A
PR A B RE TR A XK ER .

(3 R R AG T A5 IR EE F FL s 5 A SCHE 3 11035
TEEAXME S, Sl 7 ARG B A FR
FEARCT TR RS B T B2, 5 ST RE RE A &
P HE R S B KT S TR 1 2, BB
TRV 2N R EANISLS R EE I AR E, IRZ
KPS REYIE K TR .

FESEBR AR, QR BEHE T R Bl o B 4R R 3R
755 A M AR LS/, AT BRI A ST
R B0 2 A0t B Ak P 3 R 11 2 S IR K B R M R IR
8, FNIREVCHRPURTERE R SRS .

SE -

[1]1 #& T, T #k BHATTACHARYA S. 2011 - HAZ bih
DRV VT i M R M R VAL R T LRIR [T]. A LRk,
2013, 35(5): 834 - 840. (HUANG Yu, YU Miao,
BHATTACHARYA S. Review on liquefaction induced
damages of soils and foundations during the 2011 off the
Pacific Coast of Tohoku Earthquake(Japan)[J]. Chinese
Journal of Geotechnical Engineering, 2013, 35(5): 834 - 840.
(in Chinese))

[2] ZHOU Yan-guo, CHEN Yun-min, LING Dao-sheng. Shear
wave velocity-based liquefaction evaluation in the great
Wenchuan Earthquake: a preliminary case study[J].
Earthquake Engineering and Engineering Vibration, 2009,
8(2): 231 - 239.

[3] A, ZKNI, THEZE, 55 Wbl fs g R
FAE S OEALRIGISUE[)]. & TR, 2014, 36(10):
1838 - 1845. (ZHOU Yan-guo, LI Yong-gang, DING Hai-jun,
et al. Characterization of reconsolidation volumetric strain of
liquefied sand and validation by centrifuge model tests[J].
Chinese Journal of Geotechnical Engineering, 2014, 36(10):
1838 - 1845. (in Chinese))

[4] BHATTACHARYA S, HYODO M, GODA K, et al
Liquefaction of soil in the Tokyo Bay area from the 2011
Tohoku (Japan) earthquake[J]. Soil Dynamics Earthquake
Engineering, 2011, 31(11): 1618 - 1628.

[5] BRE, BN, #IAR, 2. 1989~2011 HIA] 8 MRz
o BRI R AR R S B IRl R R[], R,
2015, 36(4): 1102 - 1118. (CHEN Guo-xing, GU Xiao-feng,
CHANG Xiang-dong, et al. Review and implication of

successful ground improvement cases about mitigating soil



9 1

XPL S SREIERT T REANEE A BB 0 S YR 1749

liquefaction induced by 8 strong earthquakes from 1989 to
2011[J]. Rock and Soil Mechanics, 2015, 36(4): 1102 - 1118.
(in Chinese))

[6] BAA, MR, RAIEWI. PR AbEn & v Ak bk £
Mo BRI WAL (). A LR, 1992, 14(6): 69 - 73.
(HUANG Mao-song, CHEN Yun-min, WU Shi-ming.
Strengthening of saturated silty soils by vibro replacement

of Geotechnical
Engineering, 1992, 14(6): 69 - 73. (in Chinese))

(7] BEAL, RUE, BTG RS AL S R e RS
WAL AIHT[I]. W RS2 (T24RR), 1992, 26(2): 165 -
171. (HUANG Mao-song, WU Shi-ming, ZHAO Zhu-zhan.

stone columns[J]. Chinese Journal

Liquefaction analysis of subsoil strengthed by vibroflotation
stone pile method and vibro-compaction sand pile method[J].
Journal of Zhejiang University (Engineering Science), 1992,
26(2): 165 - 171. (in Chinese))

(8] Z577, ABHEBE BTHE, & BEAHP KBTI
AT SBR[, THEJI%. 201035 T 2): 226 - 230.
(LT Li-jun, NIU Qi-yinng, LIANG Ren-wang, et al.
Experimental study and theoretical analysis on drainage
gravel

Engineering Mechanics, 2010(S2): 226 - 230. (in Chinese))

pile resistance of earthquake liquefaction[J].

[9] SASAKI Y, TANIGUCHI E. Large scale shaking table tests on
the effectiveness of gravel drains for liquefiable sand
deposits[C])/ Proceedings of the Conference on Soil
Dynamics and Earthquake Engineering, 1982, Southampton:
843 - 857.

[10] HUANG Chun-xia, SUI Zhi-long, WANG Lei, et al.
Mitigation of soil liquefaction using stone columns: an
experimental investigation[J]. Marine Georesource and
Geotechnology, 2016, 34: 244 - 251.

[11] DASHTI S, BRAY J D, PESTANA J M, et al. Centrifuge
testing to evaluate and mitigate liquefaction-induced building
settlement mechanisms[J]. Journal of Geotechnical and
Geoenvironmental Engineering, 2010, 136(7): 918 - 929.

[12] BADANAGKI M, DASHTI S, KIRKWOOD P. Influence of
dense granular columns on the performance of level and
gently sloping liquefiable sites[J]. Journal of Geotechnical
and Geoenvironmental Engineering, 2018, 144: 0401806.

[13] SEED H B, MARTIN P P, LYSMER J. Generation and
Dissipation of Pore Pressure Water Pressures During
Liquefaction[R].  California:

Earthquake  Engineering

Research Center, University of California, 1975.

[14] fRELE HERAHAPKES R AC RS HEFL R 5ET]. 3
EBTHS TR, 1992, 12(4): 88 - 92. (XU Zhi-ying.
Calculation of pore pressure of liquefiable sand deposits
using gravel drains[J].

Engineering Vibration, 1992, 12(4): 88 - 92. (in Chinese))

Earthquake Engineering and

[15] TANG Xiao-wu, KATSUTADA O K. Consolidation by
verticaldrains under time-dependent loading[J]. International
Journal for Numerical and Analytical Methods in
Geomechanics, 2000, 24(9): 739 - 751.

[16] 38 J%, ZEherE, W%, HIENEARR B SR KA bk
AL MATIRD). 5L TRER, 2017, 39(8): 1485
- 1492. (GUO Biao, GONG Xiao-nan, LI Ya-jun. Analytical
solution for consolidation of stone column-reinforced
foundations[J]. Chinese Journal of Geotechnical Engineering,
2017, 39(8): 1485 - 1492. (in Chinese))

(17] jHESE, WHREAN, Ik, 55, SR E 45 k5%
PESADLE S A SR, 5 LT RE2AAR, 2009, 31(7): 1069
- 1074. (LU Meng-meng, XIE Kang-he, LIU Gan-bin, et al.
Solution for consolidation considering column consolidation
and parabolic distribution of soil permeability[J]. Chinese
Journal of Geotechnical Engineering, 2009, 31(7): 1069 -
1074. (in Chinese))

(18] y g, WHREM, KEME, 55 80 TPl A RN
(E G HIEE S MRT]. & TSR, 2008, 30(4): 549 -
554. (LU Meng-meng, XIE Kang-he, ZHANG Yu-guo, et al.
Theoretical solution for consolidation of composite
foundations considering construction disturbance and loading
effect[J]. Chinese Journal of Geotechnical Engineering, 2008,
30(4): 549 - 554. (in Chinese))

(191 R, MINCR, #metk, 5. JT L8 HE S FL T Aok 1k
R B AT 0], A R J1%%, 2019, 40(9): 3335 - 3343.
(TANG Xiao-wu, LIU Jiang-nan, YANG Xiao-qiu, et al.
Theoretical study on dynamic pore water pressure dissipation
characteristics of the open-hole pipe pile[J]. Rock and Soil
Mechanics, 2019, 40(9): 3335 - 3343. (in Chinese))

[20] BR=fin, & 8, RIEEK, 5. ZJU400 B5.ONUI] & HR
eI ). AL TR, 2011, 33(12): 1887 -
1894. (CHEN Yun-min, HAN Chao, LING Dao-sheng, et al.
Development of geotechnical centrifuge ZJU400 and
performance assessment of its shaking table system[J].
Chinese Journal of Geotechnical Engineering, 2011, 33(12):
1887 - 1894. (in Chinese))

[21] ADALIER K, ELGAMAL A, MENESES J, et al. Stone



1750 H O+ T OB % M

2020 4F

columns as liquefaction counter-measure in non-plastic silty
soils[J]. Soil Dynamics and Earthquake Engineering, 2003,
23(7): 571 - 584.

[22] SU D, LI X S, XING F. Estimation of the apparent
permeability in the dynamic centrifuge tests[J]. Geotechnical
Testing Journal, 2009, 32(1): 22 - 30.

(23] FA#EE, W, 2 @, &5 R LR Sh R SR AR VRO
it A B ORI AU [J]. A L%, 2017, 38(7):
1869 - 1877. (ZHOU Yan-guo, TAN Xiao-ming, LIANG
Tian, et al. Evaluation of soil liquefaction by ground motion
intensity index by centrifuge model test[J]. Rock and Soil
Mechanics, 2017, 38(7): 1869 - 1877. (in Chinese))

[24] SHAHIR H, MOHAMMADI-HAJI B, GHASSEMI A.

Employing a variable permeability model in numerical

simulation of saturated sand behavior under earthquake
loading[J]. Computers and Geotechnics, 2014, 55(1): 211 -
223.

[25] SHAHIR H, PAK A, TAIEBAT M, JEREMIC' B. Evaluation
of variation of permeability in liquefiable soil under
earthquake loading[J]. Computers and Geotechnics, 2012,
40(3): 74 - 88.

[26] ZHANG J M, WANG G. Large post-liquefaction deformation
of sand, part I: physical mechanism, constitutive description
and numerical algorithm[J]. Acta Geotechnica, 2012, 7(2): 69
- 113.

[27] ELGAMAL A, YANG Z, PARRA E, et al. Modeling of cyclic
mobility in saturated cohesionless soils[J]. International

Journal of Plasticity, 2003, 19(6): 883 - 905.

(BXIREFHkR) BITRE

CATTRESEMY BT 1979 4, SEEKF]. LK.
J1%E B KL RENEANEE M SIE R AR M
BHEHAT) . HEE KRR AT, BRI RIT £
BB 1%, AA 715 e 2 A e B AN S K
SERRMERT TR TAESE B R S5 . fRIEH IR BHR. FriX
A HAMRL AR o Y (B 5K SRR R T H e HoAth
T H PR TR M AR T RS, (8 AN A SR A I
FHEERE, FR TR X SR k. B EA B R SRR R . A
WX S TR, ERilks. WibFwineE.

AT (RSO U T B B S SR N0
T, HTEEFBZOCHI TR AT RIS ATIRHE “d ER}
R SCRI AT (PEREAZCEATD R o ERE IR
551 308dRE” Wk ATR R ERZERE “ BRG] SR
FE” Wk AT “rREEMY 2s0fos Ko E AR B TILE
BN R WGk ATIHE “ TFEZER G| Ei Compendex 4

FE” R« HARRAHARIRMS U R PE IST” 45 br i ik
Fo ARFIMLE (www.cgejournal.com) 43R AT AT ATE FIlEk
e

RPN TR RN EAREH . KRR, Zlisk. 7R
&\ TREHT AT N - TRE R AL R A A
B AN TN G HEEE A AR L BRI .

ATAAT, A4TF, BAEEHERR, 192 03, 4] i) ik,
FEWE M 40 T, RFEMN 480 TT.

A [ BrARiE TS ISSN 1000 - 4548, [F 48 —Fl 5 CN 32
- 1124/TU, HEA RTINS 28 - 62, HAMEATAS MO 0520,
S RS 4 [ A MR SR VT, AT R R EIT I CR
WOHE 2% o JmiBERiT Wt : P RTPRIE G 34 5 A L TREEAR)
R MBgw: 2100245 BERHIE: 025-85829534, 85829543,
85829553, 85829556; £ H : 025-85829555; E-mail: ge@nhri.cn,

CHETREER) il



