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Abstract: The results of consolidation tests under K, condition and cyclic triaxial tests on Fujian sand at a given relative density
are introduced, and the mechanism of the liquefaction-induced volumetric strain is revealed, which is composed of the

re-sedimentation and the re-consolidation processes. The re-sedimentation is closely related to the cyclic shear strain history,

especially that after liquefaction, and the more the accumulated shear strain ratio is, the more the re-sedimentation volumetric is.

Besides, the re-consolidation behavior is significantly affected by the previous consolidation history and cyclic stress history,
and the post-liquefaction reconsolidation will follow the trend of the previous normal consolidation curve, and the compression
index is larger than that of the normal consolidation curve under the same conditions. A post-liquefaction volumetric strain
model accounting for both the consolidation and cyclic shear strain histories is proposed, which treats the re-sedimentation as
part of the re-consolidation by introducing the concept of assumed initial stress, and the estimation methods for re-compression
index and the assumed initial stress are recommended accordingly. Then dynamic centrifuge model tests are performed, and the
consolidation settlement and liquefaction responses are monitored, whereupon the mechanisms of liquefaction-induced
volumetric strain are observed at the model scale, and the proposed model for post-liquefaction settlement estimation is
preliminarily validated.

Key words: seismic liquefaction; reconsolidation volumetric strain; settlement; compression index; stress history; accumulated

shear strain; centrifuge model test
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Fig. 1 Grain-size distribution curve of Fujian sand
1.2 REERSHH

Ko [H 85385 e - 1g0’, ”HZE ILEE 2. LL Dg=49.9%[1)
Ko [ S5 5 A 15],  328 M) 85 1] A7 RN 7 53 0l Ay
25, 50, 100, 150, 200 f 250 kPa. H#ifa%0 C. A
HHNTT 10 kPa /KPR 0.010 2247 K REH] 200 kPa
AR 0.018 Zidy o CoAH A b S0 H BERLN )3
KGR AER . 2 v a1, AHFREN K A
WIRRAERS 2 B 1) 4 i e Rl b TRl — 24, (HIFA
SPAT o T H., CoAHAT B2 LR MRS, b4t
5 OATR— 8,

F1 BERPADHYESH
Table 1 Physical properties of Fujian sand

%%%( Gs €max €min DS(]/mm DSO/mm Dl()/mm Cu Ccur. (D’/(o )
H 2.645 0.961 0.615 0.16 0.14 0.1 1.6 0.96 35
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Table 2 Summary of cyclic triaxial tests
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Fig. 3 Time histories of cyclic triaxial tests (S1)
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Fig. 4 Time histories of development of accumulated shear strain
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Fig. 5 e-lgo’, data of post-liquefaction drainage

FLER e
[=]
3

0.72

ATRERD
Dy=50%~60%

-4 T

7 1%
A}

Oa
Ovy
\%

T A
PR LEAA l

0

1 2 3
Yacm /Yacmo

6 FRIZEIR NS RN T X H
Fig. 6 Relation between o',/d’yg and (Yaem/ Yacmo)

1.3 RILEBESHENESENURIE

AR LR B TR KU, AR SO H I [ 250
TARBA S5 HEAK AL R RS, An &l 7 o
TR, A-B BOARD L IEHR 45 M2 . A7 AN
FE& IS A-B [H 45 5 &2 AHEKIEIRBIY), FLERE D1
KERE (C RO, RIGTHRHAK, Wkl
DORAL FREEIS R, A0 ) B WA AR A R
J1, IKFPRE D, Forb R 45 i 2R e Bt 1 i 5
LoPAT . TR S ZAU A HL S A HKIEIR D) Ce,
p) NJJHARAS A E, W N “ARBGRIGN ) 7. Bk
U, 2B ED i ALBREE AR R e AT
PO REAL B EE AR A Aey 5 P S5 R FLBR AR AL
HAe, Z M. WD LR G R AL &, PT AR Hs 4

RAR Y REAG S, Rt
Ae C'.

I+e, l+g

b, AW S TR EARFR %0, mdRmTiE 45 0 s e,
T2 BEAZ R 2 5 RN 45 Y ) AP 5Em, s SORE N AH
[Fi) 85 BRI Y ) 7K T IR IE 3 R 4R dR 30 1.44%, BIC =
1.4 Cos o RMRBHLLRN J), FZEZAFIANAL [T S 5%
Wi, AR BE Dy = 50%~60% & P 4iHs, o, il
P AR (20 WU, e ES M TR e
AR S5 T IR SLRR L. el (3D AT, 4
BN, R AR TR 48 RECRMEE
LRN S R BUE SR, BRte ) CLEE X oy
UK
TERE 4

(goy, -lgoy) > )

vr

E;gs@ st

BRI UL
O RHANE L RHKNE NSRS

Ael \\\ Ce

BAGIRE

fLBR ke

c
Ae
¢ Aey \é‘ A\

RS

7 WiRILEHK e - 1go, mEE
Fig. 7 Schematic diagram of e - 1gd’, relations

g drt, 30 (3) FEFH 45 A b or & % e
WAL R RO AR R ek, PRLteox - B R
HY BT AR ) SRR IN s R I 0 AT DL FA . 3XHE, X
TIKV- Gy M0 R AL ) L, bR AT 23 S
BEATURAE, R

S=i & AR = i |
X SOMHRYIRRR & W2 )2 LA IS HEK A

s AR A D EERERE (m); C A% i R LR
s AG4RE: ol 2 8 i 2 L RIBRBGR IR ) .

“.(Igoly, —lgo. )Ah o (4)

C'
+ eo’,.

2 BLEIRDEEELIG
2.1 REFZS5ERBZHE

MR FIREA G T S5 T SE v, BE—20
F FHWHT K22 ZIU-400-1 T B8ORS & P Tk
SRR R B AE R A DR AR R G . 3k
560 H 2R BY DA (1A RS 730 mm (K X330
mm (55) X425 mm (5 o BB ILRAL ER R
JrREERD, SRR R IC AR EAR R, SR TP



1842 A" + T

S EREM, A2 50 mm; EEENE AT 50 mmEF Sk
W AR 2 o B N A B AT S 8T, 7
SIfAE = I 1 (A0, ZERIR 4R AN )
URPBEATE B g A (AL-A4) , AL S
(PO-P4) , WOCAIFETHIAS (DO) o BEALRH H A3 Hh
AR, MIFIAR R B30 est. B5)80.96 g/lem® [
FERE o MORN A JE AN 2 D=52.9% iR 56 4L
KA 5 4R I Ve 2 kHZAh, ARk B 1 Hz.
L 1825 | 1825 | 1825 | 18.25

¥ DO

AdE QP4

A3 ®P3

A2E @P2

AleE ®P1

P2 A0 @ PO
7777777777777 77 2 7

< W37 1 N

425
[

|
555555
LT
EEEEEN

33

A0~ A4mm DO @ PO~ P5

WA
I 73 I
ROFBA: em
8 BB ERRNER
Fig. 8 Schematic layout of instrumentation of centrifuge model
2.2 REWHERGH
o, BONRM g, 10g, 20g, 30gILRE
I, WS IUR A R TR (LEI9) . BRI I3
5), HAFZIME L N A 5 545, IR s A g
(BN MR DA E (MR TP R A RO g, AT RASR
13O I Y (e - 1g0, MM, WEI10T7R .
HIEITORT L, R 3t R K i 44555 B e AR 6 4 SR A
—EL IEFWES R EAER (C=0.0127) HE2AIF
AT T s A 4R B (S /N CER AR 25 BERE R

1.6 140
— MRV
- - - B B
121 Ll 30
Y
: S
Sosl em----s {20E
¥ 4 2
= / ®
1
04 fmme = ! —410
1
’
i’
74
1 1 1 L 0
0 500 1000 1500 2000 2500
i) /s

9 RBY NN T FE o b FRITURE
Fig. 9 Surface settlements of model during stepped spin-up

o2 R 2014 4F
082
0.80 |-
— 0 —
o De=a9.4% ML Ko IS
X Di=52.9%
> 0.78
g (s=0.0038
ST (’s=0.008: - (.
o012y = MK
0.76 -
0.74 L ! |
1 10 100 1000
U 1A R Ho/kPa

E 10 {REME T e - g0, Bk

Fig. 10 Average e - 1go’, data of model foundation

11 30g & I 45 48 € J5 QAL )2 (0 A X 35
D=55.3%), K2 Hz. SOUKAEIAHIIESLIAF i
PAM AR RIS Rz, DA OR BB 5 R 5h
IR FFEE—SE I ] o RERYANR] R BE AL I ige 5 L& 11,
AL LE AR O WL 12 (B S 2 s A L
JO L, FEZIRBIEHTT, B 1 AL JGE BT
TnIg PE R T IR, R IR e A T AR B v A PR
.

5 —A
- !
2t |
-4
21 — 4
0
/\_2-
T 4
a 9 Ay
g o
<2
g
o 2 — 4
=
R 0
-2
-4 1 1
2} A
0
ot
4 f
0 10 20 30 40 50
i} El/s

11 1B R hniE & B2 [E

Fig. 11 Vertical arrays of acceleration-time histories

M2 A5, s 15 25 R AR R 8 T
ZiE = RN L P i 0 e S SR D SR A NI
TIRNEE N LA AR R 0L R AR I A O
AL AJERSZ 0] W, HeRDIREE LD kA . BT
R AL T R IHEACIRES, ISR EAT
A8 I R DOR DT R 2B (AR s)r, 463
mm); HPTH LR BACIRES S ARG, LAY
W GORAS . DI IS . VIR RRDN (BRZGH
g5, 122 mm); 1MA-BZIAALT B i L - A (R
A FE S R BORES , DURIAS54.0 mm. AL,
siE N IR SEIN R R T R R, 1
AL TR T 0 K7 [ 25 DR kAN K (AR 1
s WA IR T B TR, ORI 7
R B A R AR I CEUBAL RN TR R,



10 3 JRHEIE , A5 RD S T S5 AR A R RAE S 2 O UG 56 U 1843
1 ELSE 1 0 A 5 502 1 2 S A AL T o——
AL, JERHE 5 Oy B AT R o L]
0 £ 1 1 1 1 A4
Esow4ﬁ@%*——f3mm o g | f
o 54.0 mm S 30r
B1oo} oo LTI 122mmi | 5 o 4y
10} - &T {100 -
o5t B sl f
0 M 0 1 1 1 1 Az
3 10 —B 200
E 05 lm;)////////T
N
mlg — ' o . . . i
® r_‘\ — 4 0 10 20 30 40 50
051 A
T W w0 woow [l 13 BBTERE L BRI TN
b IA]/s
— . Fig. 13 Accumulated shear strains at different depths
12 FEIRE L EBERFLIE LNt FITpE
Fig. 12 Time histories of excess pore pressure ratio and settlement or —— T or —— i
X5 T A R R g FE vk A R a ) B AB T, AR
> V, /) AN N, I 2 -
WA PSSR I () (LN (5)), AR ’
F ZEBR LIORE I 1 o3 JE B A 1 R~ B4 BY AR (L6 o £ £
IR, NI . _ 4 4t
fBE P2 3 AR AR R 2 AR BT A, HIFR— B K
R N A, TR ) |
AR BT AR R (1) o
()= [v@odt, v =[a®dt . (5 N N I
0 25 50 15 0 100 200 300
Vi O =[O —u_ O]z, =2) -« (6) BRI %0 REIRIAE Vom0

B3R A IR P AL A BT N AR N R, AR AL
R BT ARG RABL, A A AE W R T
AERE A S5 KR /s o AR i 7 B B PR AT BT X3,
R 2 SR (R T AR e L, AR M A7 AR AL e PR
P8 1) e BT S S, R A8 2 XA o SR AT 28 AT
JE (A AN 73 AR, A AR IR VR - A iy ] S A5 L
TRES L AASE o LS. R 5 K BTN AR AT R ARET N
A2y T P14, AT LR KB N AR (KR L7 AT B W A
(6O SN TR ) v et b7 Ny N TITR L DN/ KE LA
WRAE P SRR IR BB R, R AR VAL Ak
AR FRA LAk X E CHIFRORI 8.

14 BEREIRE AL H ARG LT

Fig. 14 Profiles of maximum and accumulated shear strains
2.3 MREHEANXEE

AR AR IGAIE 1T TSR KR
U SRR o ARIE A 45 1 B e
RGN, S E LIRS . KIF K
BORIAN S (0/y0'0) MRIFHEIU A [F) I A8
ARLE (WL 14) HETEK, HIEAREC MR E 1011
e~ lgo’ Bya s o Bk LA I 00N R R S
ERF A R RN, m T L ) B IR 2,
PRI R L TR AR AR LA AT K. (AR,

%3 BHFMIIBEITESR

Table 3 Calculated settlements of clean sand ground

- R R B
N = e L1 E I " .
LR w M) ok RBUINR o FIRGHER  BRUE  om
\ TF . ’ kP 0, a /0/ . /0 —‘ -
(WREED b o®a gl el Ty Co W T
Ad 15 13.7 1.707 13.28 34.75 0.0052 0.0038 0.490
A3 30 273 3.517 25.2 58.04 0.0061 0.0083 1.040
A2 45 41.0 4.444 33.0 86.24 0.0052 0.0127 1.637 1175 1125
Al 6.0 54.7 2.692 24.9 184.28 0.0006 0.0160 2.945
Bottom 7.5




1844 a5 oE L OB ¥

2014 4F

PR LT B KB N AR FE AR 1) Tshihara fRj 46 79457,
33 (R DT 74.0 mm,  HG ST S 25 i
N, RZERR 34%, IX—45 55 Ishihara X 2011 4R
H A= I M OB PN 58— 3, RIS 5 2 KR
IR T PR TI0I i /N 2 A 25%~50%

3 4 it

EERTHCREIN 5 RAE R S A AR T 1) L, 3@
T B TC AR ] 25 AR S IR I T R s T A S
PRARRRAE, R T B RNGRE vE EE, Hdat
B LR 56 I LU IE . 2518 B4

1) YR 93 A 5 AR R PR R[] 5 P o
HURIZH e Ferh FROURRER 73 5 P 32 4R 3 [ s 2 DIAH G,
T AR BB AR LU, FIRUAAR O, %R
AT BB AR L rom/Yaemo) 5 I B AR Y I HLTH)
FHOCOC RN AR s 110 P[] &5 350 4 52 2 W [l &5 i )
P s s B2, AR E B e A Fie B AR R 41 T 1)
1B [ i h ek 1.3~1.5 i,

(2) $&H T 2 RS S I 45 i 3 g s ad iidk
JE AR RN AL, K D ORRURI T[] 25 Py 5 48—
FIE A E58A8, FFECT P R4 da ORI B AR 4k
AL T

(3) FFRE T KT R AL 25 LB ARG,
WS WA IR [ 25 R SR AL RE IR TR, AABEARY RO ik
— SRR LA S AR, RIS IR T AR SO
5 AR A Rk

BEAh, AR SC LR — s ARG 2 i Bl 1
TESRITCIRRIRI R REEAE THIPIRER o DRI AR 2% B A
SR Fr B0 D LA 5 AR TR SR LR AR ST T 1050 S
PRy G DURR VEN e ), #ME AR — PR R .

BU it AHUH RIS BTSSP T
RS L NIR R . SOET ZIDINSCRY, AR

SE K-

[1] ZHOU Y G, CHEN Y M, LING D S. 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.

(2] HWEEs, W, WA AP AT ik R S 5
0. &+ LR, 2011, 33(4): 509 - 519. (YUAN
Xiao-ming, CAO Zhen-zhong. Fundamental method and
formula for evaluation of liquefaction of gravel soil[J].

Chinese Journal of Geotechnical Engineering, 2011, 33(4):

509 - 519. (in Chinese))

(31 #h B, FEAERE, FEIREA. MR NRRAGERT 2011 AEETI
6.3 FHFEWALIE M), & 1012, 2011, 32(% T 2): 383
- 388. (SUN Rui, TANG Fu-hui, YUAN Xiao-ming. Blind
detection of liquefaction sites by the method of frequency
decrease rate for New Zealand Earthquake[J]. Rock and Soil
Mechanics, 2011, 32(S2): 383 - 388. (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
Earthquake Engineering, 2011, 31(11): 1618 - 1628.

[5] COX B R, BOULANGER R W, TOKIMATSU K, et al.

Dynamics and

Liquefaction at strong motion stations and in Urayasu City
during the 2011 Tohoku-Oki Earthquake[J]. Earthquake
Spectra, 2013, 29(S1): 55 - 80.

[6] E&fe, JEA, & 8. AR B S
W] B TR 2R CHARBRERD | 2012, 34(5): 143
- 148. (WANG Zhi-hua, ZHOU En-quan, XU Chao.
Advance and discussion on liquefaction-induced large
deformation of soil[J]. Journal of Nanjing University of
Technology (Natural Science), 2012, 34(5): 143 - 148. (in
Chinese))

(71w KW, Bk, A& . MRS DR R b i A B
FBE [T A+ J1%%, 2000, 21(3): 294 - 298. (GAO
Yu-feng, LIU Han-long, ZHU Wei. Advances in large ground
displacement induced by seismic liquefaction[J]. Rock and
Soil Mechanics, 2000, 21(3): 294 - 298. (in Chinese))

[8] ISHIHARA K, YOSHIMINE M. Evaluation of settlements in
sand deposits following liquefaction during earthquakes[J].
Soils and Foundations, 1992, 32(1): 173 - 188.

9] K, wHEAK, KERE-— bR R AU T
P oy vk SRR L3 M [0, A TREE R, 2010,
32(#F] 2): 33 - 36. (YE Bin, YE Guan-lin, NAGAYA
Junichi. Comparison of two simple methods for assessing
subsidence of sandy ground caused by liquefaction in
earthquake[J]. Chinese Journal of Geotechnical Engineering,
2010, 32(S2): 33 - 36. (in Chinese))

[10] sKEER:, £ W #biitb)s RATRIMHLELD]. o b TR
224, 2006, 28(7): 835 - 840. (ZHANG Jian-min, WANG
Gang. Mechanism of large post-liquefaction deformation in

sand[J].
Engineering, 2006, 28(7): 835 - 840. (in Chinese))

[11] SHAMOTO Y, ZHANG J M. Evaluation of seismic

saturated Chinese Journal of Geotechnical

settlement potential of saturated sandy ground based on



10 #

JAREIR , A R bW 45 AR R AL S B OB R B IR 1845

concept of relative compression[J]. Soils and Foundations,
1998, 38(S2): 57 - 68.

[12] XIP, F=ZR, @kl 5 g s KA R
IWEIT[]. A TR, 2002, 24(2): 142 - 146. (LIU
Han-long, ZHOU Yun-dong, GAO Yu-feng. Study on the
behavior of large ground displacement of sand due to seismic
liquefaction[J]. Chinese Journal of Geotechnical Engineering,
2002, 24(2): 142 - 146. (in Chinese))

[13] JEiE v, BRIE . 0 b KA T8 R ) B A K A
ABAQUS At LIYsEBL[)]. tH AR TFE, 2011, 27(2): 45
- 50. (ZHUANG Hai-yang, CHEN Guo-xing. Constitutive
model for large liquefaction deformation of sand and its
implementation in ABAQUS software[J]. Word Earthquake
Engineering, 2011, 27(2): 45 - 50. (in Chinese))

[14] ISHIHARA K, ARAKI K, BRADLEY B A. Characteristics
of liquefaction induced damage in the 2011 great east Japan
Earthquake[C]// International Conference on Geotechnics for
Sustainable Development. Hanoi, 2011: 1 - 22.

[IS] UENG T S, WU C W, CHENG H W, et al. Settlements of
saturated clean sand deposits in shaking table tests[J]. Soil
Dynamics and Earthquake Engineering, 2010, 30(1/2): 50 -
60.

[16] HIGUCHI S, EJIRI J. Influence of the earthquake motion
characteristics on the ground settlement behavior due to
liquefaction[C]// Proceedings of the International Symposium
on Engineering Lessons Learned from the 2011 Great East
Japan Earthquake. Tokyo, 2012: 789 - 800.

[17] ADALIER K, ELGAMAL A. Liquefaction of
over-consolidated sand: a centrifuge investigation[J]. Journal
of Earthquake Engineering, 2005, 9(S1): 127 - 150.

[18] DASHTI S, BRAY J D, PESTANA ] M, et al. Mechanisms
of seismically induced settlement of buildings with shallow
foundations on liquefiable soil[J]. Journal of Geotechnical
and Geoenvironmental Engineering, ASCE, 2010, 136(1):
151 - 164.

[19] SENTO N, KAZAMA M, UZUOKA R, et al
Liquefaction-induced ~ volumetric change during re-

consolidation of sandy soil subjected to undrained cyclic

loading histories[C]// Proceedings of the International

Conference on Cyclic Behaviour of Soils and Liquefaction

Phenomena. Bochum, 2004: 199 - 206.
[20] YE[EER. BY D) AR PP Al 3 M AN D J2 b R Ak vT e

RN ], e TR AR, 2001, 23(6): 655 - 658.
(WANG Wen-shao. Utilization of shear wave velocity in
assessment of liquefaction potential of saturated sand under
level ground during earthquakes[J]. Chinese Journal of
Geotechnical Engineering, 2001, 23(6): 655 - 658. (in
Chinese))

211 ¥ 1, T i, BRaf. sy e sl =Bk
R A TR, 2011, 33(2): 195 - 202.
(HUANG Bo, DING Hao, CHEN Yun-min. Simulation of
high-speed train load by dynamic triaxial tests[J]. Chinese
Journal of Geotechnical Engineering, 2011, 33(2): 195 - 202.
(in Chinese))

[22] PESTANA J M, WHITTLE A J. Compression model for
cohesionless soils[J]. Géotechnique, 1995, 45(4): 611 - 631.

(23] BB, KR, KoR5E, . CRE T A th 2t —
Bepia[1). A%, 2011, 32(10): 3033 - 3037. (ZHAO
Yan-hui, ZHU Jun-gao, ZHANG Zong-liang, et al. A
compression model for cohesionless soils[J]. Rock and Soil
Mechanics, 2011, 32(10): 3033 - 3037. (in Chinese))

[24] WK, R B TSRS HINT TG SRS AR
RO, L TRESAAR, 2011, 33(12): 1827 - 1832. (YAO
Yang-ping, YU Ya-ni. Extended critical state constitutive
model for sand based on unified hardening parameter[J].
Chinese Journal of Geotechnical Engineering, 2011, 33(12):
1827 - 1832. (in Chinese))

[25] FagelE, % W, BUKNI, S5 SRR 1 37 AL
HURSh GIRIEIIT[I]. A TR, 2013, 35(9): 1650 -
1658. (ZHOU Yan-guo, LIANG Tian, LI Yong-gang, et al.
Dynamic centrifuge test of liquefaction of clayey sand
ground[J], Chinese Journal of Geotechnical Engineering,
2013, 35(9): 1650 - 1658. (in Chinese))

[26] ISHIKAWA A, SHAMOTO Y, MANO H, et al. Effect of
liquefaction duration on progressive failure of sandy ground
under 2-D biased load of structure[C]// The 8th International
Conference on Physical Modelling in Geotechnics. Perth,
2014: 1079 - 1085.

[27] MALVICK E, KUTTER B, BOULANGER R, et al. Shear
localization due to liquefaction-induced void redistribution in
a layered infinite slope[J]. Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, 2006, 132(10): 1293
- 1303.



