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Abstract

The present paper presents analysis of the influence of the soil saturation on the free -field response of liquefiable soils. Analyses are
conducted using a finite element program developed for partially saturated soils subjected to cyclic loading. The performances of the
proposed model are analysed by simulation of undrained triaxial tests with different water saturations. The finite element program is
then used for the analysis of the influences of the soil saturation, density and position of the water table on the liquefaction of a soil
layer subjected to cyclic loading. Results show that the soil saturation significantly affects the liquefaction of partially saturated sandy
layers. The decrease in the soil saturation results in a reduction of liquefaction risk.
� 2017 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Researchers reported examples of soil liquefaction during
moderate and large earthquakes, such those of Loma in
1989, Kobe in 1995, Chi-Chi in 1999, Kocaeli in 1999 and
Bhuj in 2001 (Bird & Bommer, 2004; Chen, Hou, Cao,
et al., 2008; Tang, Liu, Liu, Zhao, 2012). Since soil liquefac-
tion could induce serious damages in buildings and infras-
tructures, intensive researches have been conducted on this
issue. These researches focused mainly on saturated soils.
In practice, the soil layer near the ground surface is generally
not saturated. Recently, some researches have been con-
ducted on the liquefaction of unsaturated soils (Bian &
Shahrour, 2009; Martin, Finn, & Seed, 1978; Yang, 2002;
Yoshimi, Tanaka, & Tokimatsu, 1989). They showed that
a small reduction in the soil saturation could cause signifi-
cant increase in the sands resistance to liquefaction. The
investigation of the influence of soil saturation on the

response of liquefiable soils to seismic loading is required
for both the design of underground structures concerned
by these soils and for the use of air bubbles injection technol-
ogy for liquefaction mitigation (Yegian, Eseller-Bayat,
Alshawabkeh, & Ali, 2007).

This paper concerns analysis of the influence of soil sat-
uration on the liquefaction of sandy soil layers in free-field
condition. First, the paper presents the constitutive model,
which was developed for the partially saturated sandy soil
under dynamic loading, the performances of this model are
then illustrated through modelling laboratory tests con-
ducted on partially saturated soils. The numerical model
is finally used for analysis of the influence of the soil satu-
ration on the free-field response of a sandy layer subjected
to cyclic loading.

2. Numerical model

Bian and Shahrour (2009) proposed a numerical model
for the analysis of liquefaction of partially saturated sandy
soils. This model is based on Coussy theory (2004). By
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neglecting the soil suction, the increments of the total stress
dr, pore pressure dpw, water flux dmw and deformation de
are governed by the following equations:

dr ¼ C : de�M 0 dmw
qw

I

dpw ¼ dpa ¼ M 0trðdeÞ �M 0 dmw
qw

ð1Þ

C stands for the drained elastic tensor; M 0 is the Biot mod-
ulus, which depends on the water compressibility Kw,
porosity n and water saturation Sw:

1

M 0 ¼
na
Ka

þ nw
Kw

¼ nð1� SwÞ
pw þ pa0

þ nSw

Kw
ð2Þ

Ka is the bulk compressibility, pa0 is a reference pressure.
The formulation proposed in Eq. (1) is similar to the (u-

p) formulation of Zienkiewicz (Zienkiewicz & Shiomi,
1984), but with a Biot modulus depending on the water sat-
uration, porosity and pore pressure. For saturated soils
(Sw = 1), Eq. (1) is equivalent to Zienkiewicz’s equation
for saturated soil. Consequently, this model could be used
for both saturated and unsaturated soils.

The response of partially saturated soils is controlled by
the balance equation, the diffusion equation, and the con-
servation of the mass. The balance equation could be writ-
ten as follows:

divðrÞ � q€u ¼ 0 ð3Þ
r is the total stress tensor, €u is the acceleration of the soil
skeleton and q is the soil density. For partially saturated
soils, the density could be written as follows:

q ¼ ð1� nÞqs þ nSwqw ð4Þ
The water flux is governed by the generalized Darcy’s

law:

~w
qw

¼ �kins
krlw
l
½gradðpwÞ þ qw€u� ð5Þ

~w denotes the pore-water mass flux. kins and krlw designate
the soil intrinsic permeability and the relative permeability,
respectively. l is the viscosity of the pore water. The diffu-
sion equation for the pore water is sufficient, because of the
assumption of zero flux of the pore air. The presence of the
pore air affects the pore water diffusion. When a soil
becomes unsaturated, the air replaces first water in the
large pores; consequently, water must flow through small
pores with increased tortuosity. Since the space available
for the water flow reduces, the permeability with respect
to the water phase decreases rapidly. The relative perme-
ability depends on water saturation:

krlw ¼
ffiffiffiffiffi
Sw

p
1� ð1� S

1
m
wÞ

m� �2

ð6Þ

The parameter m could be determined from laboratory
tests. The overall mass conservation must consider the rel-
ative mass flow of both pore-water and pore-air. Consider-
ing the absence of overall creation and null gas flux, the
mass conservation results in the following equation:

_mw ¼ divð~wÞ ð7Þ

3. Constitutive equations for studied sandy soil

The elastoplastic constitutive model MODSOL
(Khoshnoudian & Shahrour, 2002; Ousta & Shahrour,
2001) is used to describe the soil behaviour. This model
can reproduce the soil behaviour under monotonic and
cyclic load. The shear modulus and the bulk modulus are
determined as follows:

K ¼ K0

p
pa

� �N

Aðp; qÞ; G ¼ G0

p
pa

� �N

ð8aÞ

Aðp; qÞ ¼ 1� 1

9
� 1� v0

1� 2v0

� �
� N � q

p

� �N
" #�1

ð8bÞ

pa is a reference pressure; N is a constitutive parameter; p
and q designate the mean stress and the deviatoric stress,
respectively.

The model uses two loading surfaces. The first surface
f m describes the soil behaviour under monotonic loading:

f m ¼ q�MfpRm ð9Þ
The hardening parameter Rm depends on the deviatoric

plastic strains epd :

Rm ¼ epd
bþ epd

ð10Þ

The parameter b describes the hardening curvature of
the loading surface.

The expression of Mf in the deviatoric plane depends on
the Lode’s angle h and friction angle u:

Mf ¼ 6 sinu
3� sinu sin 3h

ð11Þ

A non-associated flow rule is used with the following
gradient of the plastic potential:

@gm
@p

¼ expð�a0e
p
dÞ

Mcp
Mc � q

p

� �
;
@gm
@q

¼ 1

Mcp
ð12aÞ

Mc ¼ 6 sinucv

3� sinucv sin 3h
ð12bÞ

ucv is the characteristic angle.
The cyclic loading surface is given by the following

expression:

f c ¼ ql � plRc ð13aÞ

ql ¼
ffiffiffiffiffiffiffiffiffi
slijs

l
ij

q
; slij ¼ rij � plaij; pl ¼ aijrij ð13bÞ

Rc ¼ epdc
bþ epdc

ð13cÞ

Rc controls the isotropic hardening of the cyclic surface, epdc
denotes the plastic deviatoric deformation, which is
initialized at each loading inversion. The unit tensor aij
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