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Abstract

Deformation induced by liquefaction during an earthquake is one of the leading causes for
damage to soils and foundations. Because of the significant reduction of the shear strength and
shear modulus of post-liquefaction soils, lateral spread can develop from small deformation to
the flow failure stage where the phase of the liquefied soils changes from solid to fluid. In this
paper, two numerical methods are introduced: the finite element method (FEM) and the
smoothed particle hydrodynamics (SPH) method. For the initial stage of small deformation of
liquefaction, the FEM based on solid mechanics can accurately simulate the soil behavior. For
the flow stage of liquefaction deformation, the SPH method in the framework of fluid
dynamics is more suitable because the mechanical and deformation properties in the flow
stage are similar to that of a viscous fluid. In this paper, recent advances in the field of
liquefaction deformation analysis using the FEM and SPH methods are introduced, as a basis
for future research.
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11.1 Introduction

When subjected to ground motion, the pore water pressure
of soils increases sharply and the effective mean stress
decreases accordingly until it reaches zero, leading to

liquefaction. Significant reduction of shear strength and
shear modulus of post-liquefaction soils can cause large
lateral deformation and subsidence, which can result in
serious damage to buildings and infrastructures on the
surface. For example, in the 2010 and 2011 Christchurch
(New Zealand) earthquakes, liquefaction caused up to
2–3 m of permanent lateral spread within 200–250 m of the
city’s river (Cubrinovski et al. 2012). In the 1999 Kocaeli
(Turkey) earthquake, lateral deformation induced by seis-
mic liquefaction was found mainly along the shore and
creeks with maximum displacement greater than 2 m
(Kanıbir et al. 2006).

Early research into liquefaction paid more attention to the
influencing factors and the likelihood of liquefaction occur-
ring than to deformation prediction of post-liquefaction soils.
The destruction induced by liquefaction deformation has
highlighted the problem of post-liquefaction soil behavior
and has recently attracted the attention of scholars. The finite
element (FEM) method based on solid mechanics can
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accurately simulate the initial small deformation of lique-
faction, whereas for the flow stage of liquefaction deforma-
tion, the smoothed particle hydrodynamics (SPH) method in
the framework of fluid dynamics would be more suitable.
This paper presents recent advancements in liquefaction
deformation analysis using the FEM and SPH methods.

11.2 The Finite Element Method

FEM is a simple and useful tool for solving problems of
continuous media. It has been applied widely in geotechnical
engineering analysis, such as in the fields of deformation
prediction, strength analysis, and stability estimation.

Huang et al. (2008a, 2009, 2012) have carried out many
finite element simulations for small deformation of
embankments on liquefiable soils. Because the liquefied soil
is a saturated fluid–solid coupling medium, Biot’s dynamic
coupled theory for saturated porous media simulation and a
cyclic elastoplastic constitutive model were used. The liq-
uefaction resistance and deformation characteristics of
embankments under earthquakes were studied, and FEM
was validated as a useful tool for seismic assessment and
design of embankments.

The dynamic interaction of pile–soil–structure in a liq-
uefiable site was also studied by FEM (Huang et al. 2005).
A beam-column element, which takes into account the
effect of volume and axial force, was selected to represent
the dynamic behavior of piles. The vulnerable parts and the
deformation laws of the whole system were calculated,
providing a theoretical basis for the seismic design of piles
in liquefiable sites.

The authors also proved the effectiveness of liquefaction
mitigation measures that use the FEM method. A 2D-FEM
program was used to verify the effect of reinforcement
measures, revealing that the FEM method can provide
useful results for seismic design of embankments (Huang
et al. 2006). An effective stress based finite element-finite
differences (FE-FD) method was used in the study of Huang
et al. (2008b). The pore water pressure was calculated by
the FD, while the displacement was obtained by the FE
method. The simulation results illustrated that cement gro-
uting cannot prevent soils from liquefying but it can sub-
stantially reduce the deformation induced by liquefaction.

11.3 The Smoothed Particle Hydrodynamics
Method

The state of liquefied soils changes from solid to liquid
phase with the full development of shear strain, and the
mechanical and deformation properties become similar to

those of a viscous fluid. Hence, the traditional method based
on solid mechanics cannot simulate precisely the complex
hydrodynamic behavior of post-liquefied soils. In recent
years, new numerical methods in the framework of fluid
dynamics have been proposed to overcome this limitation.
In this paper, the SPH method for flow behavior of post-
liquefaction soils is introduced.

SPH is a pure Lagrangian, meshless hydrodynamics
method that has advanced rapidly in recent years and has
been applied in many engineering fields. The continuous
fluid is described by a serious of arbitrarily distributed par-
ticles in SPH, with each particle being assigned various
physical quantities. Then, the mechanical properties of the
whole system are obtained by calculating the kinetic equa-
tion of the particle group and tracking the movement of each
particle. The most prominent advantage of this method is
that it can successfully simulate free surfaces, flow defor-
mation, and deformation boundaries (Liu and Liu 2003).

Huang et al. (2011, 2013) conducted extensive research
on numerical simulation of large liquefaction-induced
deformation using the SPH method. The authors used
Bingham fluids and the Verlet neighbor list method to
simulate the flow deformation and search neighboring par-
ticles, respectively (Huang et al. 2011). The method’s
accurate simulation of the flow process of liquefied soils
was validated by comparing with the test results. Huang
et al. (2013) further proposed a soil–water-coupled SPH
numerical modeling that treated soil and water as different
layers. The application of this method was verified by test
data and it was used to simulate the failure of an embank-
ment on liquefied foundations.

11.4 Summary

Because historical cases have manifested the serious dam-
age and destruction induced by liquefaction deformation,
there is a need to establish effective numerical methods to
simulate the whole process of liquefaction deformation. The
FEM can be used to simulate the initial small deformation
of liquefaction. For the subsequent flow deformation, the
SPH method in the framework of fluid dynamics can pro-
duce a more accurate simulation compared to the traditional
numerical methods based on soil mechanics, as it models
the mechanism of liquefaction process on a grain scale
level. Both FEM and SPH are important tools for seismic
liquefaction assessment and 3D simulation should be con-
ducted in further study.
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