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Abstract In seismic areas, most of the light and

heavy structures resting on saturated soil are prone to

liquefaction behavior. It occurs in the form of cyclic

mobility of soil mass, reduction in bearing capacity,

increment in lateral pressure and settlement of struc-

ture which must be inspected before constructing any

civil engineering structures so that respective precau-

tionary measures can be taken at early stage. The aim

of this paper is to model the behavior of shallow

foundation on liquefiable soil using Biot’s basic theory

of porous media. The non-linear behaviors like

dilitancy, loading–unloading, hardening and other

behaviors of the soil mass are modelled using

Pastor–Zienkiewicz Mark III model. Generalized

Newmark-beta method is employed for integration in

time. A computer code based on finite element method

is developed in FORTRAN 90 to simulate a surface

footing resting on loose liquefiable soil deposit. The

models is subjected to input ground motion of

sinusoidal nature to observe the settlement, excess

pore pressures, and liquefaction susceptibility of the

soil deposits. Some of the key parameters like soil

permeability, shear modulus and contact pressure has

been also explored on foundation response during

numerical study. The results show that settlement of

foundations increased with the increase of soil

permeability i.e. at higher permeability, maximum

settlement in vertical direction and lateral direction are

9.55 cm and 4.20 cm respectively. When shear mod-

ulus increases from 8 to 20 MPa, the settlement

decreases from 9.55 cm to 2.47 cm in vertical direc-

tion and 4.20 cm to 0.98 cm in lateral direction.

Excess pore pressures increases with the depth and

decreases with the increases in shear modulus.

Keywords Finite element method � Settlement �
Footing and excess pore pressures

1 Introduction

Liquefaction is one of the most natural hazardous

phenomena, which harms the constructed environ-

ment during earthquake. Effect of liquefaction phe-

nomena in the form lateral sliding, settlement,

punching shear failure and tilt. Structures situated at

shallow depth and lifelines near around the area

mostly affected by liquefaction and caused severe

destruction and economic losses all over the world.

Sometime structures are damaged so badly that it is

uneconomical to repair and hence finally demolished.

Earthquake-induced liquefaction is most frequently

experiential in loose, saturated, clean sand deposits.

This is due to loose sand tends to compress when a
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load is applied, disparate to denser sands which tend to

dilate during shearing, at least after some strains are

enforced. When the fully saturated soil is compressed,

the water pressure tends to surge and tries to flow out

from the soil to regions having lower pore water

pressure. Though, if the loading is large enough and,

applied dynamically many times at relatively high

frequencies, as in case of an earthquake and other

loadings, the undrained condition may result in partial

or total effective stress loss called liquefaction. When

liquefaction phenomenon occurs, the strength and

stiffness of the soil decreases and the ability of a soil

deposit to sustain structural load is dramatically

reduced. The consequences of liquefaction are seen

in terms of permanent deformation, building perfor-

mance, and ground shaking. These consequences

depend on site conditions, earthquake loading char-

acteristics, and structures properties.

Initial time researchers, (Seed and Lee 1966; Seed

and Idriss 1971; Castro and Poulos 1977; Seed 1979;

Seed et al. 1985; Kramer and Seed 1988) were focused

on experimental work to understand the liquefaction

phenomenon and cyclic mobility. While the physical

phenomenon is well understood, analytical modeling

and computer simulation remains a challenge due to

complex behavior of soil under seismic loading. Even

if liquefaction does not occur, the development of

excess pore pressures may lead to excessive soil

softening, weakening or to partial loss of stability and

even to bearing capacity failures. Rational analysis for

the prediction of earthquake generated pore pressures

involves a fundamental description of the soil consti-

tutive behavior.

Basically, two-phase porous medium classified as

uncoupled and coupled model has been used to study

the liquefaction behavior numerically. Numerous

investigators including (Finn et al. 1977; Nasser and

Shokooh 1979; Liyanapathirana and Poulos 2002)

studied the uncoupled investigation of liquefaction in

which the response of saturated soil, without consid-

ering the effect of soil–water interaction is modeled.

The pore water pressure generation and its effect

model has been model separately using the results

obtained like displacement and volumetric strain. The

major dearth in the uncoupled approach is that it is

incapable to justify the progressive stiffness degrada-

tion caused by pore pressures increment in the soil.

The gradual loss of soil stiffness and strength due to

build-up of pore water pressures can be model only by

coupled approach. In the coupled analysis, all

unknowns are computed simultaneously by using a

formulation at each time step. Coupled analysis is

more convincing representation of the physical phe-

nomena i.e. liquefaction than that provided by uncou-

pled formulation. (Biot 1955, 1956) developed

mixture theory for an elastic porous medium first time

for the analysis of liquefaction phenomena. Applica-

tions of Biot’s theory used for saturated porous media

have been used by (Simon et al. 1986) for finite

element formulations in wide range of existing

problem. (Prevost 1989) integrated the discretized

field equations based on the mixture theory and

encompassed nonlinear constitutive models for a

general analytical procedure. (Oka et al. 1994) pon-

dered the FEM–FDM coupled liquefaction study of a

porous soil using elasto-plastic model. (Elgamal et al.

2003) established a computational model for exami-

nation of cyclic mobility situations which was based

on fully coupled finite element formulations. (Mes-

gouez et al. 2005) demonstrated use of Biot’s theory in

transient wave propagation in saturated porous media.

(Taiebat et al. 2007) worked on numerical analyses of

liquefiable sand using two-surface plasticity critical

state model and densification model for bounded soil

domain. Some of researchers study the shallow

foundation situated on liquefiable soil analysis both

experimentally and numerically. (Dashti et al. 2010)

conducted Centrifuge test and results shows that

building settlement was not related to the thickness

of the liquefiable sand layer and that most of this

deformation occurs during strong earthquake shaking

i.e. depend on intensity of earthquake. (Karamitros

et al. 2013) studied the mechanisms of control of

seismic liquefaction performance and explained that a

naturally or artificially created non-liquefiable soil

crust may effectively mitigate the detrimental effects

of liquefaction without additional improvement mea-

sures. (Dashti and Bray 2013) using the UBCSAND

model considering fully-coupled numerical approach

simulate in FLAC-2D. Results shows that building

settlements is almost same as obtained experimentally

for one scaled input motion. (Karimi and Dashti 2016)

also performed solid–fluid, fully-coupled 3D nonlin-

ear numerical simulations using the PDMY02 soil

model. (Mehrzad et al. 2016) analyzed the result as

soil permeability (k) increases settlement of founda-

tions increases. Excess pore water pressure and

settlement mechanisms were captured by the soil
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model. (Banerjee et al. 2017) studied the liquefaction

behavior of Kasai River Sand. Results shows the

amplification of the peak ground acceleration for the

saturated sand is 1.08 and 1.32 times higher than that

for the dry sand from theoretical and experimental

results.

In the present study, for simulation of behavior of

shallow foundation on liquefiable soil domain finite

element analysis based on coupled algorithm is

considered for developing appropriate numerical

models. The generalized Biot’s theory has been used

for a deforming saturated porous medium to develop

the governing equilibrium and continuity equations.

The soil domain is discretized into isoperimetric

elements having 8 node for displacement and 4 node

for pore pressure node. The primary unknowns are

taken as displacements and the fluid pressure in the

framing of finite element analysis for the numerical

modeling. Kelvin elements are attached to transmit-

ting boundary to absorb the wave energy generated

due to boundary condition. It also prevents back

propagation of wave into the soil domain. Newmark-

beta integration scheme is used to solve the continuity

equations and dynamic equilibrium equation with in

time domain. The Pastor–Zienkiewicz Mark III model

(Pastor and Zienkiewicz 1986) has been used to

explain the inelastic behavior of soils under isotropic

cyclic loadings. The effect of the material nonlinearity

of the soil grain on liquefaction response is investi-

gated by conducting a parametric study for key

parameters like soil permeability, shear modulus and

surcharge.

2 General Formulation

For a fully coupled formulation, equilibrium or

momentum balance equation for the soil–fluid mixture

and mass balance equation for the whole system of soil

mass including fluid must be satisfied. The unknowns

in this formulation are displacement of solid phase

(Us), displacement of fluid phase relative to the solid

phase (Urf), and pressure of fluid phase (P). For

dynamic problems high-frequency oscillations is

insignificant. (Zienkiewicz et al. 1999) studied the

problems under earthquake loading, the relative

velocity of fluid phase has little influence or insignif-

icant on the system and can be eliminated. Therefore,

the equations for mass balance and fluid momentum

balance can be group together and as a result the

governing equations are reduced to two. The primary

variables in this form of equations are fluid pressure

and soil solid displacement. Thus, this form is called

Us–P or for simplicity U–P formulation. Hence,

displacements and pore pressures are calculated at

the same time and interactively at each time step.

Finite element method for spatial discretization,U–

P formulation is as follows:

M½ � €Ue

� �
þ K½ � Uef g � Q½ � Pef g ¼ fUf g ð1Þ

G½ � €Ue

� �
þ Q½ � T _Ue

� �
þ S½ � _Ue

� �
þ H½ � Pef g ¼ fPf g

ð2Þ

where [M] is the mass matrix, [K] is the stiffness

Matrix, [Q] is the coupling Matrix, [fU] is the force

matrix, [G] is the dynamic coupling matrix, [H] is the

permeability Matrix, [S] is the compressibility Matrix,

[fP] is the force matrix for fluid phase of an element.

From Eqs. (1) and (2) the numerical solutions of

can be accomplished by integrating the equations in

each time domain, which can be extrapolated to the

next time instance (tn?1), (Katona and Zienkiewicz

1985) using known previous initial conditions by

employing generalized Newmark method. The pri-

mary unknown assumed incremental in the form of

displacements DU and pore pressure DP and the final

equations is achieved as follows:

L1 M½ � þ K½ �ð Þ DUif g � Q½ � DPif g
¼ DfU þ M½ � L2 _Ui�1 þ L3 €Ui�1

� �
ð3Þ

L1 G½ � þ L4 Q½ �T
� �

DUif g � L2 S½ � þ H½ �ð Þ DPif g
¼ DfP þ G½ � L2 _Ui�1 þ L3 €Ui�1

� �

þ Q½ �T L5 _Ui�1 þ L6 €Ui�1

� �
ð4Þ

L1 ¼ 1
�
bDt2ð Þ; L2 ¼ 1=bDt; L3 ¼ 0:5=b

L4 ¼ a= bDtð Þ; L5 ¼ a=b; L6 ¼ 0:5=b� 1

In which, a and b are generalized Newmark method

parameters and Dt is the time step. The vectors _Ut, €Ut

and _Pt can be evaluated explicitly from the informa-

tion available at time tn.

The surface footing is assumed to be at top surface

resting on center of domain. The load vector is

distributed as follows:
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Qf ge ¼
Z1

�1

Qz

1

2
fþ f2
� �

1� f2
� �

1

2
�fþ f2
� �

8
>>>><

>>>>:

9
>>>>=

>>>>;

df ð5Þ

where Q is applied surcharge per unit length. f is the
Cartesian coordinate in x direction.

In dynamic equation, viscous damping is incorpo-

rated for solid phase in the form of Rm½ � _U
� �

where

Rm is called the Rayleigh damping (Patil et al. 2013).

Rm½ � ¼ d1 M½ � þ d2 K½ � ð6Þ

The coefficients d1 and d1 can be obtained by

selecting a damping ratio fn and a certain frequencyxn

such that

fn ¼ d1
2xi

þ d2xi

2
ð7Þ

3 Soil Constitutive Model

For describing the basic equation of the generalized

plasticity model Pastor et al. (1990) model for sands

has been used. In this model both volumetric and

deviatoric plastic strains are included in the hardening

and dilitancy parameter of the bounding surface. In

addition, plastic volumetric and deviatoric strains are

introduced during unloading.

The elastoplastic behavior can be defined by a

relation between stress (r) and strain (e) increments as:

dr ¼ Eep: de ð8Þ

In which, Eep is elastoplastic constitutive matrix

depends on the state and history of stress–strain, and

the direction of strain increment de. Eep is defined by

following relation [8].

Eep ¼ Ee �
EengL=Un

TEe

HL=U þ nTEengL=U
ð9:1Þ

In which, Eep signifies the elastic constitutive

matrix, n is vector of normal in loading direction,

ngL=U is flow direction vector during loading or

unloading condition, and HL=U is defined as plastic

modulus under loading and unloading condition

respectively.

The stress increment direction is distinguished as

loading or unloading from unit normal n as defined by

the following expressions:

dr ¼ EL de if nTdr [ 0 (Loading) ð9:2Þ

dr ¼ EU de if nTdr\0 ðUnloadingÞ ð9:3Þ

Neutral loading is defined by nTdr = 0 when both

loading and unloading moduli are identical and the

behavior is locally elastic. The different parameters of

Pastor–Zienkiewicz Mark III Model have been taken

from (Kumari et al. 2016).

The isotropic hypo-elasticity behavior is assumed

in the present model and is defined as:

_eeq ¼
_s

2G
; _eeV ¼ _p

K
ð10Þ

where _eeq and _eeV are the elastic components of the

deviatoric and the volumetric strain increments

respectively. _s and _p are the deviatoric and the mean

effective stress increment tensor. The elastic shear

modulus (G) and elastic bulk modulus (K) are adopted

from (Pastor et al. 1990).

K ¼ K0

p

pat
and G ¼ G0

p

pat
ð11Þ

where pat is the atmospheric pressure used as a

reference pressure, for which K = K0 and G = G0.

4 Comparison of Numerical and Experimental

Results

For soil liquefaction behavior and modeling, the

centrifuge modeling has been considered among the

best experimental methods. The stress conditions

generated during the said phenomena can be closely

simulated to the full-scale prototype model. Hence,

the correctness and accuracy of the proposed finite

element based solution algorithm are authenticated

by comparing the numerical results obtained with

the centrifuge model test results, conducted at the

RPI centrifuge facility. The soil used in all models

is a fine, uniform Nevada sand with D50 = 0.13 mm.

The permeability of the sand calculated by standard

ASTM code in the laboratory at 1 g is

k = 0.0021 cm/s. The input motion frequency was

so selected to reduce the potential for amplification

in the model. It was subjected to an acceleration
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field of 80 g. In the present study, the saturated

loose soil domain of size 24 m 9 15 m have been

used and Surcharge of 0.1 t/m2 as shallow founda-

tion was applied at the surface, and the maximum

initial effective stress at the base was 150 kPa. A

cross section of centrifuge model used by Liu and

Dobry (1997) showing the locations of the pore

pressure transducers and accelerometers are shown

in Fig. 1 and material properties are reported in

Table 1.

The measured excess pore pressure time histories at

depths of 2, 4, and 8 m are validated with the

developed model, result as shown in Figs. 2, 3, and

4. It is seen that at a depth of 2 m, the maximum EPP

obtained from centrifuge test is 29.3 kPa whereas this

value is 29.8 kPa in case of coupled finite element

study. These two values are very close to each other.

Similar trend is also seen at 4 and 8 m depth. Figure 5

shows the comparison of settlement obtained in

between centrifuge test and developed model. The

present study shows the maximum settlement of

5.98 cm and 6 cm are observed at top surface of soil

domain in case of numerical modeling and centrifuge

study respectively.

The time to reach 100% pore pressure rise increases

with depth, indicating that liquefaction occurs first

near the surface and progress in vertically downward

vertical direction. At depth of 8 m, the maximum

computed EPP (76 kPa) is slightly higher than the

experimental value (67.32 kPa). The cause for this

discrepancy may be due to use of constant permeabil-

ity coefficient, which does not similar to the real

conditions, when liquefaction has initiated. Results are

showing fairly good agreement with result presented

by Liu and Dobry (1997) with little deviation. Hence,

the comparison demonstrates that the present model

can roughly simulate the real condition behavior of

liquefaction phenomena.

5 Overview of Numerical Simulation

A saturated soil domain consists of loose sand layer

having depth 15 m and width 24 m is considered for

the numerical simulation in two-dimensional plane-

strain conditions. The top 10 m soil if sandy in nature

whereas the underlying soil strata 5 m are gravel in

nature. The mesh consideration for finite element

discretization has 180 elements as shown in Fig. 6.

The FEM code has been written in FORTRAN 90. The

variation of excess pore pressure and displacement

with time has been used for the response analysis. A

static analysis is performed before applying cyclic

load.

5.1 Static Analysis

A static analysis is performed to apply the gravita-

tional forces due to self-weight of the soil and

af

Sf

Ss
as

aj

PF1

PF1
PF1

PC1
PC1

PC1

PE

Fig. 1 Cross-section of the centrifuge model and instrumentation layout [modified after Liu and Dobry (1997)]

Table 1 Parameters selected from RPI Centrifuge model tests

[Liu and Dobry (1997)]

Parameter Value

Centrifuge acceleration (g) 80

Fluid viscosity 60

Prototype soil depth (m) 15.0

Surcharge load (kPa) 0.1 t/m2

Relative density, Dr (%) 50

Permeability, k (m/s) 2.1 9 10-6
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foundation before cyclic excitation. The resulting

initial stress is evaluated throughout the considered

domain due to hydrostatic pressures of fluid and used

as initial conditions for the subsequent dynamic

analysis. The coupled equations of consolidation

analysis have been considered for the static analysis

are given as:

K½ � Uef g � Q½ � Pef g ¼ fUf g ð12Þ

Q½ � T _Ue

� �
þ H½ � Pef g ¼ fPf g ð13Þ

5.2 Dynamic Analysis

The equilibrium condition is attained after evaluating

initial stress condition. Then, a nonlinear analysis is

performed for the harmonic load with the supplied

horizontal and vertical cyclic acceleration a = ao
sinxt. The dynamic analyses are performed using a

Generalized Newmark scheme with nonlinear itera-

tions by taking initial linear elastic tangential global

matrix. The numerical integration parameters of the

generalized Newmark’s method are selected as

a = 0.60 and b = 0.3025 for the dynamic analysis.

The material parameters used here are described in

Table 1.

The time step used is usually governed by time of

cyclic loading and frequency of the input motion. Void

ratio, coefficient of permeability and other properties

were kept constant during the analysis. The elastic

shear modulus (G) and elastic bulk modulus (K) are

changing at each time step in accordance with Eq. (11)

which will counter the effect of change in void ratio

during cyclic loading. Rayleigh damping of 5% is

applied at the prevailing frequency motion enhance

the energy dissipation characteristic of the constitutive

model. For 64 cycles of the loading motion, the

numerical simulation has been performed. The ampli-

tude and frequency of the cyclic loading were

a0 = 0.2 g and 1.5 Hz respectively. A surface footing

of intensity 0.1 t/m2 is assumed to be resting at top

surface of the central position element of saturated

sand layer.

6 Result and Discussion

The liquefaction behavior of saturated sand has been

numerically simulated using the fully coupled formu-

lation. The input parameters i.e. frequency 1 Hz,

surface loading 0.1 t/m2, permeability of

1.68 9 10-4 m/s and shear modulus of 10 MPa have

used for present analysis.

Figures 7, 8 displays the computed horizontal and

vertical displacement below the footing at left, center

and right side. The maximum values of horizontal

settlement of 4.32 cm and vertical settlement of

9.4 cm are predicted at the top of soil layer below

the right of footing. The value obtained at right side is

higher than the left side which may be due to

amplification of the seismic wave. It has been also

observed that most of the settlements occur during the

shaking period that is before 15 cycles. A decreasing

or constant trend is observed for settlement after

completion of cyclic load. Generally, the horizontal

settlement is less than vertical settlement at different

depths.

Figure 9 displays the computed excess pore pres-

sure at different depth. Pore pressure began to increase

once input cyclic load imparted to the soil domain. The

computed pore pressure time histories indicate that

soil at Z/B is 1.0, 1.5, 2.0 and 2.5 is not liquefied

because excess pore pressure (EPP) is less than initial

vertical stress except at Z/B at 0, and 0.5. At Z/B equal

to 0, and 0.5 i.e. at shallow depth, liquefaction occurs,

the generation of pore water pressure is more than the

effective stress (Mehrzad et al. 2016). This behavior of

high EPP at shallow depth below the foundation is

observed due to the generation of horizontal and

vertical hydraulic gradients. These gradients are

generated due to pore water pressure difference

Fig. 6 Soil domain having 8–4 node mixed element
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between soil beneath the foundation and free field.

EPP equalized in each level which results in disap-

pearance of lateral water flow and horizontal hydraulic

gradients. Then, EPP took a constant value for

relatively long time; soil profile started to reconsoli-

date from the bottom of container and resultant

upward seepage due to reconsolidation of deeper

layers, prevented EPP reduction in shallower layers.

Finally, EPP completely dissipated in all the layers. It

also seems that dissipation of excess pore pressure is

slow at shallow depth after completion of cyclic

loading. At Z/B = 3.0 of soil domain, rise in excess

pore pressure is zero due to existence gravel layer of

higher permeability at bottom, hence no liquefaction

phenomena observed.

The stress paths depicted in Figs. 10 and 11 show

the typical mechanism of cyclic motion reduction in

effective stress due to increases in pore pressure,
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captured using the Pastor–Zienkiewicz Mark III

model. It is observed that maximum stress ratio q/

p (effective stress/pore water pressure) is 3.98 at the

depth of 1.5 m (Fig. 10) and 0.95 at the depth of

11.5 m (Fig. 11) respectively. This value decreases as

depth increases mainly due to effect of effective stress.

Similar variation in q with time at different depths is

presented in Fig. 12. Maximum values of q are 10.4,

8.8, 2.7, 2.1, 1.57, and 0.22 (kPa) at depths 1.5, 3.5,

5.5, 7.5, 9.5 and 11.5 m, respectively. These maxi-

mum values of q are showing almost linearly increas-

ing trend with depth.

Figures 13 and 14 show that the variation of

normalized vertical and horizontal acceleration with

respect to the time at different normalized depth (Z/B).

It has been detected that the highest value of normal-

ized acceleration is found to be about 0.16 at Z/

B = 0.5, resulting greater settlement. Relatively less

value of accelerations is seen at Z/B = 2.0 depth,

equivalent to lesser excess pore pressure. It noticeably

indications of the amplification in ground acceleration

from base to the top surface. Acceleration is quantified

in both directions after the end of 13 cycle of loading is

negligible, at which liquefaction is occurring at some

sacks of soil domain. Results indicate that amplifica-

tion of cyclic input motion from base to the top surface

presentingmaximum value at Z/B = 0.5. (Anbazhagan

et al. 2006) indicated that the amplification of cyclic

input motion is one of the causes of liquefaction in

shallow depth of soil.

6.1 Effect of Shear Modulus

The effect of shear modulus is also studied for shallow

foundation on liquefiable soil at an acceleration of

0.2 g m/s2. The shear modulus (G) has been varied as

8, 12, 16, and 20 MPa respectively, while keeping

other parameters constant. The relative density of the

sand is taken as 54%. The study is carried out at two

values of permeability e.g. 1.68 9 10-4 and

2.1 9 10-6 m/s respectively. The variation of dis-

placement with respect time at different shear modulus

is shown in Figs. 15 and 16 respectively.

A decreasing trend is noticed for both type of

displacement in vertical and horizontal direction as the

value of shear modulus is increased. It is also observed

0

4
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3210 4
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Fig. 10 Computed

effective stress path at 1.5 m
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Fig. 11 Computed

effective stress path at

depths 11.5 m
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that the maximum horizontal settlement (4.02 cm) and

the maximum vertical settlement (9.55 cm) occur at

8 MPa respectively. This behavior is occurring due to

increases in stiffness of the soil. The vertical settle-

ment is higher than that of horizontal settlement. The

effect of permeability is also studied. A decreasing

trend of displacement is seen with decrease in

permeability due to increase in pore pressure. In

vertical displacement about 16% reduction observed

with reduction of permeability from 1.68 9 10-4 to

2.1 9 10-6 m/s, whereas the horizontal displacement

variation is only 2–4% which is not significant.

The effect of shear modulus on peak value of

effective pore pressure at different depth is shown in

Fig. 17. It is seen that at 2 m depth, EPP variation with

respect to shear modulus is negligible because of

development of high pore pressure. At this depth,

liquefaction is occurring at frequency 1.5 Hz for a

particular value of cyclic loading. It is also seen that

liquefaction occurs at shear modulus of 8, 12, 16 and

20 MPa for this particular value of frequency. Hence,

it may be concluded that for a particular value of

dynamic loading and frequency, liquefaction may also

occur for soil strata having higher shear modulus.
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Figure 17 shows that as the value of permeability

decreases within range of loose sand, increase in

excess pore pressure occurs (Mehrzad et al. 2016).

Figure 18 shows the variation of effective pore

pressure with time at different shear modulus and

permeability. The variation of results shows that at

surface and shallow depth the chance of liquefaction is

-0.1

0.0

0.1

0.2

0 5 10 15 20

N
or

m
al

iz
ed

 a
cc

el
.

Time (second)

(a) (b)

(c) (d)

-0.1

0.0

0.1

0.2

0 5 10 15 20

N
or

m
al

iz
ed

 a
cc

el
. 

Time (second)

-0.1

0.0

0.1

0 5 10 15 20

N
or

m
al

iz
ed

 a
cc

el
. 

Time (second)

-0.1

0.0

0.1

0 5 10 15 20

N
or

m
al

iz
ed

 a
cc

el
.

Time (second)

Fig. 14 Normalized

horizontal acceleration v/s

time. a /B = 0.5, b)Z/
B = 1.0, c Z/B = 1.5, d Z/

B = 2.0

-0.06

-0.04

-0.02

0
0 8 16 24

H
or

iz
on

ta
l D

is
pl

ac
em

en
t 

(m
)

Shear Modulus (MPa)

k =1.68×10-4 m/s

Left of footing
Centre of footing
Right of footing

-0.06

-0.04

-0.02

0
0 8 16 24

H
or

iz
on

ta
l D

is
pl

ac
em

en
t 

(m
)

Shear Modulus (MPa)

k =2.1×10-6 m/s

Left of footing
Centre of footing
Right of footing

(a) (b)

Fig. 15 Variation of

horizontal displacement v/s

shear modulus

a k = 1.68 9 10-4 m/s

b k = 2.1 9 10-6 m/s

-0.12

-0.09

-0.06

-0.03

0
0 8 16 24

V
er

tic
al

 D
is

pl
ac

em
en

t (
m

)

Shear Modulus  (MPa)

k =1.68×10-4 m/s

Left of footing
Centre of footing
Right of footing

-0.12

-0.09

-0.06

-0.03

0
0 8 16 24

V
er

tic
al

 D
is

pl
ac

em
en

t (
m

)

Shear Modulus  (MPa)

k =2.1×10-6 m/s

Left of footing
Centre of footing
Right of footing

(a) (b)

Fig. 16 Vertical

displacement v/s shear

modulus a k = 1.68 9 10-4

m/s b k = 2.1 9 10-6 m/s

123

Geotech Geol Eng



more because of higher value of develop pore

pressure. But as the Z/B ratio increase the chance of

liquefaction reduces due to higher value of effective

stress by soil mass and surcharge. Permeability also

play a crucial role for development of pore pressure.

At lower value of permeability, there is a sharp rise in

excess pore pressure and thus liquefaction occurs. At

k = 2.1 9 10-6 m/s, liquefaction is occurring at

almost every depth.

Table 2 shows the variation of displacement at

different location below footing. As the value of shear

modulus increases the value of displacement

decreases. The maximum displacement reduces about

55% below the footing when double the value of shear

modulus i.e. from 8 to 16 MPa. The effect of

permeability also tabulated, the variation of horizontal

displacement is not much more but the vertical

displacement the reduction in about 16% when the

permeability is reduces.

Table 3 shows the variation of effective pore

pressure with permeability and shear modulus. At

higher permeability the liquefaction will occurs near

the surface about 2 m depth. But at lower permeability

liquefaction will occurs at every depth up to 10 m.

After 10 m no liquefaction will observed due to

presence of gravel layer. It is also observed that soil

with high permeability, excess pore water pressure

decrease dramatically after shaking ceased; therefore,

the amount of foundation settlement was very small

during this period.

6.2 Effect of Surcharge

Foundations are rigid surface footing resting on the

liquefiable ground have been used to investigate the

liquefaction effect. Each light and heavy foundation

having surcharge of 0.1 and 0.15 t/m2 respectively

have been analyzed individually to study the effect of

surcharge. Surcharge consider as total load including

foundation load also. Table 4 shows the vertical and

horizontal displacement of footing under the consid-

ered load. It is found that at higher value of surcharge,

there is a sharp increase in vertical and horizontal

displacement as compare to the lower value of

surcharge. At a loading of 0.1 t/m2, the maximum

vertical displacement at center is 8.31 cm whereas at

0.15 t/m2, maximum displacement is 12 cm. Hori-

zontal displacement also increase from 4.08 to 6.1 cm.

Most of heavy foundations’ settlement occurred

during shaking due to partial drainage and shear stress

applied by heavy foundation.

Pore pressure ratio is also evaluated at different

depth ratio (Z/B) and shear modulus (G) respectively.

Pore pressure ratio ru is defined as the ratio of excess

pore pressure, and initial vertical effective stress.

Table 5 represents the respective results. At Z/

B = 1.0, no liquefaction is visible for light weight

footing whereas for heavy weight footing liquefaction

is seen at lower shear modulus. Also, a pore pressure

ratio at greater than one at shallow depth at different

value of shear modulus. So, there is a clear indication

of liquefaction just below footing and hence mitiga-

tion of the problem should be suggested before
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constructing any structure. After analyzing different ru
value that chance of liquefactions is reduced at higher

value of shear modulus at some of intermediate points.

7 Conclusions

The numerical analysis of shallow foundation in cyclic

loading conditions has provided valuable understand-

ings regarding the evaluation of liquefaction-induced

foundation settlement and effect of pore water
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pressure which is primarily controlled by shear

modulus, permeability and intensity of earthquake. A

maximum vertical settlement of 9.5 cm and horizontal

displacement of 4.2 cm are observed at right of the

footing surface of the soil domain. At higher value of

shear modulus (G = 20 MPa), liquefaction does not

occur within the soil domain except at Z/B = 0 and 0.5.

As the shear modulus is reduced, liquefaction of soil is

observed because of higher displacement and excess

pore pressure. It is also observed that maximum stress

Table 2 Variation of

displacement at different

location below footing

Permeability Displacement (cm)

Z-direction X-direction

G (Pa) Left Centre Right Left Centre Right

k = 1.68 9 10-4 8 6.36 8.31 9.55 3.55 4.08 4.2

12 3.39 4.52 5.28 1.77 2.1 2.39

16 2.14 2.92 3.48 1.13 1.37 1.33

20 1.52 2.03 2.47 0.898 0.847 0.985

k = 2.1 9 10-6 8 4.66 6.61 8.0 3.32 3.88 4.1

12 2.7 3.84 4.65 1.81 2.14 2.32

16 1.77 2.58 3.16 1.12 1.34 1.47

20 1.23 1.84 2.29 0.76 0.911 1.01

Table 3 Variation of EPP

at different Z/B ratio below

footing

Frequency (Hz) = 1.5 Maximum EPP at different depth (kPa)

G (MPa) Z/B = 0.5 Z/B = 1.0 Z/B = 1.5 Z/B = 2.0 Z/B = 2.5

k = 1.68 9 10-4 8 33.7 36.7 51.3 75.2 107

12 33.3 27.8 39.4 62.7 94.5

16 33.6 22 31.8 54.7 85.9

20 34.6 17.8 26.1 48.6 79.4

k = 2.1 9 10-6 8 46.6 69.1 94.1 123 170

12 43.2 62.1 85 114 166

16 40.1 57.5 79.5 108 163

20 37.5 54 75.6 105 161

Table 4 Horizontal and vertical displacement below the

footing

G (MPa) Horizontal displacement Vertical displacement

0.1 (t/m2) 0.15 (t/m2) 0.1 (t/m2) 0.15 (t/m2)

8 4.08 6.1 8.31 12

12 2.10 3.4 4.52 6.58

16 1.37 2.2 2.92 4.28

20 0.85 1.5 2.03 3.09

Table 5 Pore pressure ratio (ru) at different surcharge

Z/B = 0.5 Z/B = 1.0 Z/B = 1.5 Z/B = 2.0 Z/B = 2.5

G (MPa) 0.1

(t/m2)

0.15

(t/m2)

0.1

(t/m2)

0.15

(t/m2)

0.1

(t/m2)

0.15

(t/m2)

0.1

(t/m2)

0.15

(t/m2)

0.1

(t/m2)

0.15

(t/m2)

8 1.12 1.45 0.73 1.07 0.73 1.07 0.84 1.19 0.97 1.37

12 1.11 1.41 0.56 0.86 0.56 0.87 0.70 1.03 0.86 1.23

16 1.12 1.48 0.44 0.84 0.45 0.86 0.61 1.05 0.78 1.24

20 1.15 1.48 0.36 0.74 0.37 0.77 0.54 0.97 0.72 1.17
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ratio q/p is 0.98 at the depth ratio of Z/B = 0.25, which

declines with depth mainly due to effect of initial

effective stress. This results in development of higher

excess pore pressure at shallow depth. Permeability

also plays important role, if the permeability is low

generation of pore water pressure is high so chance of

liquefaction increases.

The mathematical gain of this numerical model is

that the estimation of excess pore pressure and

displacement can be done simultaneously without

using any empirical relationship at any point of time.

So, it does not require experimental identification for

the prominent effecting parameter. This model is also

validated with centrifuge experimental results and

shows good agreement. Hence, the developed numer-

ical formulation can be easily suggested to practicing

engineers to for predicting the dynamic performance

of geotechnical site and key parameters.
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