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Abstract

The occurrence of liquefaction in saturated layered soil deposit underlying the shallow foundation can cause a wide range
of problems from settlement to tilting of structures and foundations. It this study in order to evaluate the liquefaction
induced settlement of shallow foundation on the ground surface of layered soil deposit, numerical studies have accom-
plished. The soil deposit involves a continuous saturated fine sand that is sandwiched between two dense continuous
sand layers and the whole system had been subjected to a base shaking. The settlement of shallow foundation has been
evaluated by considering the influence of relative density (Dr) of middle sand layer. The variation of relative density of
middle continuous soil layer was examined by using the finite element method in OpenSEES software. It was observed
that the liquefaction has occurred up to the depth of 6 m. In addition, by examining the slope of the settlement-relative
density curve, it was found that in continuous fine sand layer for relative densities higher than 60% the effect of this
layer on settlement of shallow foundation can be neglected, but for relative densities less than 60% the slope of curve
is sharper and as a result, the shallow foundation is experienced higher settlement with 17 cm for Dr=40% in compare
with settlement 10 cm for a uniform soil deposit with Dr=75%.
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1 Introduction

One of the most hazardous effects of earthquake-induced
phenomena is soil liquefaction. Soil liquefaction during an
earthquake leads to the loss of hardness of the soil, which
occurs mostly in saturated sands. A saturated sand layer
when placed under dynamic loading tends to be denser
and less voluminous. If it is not possible to drain the pore
water under dynamic load, the pore water pressure gradu-
ally increases, if the water pressure is so high, the liquefac-
tion phenomenon occurs when the pore pressure is equal
to the total stress. In fact, in this case, the effective stress
is zero and the sandy soil in this area does not have shear
resistance and acts like a fluid [23].

Soil liquefaction during earthquake causes huge dam-
age to a wide range of structures [16]. The phenomenon
of liquefaction has consistently and historically impacted
the buildings and structures, but seriously after the earth-
quake of Japan's Niigata in 1964 (with an intensity of 7.5
and in depth of 40 km), it was considered by scientific
communities. It is notable that in earthquake of Japan’s
Niigata in 1964, the depth of the earthquake was high and
the intensity of the earthquake was not much compared
to the previous earthquakes. Therefore, due to the scale of
the damage, there was probably another factors involved,
which was the liquefaction phenomenon [9].

In the last few years, experimental and numerical stud-
ies in layered soil deposit with considering liquefaction
phenomenon has been done. Several experimental studies
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based on physical model tests such as one-dimensional
column test [10] and centrifuge tests [18] were conducted
in order to evaluate the effects of liquefaction in layered
sands. Fiegel and Kutter [7] studied the liquefaction mech-
anism for layered soils, in this study the layered soil model
was consisted of fine sand layer that it was overlain by a
layer of relatively impermeable silica flour (silt). The result
of the model tests involving layered soils suggested that
during liquefaction a water interlayer or very loose zone
of soils may develop at the sand-silt interface due to the
differences in permeability [7]. The results of dynamic cen-
trifuge model tests were conducted by Maharjan and Taka-
hashi [20] in order to investigate the liquefaction mecha-
nism in non-homogeneous soil deposits. It was found
that more excess pore water pressure (EPWP) remains
for a longer period of time in the discontinuous region
in non-homogeneous soil deposits compared with the
continuous layered and uniform soil deposits. The rapid
dissipation of EPWP through the discontinuous partin the
non-homogeneous soil deposits manifests as a larger set-
tlement in the discontinuous part, causing non-uniform
settlements [20]. Liu and Qiao [13] performed several
shaking table tests on layered soil in plane strain condi-
tion, and examined the effects of contact pressure and the
peak ground acceleration. They concluded that the incre-
ment of the contact pressure in a constant peak ground
acceleration causes a decrease in pore pressure ratio. Liu
[14] did some centrifuge experiments to study the effects
of permeability and relative density and it was concluded
that higher settlements would occur in looser sands and
the permeability had a major influence on the pore pres-
sure generation. Dashti et al. [4] by conducting several
centrifuge tests in layered soil, discussed two different
mechanisms that participate in shallow foundation set-
tlement. As far as numerical approach is concerned, there
are a lot of papers that have tried to evaluate liquefaction
induced settlement with numerical approach, but most
of them were in homogenous soil deposit. For example,
Koutsourelakis [11], Popescu et al. [21], and Lopez-Cabal-
lero and Modaressi Farahmand-Razavi [15] conducted 2D
(plane strain) coupled finite element analysis to study the
dynamic interaction between a homogenous liquefying
soil layer and a structure resting on the ground surface.
Karimi and Dashti [8] evaluated the predictive capabilities
of a state-of-the-art numerical tool with the result of cen-
trifuge experiments of a shallow foundation on a layered
liquefiable soil deposit. There are two centrifuge tests in
this study with different relative density for their liquefi-
able soil layer, but the effect of changing relative density
for this layer on settlement of shallow foundation was not
taken into account in particular.

Meherzad et al. [19] evaluated the performance of two
shallow foundations with different contact pressures in
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liquefaction and in order to avoid complete collapse of
the structure that has been built on liquefiable soil. Reece
et al. [22] introduced a Geogrid at a certain depth below
the foundation and this numerical study was modeled
with a container consisting of uniform soil deposit. Ayoubi
and Pak [1] studied the settlement of shallow footing on
two-layered subsoil strata under earthquake loading with
numerical approach. The Results showed that the presence
of dense layer can mitigate the settlement up to 50% in
comparison with uniform liquefiable layer [1]. Kumar and
Kumari [12] numerically modeled the behavior of shallow
foundation on liquefiable soil with using Biot basic theory
of porous media. The results showed that settlement of
foundations increased with the increase of soil perme-
ability, excess pore pressure increases with the depth and
decreases with the increases in shear modulus.

In this study, the settlement caused by liquefaction for
shallow foundation on saturated layered soil deposit has
been conducted with OpenSEES software. The pressure-
dependent multi yield (PDMY) material has been used to
assign soil properties. The model is consisted of layered
saturated sandy soil and Biot theory [2] for saturated soils
in a two-phase flow has been used. The model consists of
three continuous layers of saturated soil in the thickness
of 2,3 and 25 m from top to bottom, respectively. The lay-
ers with thickness of 2 and 25 m have a constant relative
density of 75% and by changing the relative density of the
3 m intermediate layer, the settlement, pore water pres-
sure and excess pore water pressure (r,) were measured.
The time history of the settlement at different densities of
the middle layer has been measured and compared with
each other. Finally, the effect of the relative density of the
intermediate-layer on the final settlement of the shallow
foundation has been discussed.

2 Materials and methods
2.1 Methods and formulas used in modeling

Saturated soil has been modeled as a two-phase material
base on Biot theory in which deformation for solid phase
and fluid phase occur simultaneously. Soil mass during
earthquake is affected by high intensity cycling loading.
So, the soil mass should be modeled as a continuous envi-
ronment with considering the interaction of solid and fluid
phases [5].

In the present study, a saturated soil system based on
a Biot theory two-phase system has been modeled for
porous media. The numerical formulation of this method
is known as u-p formulation, based on the assumptions
including the constant of solid phase relative density
in space and time, the constant porosity at time, the
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incompressible particles of soil and the same acceleration
in two solid and liquid phases [5].

In the u-p formulation, soil consists of three phases; lig-
uid, solid and gas. For a fully coupled analysis, equilibrium
or momentum balance for the soil-fluid mixture, momen-
tum balance for the fluid phase, and mass balance for the
whole system of soil and fluid must be satisfied. The uncer-
tainties in this equilibrium problem are fluid displacement
(uy), displacement of the liquid phase relative to the solid
phase (u,s) and the liquid phase pressure (P). Note that the
variables that have little or no effect on the problem were
eliminated. Relatively, by eliminating the displacement
of the liquid phase relative to the solid phase (u), the
number of equations of equilibrium problem is reduced
to two. Since, the solid phase displacement equation and
then the liquid phase displacement equation are located
respectively, so these equations are called u,—P formula-
tion, or u—P formulation. The u—P formula is presented
in Eq. (1) [23]:

{ MU+ [ BTo'dV — QP — £ = 0
(1)

v
Q'U+HP+SP—-f® =0

In the Eq. (1), M is the mass matrix, U is the solid displace-
ment vector, B is the strain-displacement matrix, ¢’ is the
effective stress matrix, Q is the gradient operator and flow
equations, P is the pore water pressure vector, S is the
matrix of compressibility and H is the permeability matrix.
The vectors f* and fP include the effects of body forces,
external loads and fluid fluxes, respectively. The soil was
examined using the Yang multi-surface model with the
help of the OpenSEES® Finite Element Software. Soil mod-
eling is based on Yang method for the liquefiable soils. In
this method, the simulation was based on the shear strain
mechanism due to the liquefiable characteristics of sandy
soil. The cone yielding surface of granular soils in the origi-
nal stress space is shown in Fig. 1 [6].

For granular soils like sands, shear loading is directly
related to the soil volume changes (dilatation and con-
traction). The boundary between expansion and contrac-
tion with the phase transformation (PT) surface, which is
shown in Fig. 2.

2.2 Materials

The pressure-dependent, multi yield surface (PDMY) con-
stitutive model implemented in OpenSEES has been used
to simulate the nonlinear response of saturated sand. The
OpenSEES user’s manual suggest soil parameter values to
use with loose sand (relative density of 15-35%, medium
sand (35-65%), medium-dense sand (65-85%) and dense
sand (85-100%) [3]. But there are no existing corrections
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Fig.2 Effective stress—strain diagram for shear stresses for granular
soils [6]

between soil parameters and the relative density. So a
relationship was derived based on the OpenSEES manual
recommendations. The following formulas have been used
based on the soil relative density [3] (Table 1):

where p is the mass density, p, is the reference pressure,
Gnax IS reference shear modules, B, is reference bulk mod-
ules, @ is the friction angle, @pr is the phase transformation,
N is the pressure dependent coefficient, c is contraction
parameter, d, and d, are dilation parameters, 11,12 and I3
are the liquefaction parameters, k,, and k, are the horizontal
and vertical coefficients of permeability, e is the porosity of
the soil and 6 is the Poisson coefficient of soil [3].

3 Modeling, loading, and boundary
conditions

According to Fig. 3, the model consisted of a shallow foun-
dation with 2-m width with 200 KN/m of linear load and it
rested on 30 m of a liquefiable saturated sand soil which
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Table 1 Relationships for PDMY parameters

is placed in a flexible container. This model was shaken
with an earthquake (Fig. 4) with a peak ground accelera-

Variable Formula Dr=40%
tion of 0.16 g. The lateral boundaries perpendicular to the
p(:—?) 2.11(p,)*"* 1.828 direction of shaking were constrained together to have
, the same displacement in the direction of shaking. The
Gmax(kP2) G, = 105002722 po 77,021.335 displacements of lateral boundaries parallel with the direc-
Bnax (kPa) B, = G,% 359432922 tion of shaking were tied in the direction perpendicular
@(degree) @=16.2D, +25 31.48 to the shaking. The bottom boundary was assumed fixed.
@pr(degree) @pr = 162D, + 25 31.48 Full dissipation of pore pressure was allowed through
p,(kPa) Constant 80 the surface of sand layer only and the lateral and bottom
Ymax Constant 0.1 boundaries were considered to be impervious. The shallow
N Constant 0.5 foundation was modeled by rigid elements connected rig-
c ¢ =0.0288D; 14172 0.105 idly to the adjacent soil nodes. So in this study, the rough
di d, = 1.147D, — 0.2454 > 0 0.213 foundation assumption was adopted. The model has 2626
d2 d, = 6.9686D, — 1.7187 > 0 1.069 nodes and 2500 elements.
I I, = 10(D, < 65%) 10 Considering that the effective time of the earthquake is
I, = —35.484D, + 32.5(D, > 65%) in the range of 5-95% of the intensity (D5-95%) [17]; there-
12 l, = -0.0154LnD, — 0.0012 0.013 fore, the results until 3th second have been neglected.
13 Iy =1(D, < 85%) 1
Iy = 0(D, > 85%)
k, = kv@ * 10—5) - 5.9757 4 Results and discussion
e - 0.7
o B 04 4.1 Excess pore water pressure andr,
The time history of the excess pore pressure in the free
field and under foundation at depth of 4 m for middle
sand layer with relative density of 40% were plotted in
Figs. 5 and 6. Respectively. In the free field, the excess
Linear Load(KN/m)
Sand (Dr=75%) w
Sond (Dr=40%,50%,60% or 75%) 2.0 mA
2.0 m-
Sand (Dr=75%)
£
o E
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©
™
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Fig.3 Multi-layer soil box
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Fig.4 Scaled time history of the input motion

pore pressure grows up until it reaches the peak value and
then decreases gradually until the end of the shaking and
after that the dissipation process occurs. It was observed
that with increasing depth, the excess pore water pres-
sure is going to increase. The excess pore water pressure
increased until it reaches the time of the peak acceleration
of the earthquake time history, and this state continues for
5 s and then gradually decreases. In the case of changes in
the excess pore water pressure under foundation, it was
observed that the excess pore water pressure increases
along with the soil depth and reaches to the maximum
point, and then gradually decreases. As it is seen in Fig. 6
at the depth of 4 m from the surface, the excess pore water
pressure is negative, indicating the dilatation of the soil,
but the state of the negative excess pore water pressure is
not constant, and after 15th second, the excess pore water
pressure becomes positive again. It is important to men-
tion that along with the soil depth, the pore water pressure
decreased. In addition, it should be noted that the value
of excess pore water pressure for the different depth did
not occur at the same time.

As shown in Fig. 7 on the free field, moments after 10th
second, the value of r, reaches approximately to r,=1
(which indicates the occurrence of liquefaction), and this

time (s)

situation continued until 18th second, and then gradually
decreased which indicates the dissipation of the excess
pore water pressure. It should be noted that under the
foundation, the liquefaction did not occur because of the
overburden loading.

Figure 8 shows the effect of the relative density of the
middle sandy soil layer of the box and it shows that lig-
uefaction has been occurred in shallow depth and non-
liquefied state in deeper depths. It was observed that due
to the soil layered system and the presence of a soil layer
with low relative density, the excess pore water pressure
in the depth of 2-5 m is increased, but then it has begun
to decrease with increasing depth. This indicates that in
lower densities, the pore water pressure of the underlying
soil layer of the middle layer is released faster because of
higher permeability. Note that this process is reduced by
increasing the relative density of middle soil layer.

In the case of free field, according to Fig. 8 it is clear
that to the depth of 6 m from the surface for all densi-
ties the excess pore water pressure ratio is between 0.95
and 1.0. Generally, with increasing the depth, the effect of
overburden pressure from foundation reduced. The occur-
rence of liquefaction to the depth of 6 m indicates that
even soils with an acceptable and high relative density
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Fig. 5 Time history excess pore water pressure at different depths in free field
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Fig. 6 Time history of excess pore water pressure at the different depths under the foundation
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Fig.7 Time history for r, 4 m below the foundation and free field

are vulnerable to the occurrence of liquefaction phenom-
enon, and could be affected by the relative density of the
adjacent layers, the intensity of the earthquake and other
factors.

In Fig. 9, the time history of the excess pore pressure
ratio under the foundation and free field for different rela-
tive density in the middle layer is graphed. It was observed
that the changes in r, under the foundation increased by
increasing the relative density. In Fig. 9 the effect of Dr
under overburden pressure is more obvious and for lower
amounts of Dr according to the Fig. 9 the amount of r,,
is lower, which indicates that with lower amount of per-
meability, water can dissipate faster under overburden
pressure that has been imposed from shallow founda-
tion. In other words, on the free field, the destructive
effect of the underlying low-relative density layers does
not appear well, as long as there is no overburden pres-
sure form foundation or structures. Hence, conducting soil
field experiments on the site before construction of the
foundation (even for surface foundations) seems vital in
order to prevent the destructive effect of the liquefaction
phenomenon.

4.2 Settlement
By considering the occurrence liquefaction due to seis-

mic load, the total settlement was around 21.32 cm at the
end of the earthquake for Dr=40% (in the middle layer).

It should be noted that in this study, the settlement due
to liquefaction was measured, which means that the static
settlement due to the foundation loading has been less-
ened from total settlement.

Figure 10 shows the net settlement values due to the
liquefaction for the different densities. By increasing the
relative density of the middle soil layer, the amount of set-
tlement has decreased. The maximum settlement occurred
within a time interval of 10-15 s (more than 60% of the
total settlement), and after 15th second, the actual set-
tlement was not significant. In summary, Fig. 10 showed
the effect of increasing relative density on the amount of
settlement due to liquefaction.

By comparing the changes of settlement for different
relative density (Fig. 11), it was observed when the relative
density increased, the curve approached to the linear state
and slope slowed down. However, the soil with a lower
relative density (less than 60%) has a steep slope which
lead to larger settlement. This indicates that a significant
increase in settlement has been occured in the densities
less than 60%.

5 Conclusion

In this study, the theory of Biot with using PDMY material
in the OpenSEES software was employed, and the effects
of relative density on the settlement of the saturated
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Fig.8 Distribution of maxi-
mum excess pore pressure
ratio along the soil depth
at the foundation and free
field for the soil layer with
a Dr=40%, b Dr=50%, c
Dr=60%, d Dr=75%
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sandy soil due to the liquefaction was investigated. The 1. It was observed that the effect of the low-relative

excess pore water pressure, the ratio of the excess pore density soil layer on the sub-surface settlement is not
water pressure (r,) and the settlement were also studied. significant. During earthquake, the low-relative den-
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sity soil showed more liquefiable ability as it was pre-
dicted.

2. The probability of occurrence of liquefaction in satu-
rated sandy soils around the low-relative density mid-
dle layer of the soil is expanded to the certain depth
(which was found around 6 m) and below this depth
the occurrence of liquefaction is highly unlikely (see
Fig. 8).

3. More than 60% of the settlement occurred between
10th and 15th seconds of the earthquake time history,
at this time interval the maximum acceleration values
applied to the soil and eventually after 15th second,
no significant settlement occurred.

4. Moreover, it was found that by increasing the relative
density of liquefiable soil, the amount of settlement
will decrease significantly.
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