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Abstract: Pile foundations are still the preferred foundation system for high-rise structures in earthquake-prone regions.
Pile foundations have experienced failures in past earthquakes due to liquefaction. Research on pile foundations in liquefiable
soils has primarily focused on the pile foundation behavior in two or three-layered soil profiles. However, in natural occurrence,
it may occur in alternative layers of liquefiable and non-liquefiable soil. However, the experimental and/or numerical studies
on the layered effect on pile foundations have not been widely addressed in the literature. Most of the design codes across the
world do not explicitly mention the effect of sandwiched non-liquefiable soil layers on the pile response. In the present study,
the behavior of an end-bearing pile in layered liquefiable and non-liquefiable soil deposit is studied numerically. This study
found that the kinematic bending moment is higher and governs the design when the effect of the sandwiched non-liquefied
layer is considered in the analysis as opposed to when its effect is ignored. Therefore, ignoring the effect of the sandwiched
non-liquefied layer in a liquefiable soil deposit might be a nonconservative design approach.
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1 Introduction

Pile foundations are still one of the most common
deep foundation systems for high-rise buildings,
particularly when the soil supporting the foundation is
weak. Pile foundations have prevented the complete
collapse of buildings during earthquakes (e.g., Niigata
earthquake of 1964). However, many buildings
and bridges have shown major damage during past
earthquakes due to liquefaction (Hamada and O’Rourke,
1992; Yoshida et al., 2007). The pile foundation
in liquefiable soil is a transient problem involving
superstructure and pile foundation’s inertial interaction,
reduction of soil strength, and development of excess
pore water pressure due to dynamic load (Berrill and
Yasuda, 2002; Liyanapathirana and Poulos, 2005;
Wang et al., 2017). Failure of pile foundations has been
observed in both level and sloping ground (Finn and
Fujita, 2002). Zhang and Yang (2018) carried out shake
table tests to understand the pile failure mechanism due
to the lateral spreading of the frozen ground crust due
to the liquefaction of subsoil layers. Pile foundations in
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liquefiable soil may fail because of bending, buckling,
shear, or settlement failure (Mohanty et al., 2017, 2021).
The post-earthquake effects studied through excavations
revealed the formation of plastic hinges in the pile
foundation at the interface of the soil layer (Tokimatsu
and Asaka, 1998; Yoshida and Hamada, 1990). Early
research emphasized kinematic bending as a reason for
pile failures (Hamada and O’Rourke, 1992; Yoshida et al.,
2007; Yoshida and Hamada, 1990). JRA (2003),
FEMA 369 (2000), and CEN (2004) are the design
guidelines available for the design of pile foundations
in potentially liquefiable soil deposits. Despite these
guidelines, the failure of pile-supported structures has
been reported. These failures indicate that the design
guidelines do not include all the underlying failure
mechanisms (Bhattacharya, 2003). Berrill and Yasuda
(2002) highlighted the possibility of a buckling failure
mechanism. Once the soil liquefies, the pile will act as
a slender member without the soil support, axial and
horizontal load from the superstructure affects the lateral
stiffness of the pile foundation. Many researchers have
demonstrated the buckling failure mechanism through
experimental and numerical approaches (Bhattacharya,
2003; Bhattacharya et al., 2005; Haldar et al., 2008;
Haldar and Babu, 2010; Dash et al., 2010; Knappett and
Madhabhushi, 2009).

Many experiments (small scale and full scale)
have been carried out by researchers that helped in
understanding the behavior of pile foundations in
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liquefiable soil. Some of the notable studies were
carried out by Wilson (1998), Ashford and Juirnarongrit
(2002), Abdoun et al. (2003), Brandenberg et al. (2005),
Knappett and Madabhushi (2009), Tang et al. (2010,
2016), Zhang and Yang (2018), Wang et al. (2019b),
Dash and Bhattacharya (2021), Zhang et al. (2022b),
Wang et al. (2023), and Zhang et al. (2022a). Various
numerical tools have also been used to simulate pile
behavior in liquefiable soil ranging from a simplified
ID model to a complex two/three-dimension model.
To cite a few, Chang and Jemeric (2009), Tang et al.
(2014), Wang and Orense (2020) used two and three-
dimensional complex finite element methods. However,
because of the simplicity of 1D analysis, several
researchers used the pseudo-static method and beam on
nonlinear Winkler foundation (BNWF) method (Zhang
et al., 2008; Cubrinovski et al., 2009; Janalizadeh and
Zahmatkesh, 2015; Liyanapathirana and Poulos, 2005;
Wang et al., 2017; Hui et al., 2018; Jia et al., 2023). In
the BNWF method, the pile-soil interaction is modelled
using p-y springs, which are obtained from field tests
(Liyanapathirana and Poulos, 2005; Zhang and Yang,
2018). The pile-soil interaction represented in this method
depends on pile-soil relative displacement at a particular
depth and does not depend on soil resistance above and
below Wilson (1998). Most of these experimental and
numerical studies were restricted to two-layered (top
liquefiable soil layer) or three-layered soil deposits (non-
liquefiable soil deposit with a sandwiched liquefiable
soil layer).

Pile foundations for bridges and buildings often pass
through liquefiable and non-liquefiable soil deposits.
Also, the natural occurrence of soil layers may occur
in alternate layers (e.g., a liquefiable soil deposit with
a sandwiched non-liquefiable soil layer). To the best of
the authors’ knowledge, experimental and numerical
studies concerning the response of pile foundations
in alternate layers are scarce. JRA (2003) code has
given several recommendations to consider the lateral
pressure applied by the liquefiable soil deposit on the
pile foundation. However, the code does not comment
on the consideration of lateral pressure applied by
the sandwiched non-liquefiable soil layer on the pile
foundation. The sandwiched non-liquefiable soil layer,
if it exists in the liquefiable soil deposit, would create
a stiffness contrast at the interface of the soil layers and
would alter the pile response. Bhattacharya and Goda
(2013) have stated that a relatively thin non-liquefiable
soil layer (of thickness 5-6D) may not offer restraint to
the pile. A sandwiched non-liquefiable layer of thickness
greater than 9D would give significant lateral restraint to
the pile; however, these are mere estimations suggested
by the author which require further studies. In the present
study, an attempt is made to understand the pile response
in alternate layered liquefiable and non-liquefiable
soil deposits using the numerical modelling approach.
A two-dimensional numerical model is developed
and validated against centrifuge test data. A detailed
parametric study has been carried out by subjecting the

Pile below

model to earthquake time history with varied scaled
earthquake amplitudes and frequencies.

2 Pile foundation in alternate layered
liquefiable and non-liquefiable soil profile

The soil profiles considered in the study are shown
in Fig. 1. Soil profile (a) is the standard case without
any sandwiched non-liquefiable (clay) soil layer along
with a schematic representation of the pile foundation.
In other soil profiles, layer-1 (from top) is a liquefiable
sandy soil with a relative density (D,) of 35%, Layer-2
is a non-liquefiable clay layer, and different types of
clays (soft, medium, and stiff) with varying thickness
are considered in the study. The properties of the clay
layer are chosen based on the recommendations
of IS 2911 (2010). Layer-3 is again a liquefiable sandy
soil with a relative density (D,) of 35%, and the bottom
layer is a very dense sandy soil with a relative density
of (D,) 80%. An end-bearing steel pile with a length of
24 m in which 22 m is embedded in the soil. The pile head is
2 m above the ground level with a superstructure mass
of 100 t. The outside diameter of the pile is 0.67 m, and
the wall thickness of the pile is 72 mm. The yield and
ultimate moment capacity of the pile is M= 4577 kN-m
(yield stress 250 N/mm?) and M = 7503 kN-m (ultimate
stress 410 N/mm?), respectively. The Kobe earthquake
(1995) motion (predominant frequency 2.86 Hz) is used
as an input earthquake motion. The earthquake resulted
in extensive soil liquefaction and caused damage to piles
under warehouses and harbor structures (Soga, 1998).
Figure 2 shows the plot of the Kobe earthquake time
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Fig. 2 Kobe earthquake time history plot and Fourier transform

history and its Fourier transform. The input motion
is linear base corrected and scaled to 0.1 g, 0.2 g, 0.3 g,
and 0.4 g to study the effect of PGA. The impact of
parameters such as liquefiable and non-liquefiable
soil, the position of the non-liquefiable soil layer in the
liquefiable soil deposit, frequency of the input motion,
and superstructure mass on the behavior of the pile
foundation are studied.

2.1 Finite element modeling

The soil-pile system described above is modelled
in OpenSees (Mckenna, 2011). Figure 3 shows the
schematic illustration of the numerical model. The
soil column is modelled as a plane strain element (2-D
element). Soil is modelled with fine mesh in the vertical
direction (0.5 m). The dimension of the soil column is
fixed after the convergence study. A detailed description
of the constitutive models is given below.

2.2 Soil models for liquefiable and non-liquefiable soil

Pressure-dependent multi-yield (PDMY) and
pressure independent multi-yield (PIMY) constitutive
material models are used to model sand (liquefiable soil)
and non-liquefiable clay layer, respectively. The PDMY
material simulates liquefaction under cyclic excitation
(Yang, 2000). Four-node QuadUP elements are used

to simulate solid-fluid coupled material response under
cyclic excitation (Biot, 1955), and the constitutive soil
model is defined. Tables 1(a) and 1(b) show the soil
properties of the constitutive material model considered
in the analysis. These material models and elements
have also been validated against the experimental results
in studies by Yang et al. (2003), Wang et al. (2013), and
Wang et al. (2017).

2.3 Soil pile interaction springs (p-y springs for sand
and clay layer)

The relative displacement of the soil and pile and the
contact reaction is modelled as cyclic nonlinear elastic
springs (p-y springs), which are added to the model as a
zero-length element connecting the soil node and the pile
node. These spring properties are modified depending
on the level of pore water pressure in the soil at various
depths at each instant of the analysis. A similar scheme
of a coupled soil-pile FE modelling approach with p-y
curves was used by Wang et al. (2013), Wang et al.
(2017), Wang et al. (2019a), Li and Motamed (2017) to
verify the soil pile response in the experimental study.
The studies have demonstrated that the coupled soil-pile
FE modelling approach, like the present one, was able
to capture pile behavior. The p-y springs for liquefiable
sand were modelled by PyLiql (Wang et al., 2017). The
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Table 1(a) Soil properties of liquefiable soil

Pressure dependent multi yield material

Relative density, D, 35% 45% 55% 80%
Corrected SPT value, (V,),, 7 13 19 38
Specific gravity, G, 3.0 2.65 2.65 2.65
Min. void ratio, e, 1 0.52 0.52 0.52
Max. void ratio, e, 1 0.89 0.89 0.89
Void ratio, e 0.76 0.73 0.68 0.59
Bulk density, p (t/m®) 1.95 1.85 1.98 2.04
Friction angle, @ 33 33.6 343 37
Reference pressure, P, . (kPa) 80 80 80 80
Shear wave velocity, V, (m/s) 151 166 181 215
Maximum shear modulus, G, (kPa) 3.8x10¢ 5.1x10¢ 6.5x10* 9.4x10*
Octahedral ref. shear modulus, G, ., (kPa) 4.7x10* 6.2x10* 7.9x10% 1.1x10*
Empirical poison’s ratio, 6 0.33 0.33 0.33 0.33
Bulk modulus to shear modulus, B/G 3 2.67 2.67 2.67
Bulk modulus, B, (kPa) 1.2x10° 1.6x10° 2.1x10° 3.1x10°
Pressure dependent coefficient, afP 0.5 0.5 0.5 0.5
Contraction, ¢ 0.039 0.033 0.028 0.019
Dilation coefficient, d, 0.4 0.4 0.4 0.6
Dilation coefficient, d, 2 2 2 3
Lig, 10 10 10 5
Lig, 0.01 0.01 0.01 0.003
Lig, 1 1 1 1

Liq, define the effective confining pressure below which is in effect; Lig, and Lig, control the plastic shear strain accumulation

(i.e., cyclic mobility).

Table 1(b) Properties of non-liquefiable clay soil

Pressure independent multi-yield material

Clay Soft Medium Stiff
Undrained shear strength, S, (kPa) 21 43 87
Saturated density, p (t/m?) 1.3 1.5 1.8
Cohesion, C, (kPa) 18 37 75
Reference pressure of clay model, £, ; (kPa) 100 100 100
Maximum shear modulus, G, . (kPa) 14546 29904 60620
Octahedral ref. shear modulus, G, . . ... (kPa) 14546 29904 60620
Max shear strain, y,,, . 0.1 0.1 0.1
Empirical poison’s ratio, 6, 0.41 0.41 0.41
B/G 5.2 5.2 5.2
Bulk modulus, B, 75930.0 156099.0 316436.0
Pressure dependent coeft., d, 0 0 0
Friction angle, ¢ 0 0 0
Number of yield surfaces 20 20 20
k_(m/s) 1x107 1x107 1x107
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ultimate strength p,, ;, changes with the development
of the excess pore water pressure ratio (r,) as per the
following equation.

pult,liq :pult (l_ru)—‘rpres’;t (1)

where r=Au/o’, o' is effective overburden pressure
(kPa) at the measured point and Au (kPa) is the excess
pore water pressure developed as a result of earthquake
load. The residual strength of the p-y curve is given
by p,..=m>p, where m, is a reduction factor based
on the developed excess pore water pressure given by
Brandenberg et al. (2005). The ultimate strength of the
p-y curve p , (kN/m) is a function of the pile diameter
D (m), effective unit weight of the soil, and depth below
the ground level z (m) (API, 2005). The p-y relation is
given as per the following equation (Parker and Reese,
1970).

pP= Apult,liqtanh[ T2 )’J

AP iq 2)
where A is the loading factor, and #, is the rate of increase
of the horizontal subgrade modulus and depends on the
friction angle of the soil. Overburden correction is used
for soil at greater depth, according to Boulanger et al.
(1999). For the non-liquefiable clay layer, the PySimplel
spring is used to model lateral pile-soil interaction (see
Boulanger ef al., 1999). Since the effective stress in the
clay layer does not change during the earthquake loading,
the p,, is assigned a constant value (Wang et al., 2017).
The p-y curves for clay soil can be generated based on
the API (2005) guidelines, which are based on the model
proposed by Matlock (1970) as given below.

_1 y P
P=y Pl 5 5pe, 3)

where ¢, is the strain at half the maximum principal
stress difference, and different values are recommended
for soft, medium, and stiff clay soils.

2.4 Pile model

In general, piles and structures are modelled based
on their performance in experiments as either elastic or
inelastic elements. The validation model chosen (details
of the validation are explained in the next section) from
centrifuge tests had the pile response within a linear
elastic zone. Therefore, here the pile is modelled using
elastic beam-column elements. For further parametric
study, the pile element is also kept elastic, and its
performance is monitored. The superstructure mass is
assigned as the lumped mass on the pile head. While
evaluating the inertial bending moments in the pile,
the lumped pile head mass is considered. Whereas,
while evaluating the kinematic bending moment of the
pile, pile head mass is ignored to isolate the situation
of relative soil movement around pile foundation. The

pile is meshed at 0.5 m so that it is not consistent with
the vertical mesh of the soil. The pile considered for the
study is a free head pile.

2.5 Solution method and boundary condition adopted

The pure shear condition, which is achieved through
the laminar shear box in centrifuge tests, is achieved
by obtaining equal degrees of freedom to the nodes at
the same level. The soil nodes other than the nodes at
the surface are made impervious, and the nodes at the
surface are enabled to drain. The bottom soil nodes are
fixed in the horizontal and vertical directions, as shown
in Fig. 3. The Krylov-Newton algorithm and Newmark
integrator are adopted in the numerical model. Rayleigh
damping with mass and stiffness proportional damping
is adopted.

2.6 Validation of developed finite element model
against centrifuge test

In the present study, one of the experiments from the
centrifuge tests carried out by Wilson (1998) has been
considered for verification. The experimental model
named Csp3-J is numerically modelled using OpenSees®.
The experimental setup of Csp3-J consists of a two-
layered soil (saturated uniformly graded Nevada sand)
with the top layer being liquefiable (as shown in Fig. 4).
The experimental model in the prototype scale has the
thickness of the topsoil layer as 9.3 m with 55% relative
density and the bottom soil layer thickness as 11.4 m
with 80% relative density. An instrumented steel pipe
pile with a diameter of 0.67 m and 72 mm wall thickness
was used. The pile head was 3.81 m above the ground
level with a mass of 49.1 Mg. The pile was embedded
16.7 m into the soil. The Kobe earthquake of 1995 was
given as an input motion to the centrifuge (Fig. 2). A
numerical model (FE based) for this centrifuge
experiment is prepared in prototype scale, as shown in
Fig. 4. The constitutive models used for modelling both
the soil layers are listed in Table 2.

2.6.1 Result comparison

The results in terms of development of excess pore
water pressure, soil acceleration, and bending moment
of the pile obtained from the present numerical model is
compared with that being observed in the experimental
centrifuge model study (Fig. 5). The excess pore water
pressure and acceleration in the soil of the numerical
model are found to match fairly well with the centrifuge
test results. The time-history patterns of pile bending
moment also match quite well with the observation, with
a maximum difference of 9.16% for the peak response
in comparison with the centrifuge results. Predicting
the dynamic response reasonably well, the developed
numerical model can therefore be considered reasonable
for further analysis of the pile foundation in liquefiable
soil. This numerical modelling scheme is taken further
for parametric study for the present scope of the work
and presented in the following sections.
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Table 2 Soil properties used in the validation

Soil elastic properties Top layer Bottom layer Reference

Relative density, D, 55% 80% -
Saturated mass density (Mg/m?) 2.67 2.67 Haldar and Babu (2010)

Reference pressure (kPa) 80.0 80.0 -

Pressure dependent coefficient 0.50 0.50 -

Shear modulus, G, (MPa) 65.0 94.1 Hardin and Drnevich (1972)

Bulk modulus, K, (MPa) 212 307 Haldar and Babu (2010)

Peak shear strain (%) 10.00 10.00 -
Friction angle 33° 37° Haldar and Babu (2010)

Material constants -

C 0.0278 0.0188

d, 0.4 0.6 -

d, 2 3 -

Liq, 10 5 -

Lig, 0.1 0.003 -

Liq, 1 1 -
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3 Results and discussion

3.1 Effect of sandwiched non-liquefiable soil layer on
bending moment of the pile foundation

The developed numerical model is subjected to the
Kobe earthquake (PGA scaled to 0.2 g), and the bending
moment of the pile foundation is recorded at various
times of loading for the soil profile cases considered
in the study (Fig. 1). Figure 6 shows the variation
normalized maximum bending moment (M, /M) with
the depth for several of the soil profile cases considered
in Fig. 1. The location of the non-liquefiable soil layer
is highlighted. It can be observed from Fig. 6 that the
presence of sandwiched non-liquefiable soil significantly
alters the bending moment of the pile at the boundary of
the soil layers and is directly influenced by the type and
thickness of the non-liquefiable soil layer. The bending
moment changes its sign at each boundary layer of the
soil, similar to the observations being made by Abdoun
et al. (2003) and Janalizadeh and Zahmatkesh (2015).
This change in bending moment profile along depth
indicates the availability of partial fixity by the
sandwiched non-liquefiable soil layers and high stiffness
contrast at the soil interfaces. Note also that this partial
fixity effect would decrease the effective length of the
pile and hence would increase the buckling load-carrying
capacity of the pile foundation in alternate layered soil
deposits. In the present analysis, a soil layer of a depth
of 1.5D would give a partial fixity effect in the case of

medium and stiff clay as sandwiched non-liquefiable soil
layers. However, for the case of soft clay, the soil layer
of depth 7.5D (D — diameter of the pile) is required to
obtain the partial fixity effect. Hence, if a non-liquefiable
soil layer of sufficient strength and depth is encountered
in the liquefiable soil deposit, then the layered effect must
be considered in the analysis of the pile foundation. The
depth of fixity for the piles embedded in liquefied soil
is affected mainly by the depth of liquefaction and soil
stiffness degradation ratio (Lombardi et al., 2010). The
evaluation of the extent of liquefaction depth is largely a
function of seismic excitation (Bhattacharya and Goda,
2013). The depth at which a pile could be assumed to be
fixed below the depth of liquefied soil depends on the
relative stiffness between the pile and soil (Davisson and
Robinson, 1965). Also, a study by Zhang et al. (2020)
showed an increase in the buckling capacity of the pile
foundation in liquefied soil as the flexural stiffness of the
pile increases. Therefore, it can be inferred that the fixity
effect depends on the characteristics of the input ground
motion and pile-soil stiffness.

3.2 Effect of sandwiched non-liquefiable soil layer on
the maximum displacement of the pile foundation

The displacement profile of the pile subjected to
Kobe earthquake motion scaled to 0.2 g is estimated
for several of the soil profile cases considered in Fig. 1
and are presented in Fig. 7. The figure shows the plot of
the normalized maximum pile displacement with depth.
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As can be observed from Fig. 7, there is no variation
in displacement across the depth of the non-liquefiable
clay layer for stiff clay of thickness 5 m and above,
which indicates that the clay layer acts firm and moves
as a block. The pile head displacement decreases as the
thickness of the sandwiched non-liquefiable soil layer
increases in the liquefiable soil deposit and is significant
for the case of stiff clay, as shown in Fig. 8. Figure 9
shows the plot of the ratio of normalized maximum pile
head displacement for all the soil profiles. As the ratio
of the thickness of non-liquefiable soil to the thickness
of liquefiable soil deposit (Dy,/D;;) increases, the
maximum pile head displacement is reduced by 18%,
29%, and 53% for the case of soft, medium, and stiff
clay, respectively, as compared to the soil case without
any sandwiched clay layer. However, it can be observed
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Fig. 9 Variation of normalized maximum pile head
displacement for all soil profiles

that soft and medium clay soil layers are less effective
in resisting the pile head displacement compared to
stiff clay. The study indicates that the sandwiched non-
liquefiable clay layer of sufficient strength and thickness
resists the pile displacement and hence increases the
load-carrying capacity of the pile against buckling
during liquefaction.

3.3 Effect of peak ground acceleration on the
maximum bending moment of pile foundation

To investigate the influence of the amplitude of
ground acceleration on the bending moment of the pile
foundation, Kobe earthquake ground motion scaled to
different PGA values (0.1 g, 0.2 g, 0.3 g, and 0.4 g) is
applied atthe base of the soil layer. Figures 10 and 11 show
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the plots of the variation of the normalized maximum
bending moment for the case of D,/D,,=0/15 and
Dy, /D, =5/15, respectively. It can be observed from
Fig. 10 that PGA values have a direct influence on
the inertial bending moment of the pile foundation.

Without Clay Layer

z-10 +——+0.1g
= 5 —a—a02g
= -1 | a3y
E 14 ¢ TV 04g
-16 [
-18 47 Dense
_20:{2 Sand
L B B L E |
-1.2 -0.8 -04 0 04 08 12
M, /M,

Fig. 10 Variation of the normalized maximum bending
moment for the soil profile without any clay layer

However, for the case of soil deposits with the
sandwiched clay layer (non-liquefied), as the strength
of this non-liquefiable layer increases, inertial and
kinematic bending moments increase with the increase
in PGA values. Inertial bending moments are evaluated
considering a lumped pile head mass. While evaluating
the kinematic bending moment of the pile, no pile head
mass was considered in the analysis so that the relative
soil movement around the pile foundation was isolated.
It can also be observed from Fig. 12 that at higher
PGA values, the kinematic bending moment governs
the pile design. Hence, neglecting the presence of the
sandwiched clay layer might result in an underestimation
of the kinematic bending moment at the boundary of the
soil layers.

3.4 Investigation of the interaction of kinematic
response and inertial response of pile

Deep foundations must be analyzed for combined
kinematic and inertial loads (see Cubrinovski et al.,
2009). The magnitude of soil deformation and the
soil stiffness during the earthquake load governs the
kinematic loading on the pile. Figure 13 shows the

N
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Fig. 11 Variation of the normalized maximum bending moment yfor different types of non-liquefiable clay layers with respect to

different PGA values for the case of D, /D, —5/15
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Fig. 12 Variation of the maximum inertial and kinematic bending moment for different types of non-liquefiable clay layers with
respect to different PGA values for the case of D, /D,,-5/15
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Fig. 13 Variation of the normalized maximum bending moment with depth (with superstructure mass and without superstructure

mass)

plot of the variation of the ratio of the normalized

Type of sandwiched clay layer

maximum bending moment with depth for the case with
superstructure mass (100 t) and without superstructure
mass (0) for different types and thicknesses of the
sandwiched clay layer. It observed from the study that
the inertial effects largely concentrate at the top portion
of the pile, whereas at deeper depths, the maximum
bending moment occurs due to the kinematic loading.
Several representative cases are shown in Fig. 13. For
the depth of the non-liquefiable soil layer (medium and
stiff) up to 7 m, the kinematic bending moment changes
by a maximum of 15% due to consideration of inertial
load. However, this change is 45.4% for stiff clay soil
layers with a thickness of 9 m. Hence, for soil deposits
with sandwiched clay layers of a smaller thickness
(up to 10D), the influence of inertial loading on the
kinematic bending moment is less. Therefore, for pile
design in layered soil deposits, the kinematic bending
moment must be considered. Figure 14 shows the type
of bending moment which governs the design of pile
foundations. From the figure, it can be suggested that
for pile foundation in layered soil deposits, the design
moment should be estimated considering both inertia
and kinematic bending simultaneously as noted by
Tokimatsu et al. (2005) and Xu et al. (2023).

D .\'1_/ D, LL - -

Soft Clay Medium Clay Stiff Clay
1/15 Kinematic Kinematic Kinematic
2/15 Kinematic Kinematic Kinematic
3/15 Kinematic Kinematic Kinematic
5/15 Kinematic Kinematic Kinematic
7/15 Kinematic Kinematic Kinematic
9/15 Kinematic Inertial Inertial

Fig. 14 Type of bending moment governing the design of pile
foundation

3.5 Effectof frequency of input earthquake motion on
maximum bending moment of the pile foundation

The pile response is governed by the frequency of
the input earthquake motion (Haldar et al., 2008). To
study the effect of frequency on the soil-pile system, a
ground motion is applied as a sinewave (magnitude of
0.05 g) with various frequencies (0.1 Hz, 0.3 Hz, 0.5 Hz,
0.7 Hz, 1.0 Hz, 4.0 Hz, and 10 Hz) at the base of the
soil layer. Figure 15 shows the plots of variation of
the normalized maximum bending moment of the
pile foundation for different types of soil profiles for
different input frequencies. The pile response is much
less at lower and higher frequency ground motions.
However, when the input ground motion of frequency

0.8 .8 .8 — .
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Fig. 15 Variation of the normalized maximum bending moment to yield moment vs frequency of input motion
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is in the range 0.7 Hz-2.0 Hz, the response of the soil-
pile system is maximum. This indicates that the soil-pile
system considered has a natural frequency in the range
of 0.7 Hz-2.0 Hz.

3.6 Effect of variation in superstructure mass

The effect of superstructure mass is studied, and
the bending moment response for the case of the Kobe
earthquake input motion (scaled to 0.2 g) is presented.
The case of D,/D,,= 5/15, corresponding to different
types of sandwiched non-liquefiable clays, is studied.
Figure 16 shows the variation of normalized maximum
pile bending moment with the change in the pile head
mass. It can be observed from the figure that with the
increase in pile head mass, the inertial bending moment
increases. However, the maximum kinematic bending

_4 —
Soft Clay <
104

2

0]

moment at the bottom of the clay layer is not influenced
by the superstructure mass, since the influence of the
inertial effect induced by the pile head mass diminishes
at deeper depths (Simonelli ef a/., 2014).

3.7 Effect of initial relative density of liquefiable soil

In all the analyses carried out except the one
described in this section, the relative density of the
liquefiable soil in layers 1 and 3 are considered as 35%.
To investigate the effect of the initial relative density of
the liquefiable soil layer on pile response, the relative
densities of soil layers 1 and 3 are varied. The variation
of normalized bending moment of the pile foundation
for different relative densities of liquefiable soil is shown
in Fig. 17 (Kobe earthquake scaled to 0.2 g) for the soil
profiles shown in Figs. 1(a) and 1(e).
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Fig. 16 Effect of pile head mass (superstructure mass) on maximum inertial and kinematic bending moment
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Fig. 17 Effect of relative densities of the liquefiable soil layer on the normalized maximum bending moment with depth
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Figure 17(a) is for the case without any sandwiched
non-liquefiable soil layer. It can be observed from
Fig. 17(a) that the maximum bending moment has
occurred in the top portion of the pile (due to inertia).
An increase in soil relative density resulted in a lesser
bending moment because of the increased soil stiffness.
It can be observed from Figs. 17(b) and 17(c) that the
effect of relative density is quite marginal in the case
of soft and medium clay. However, in the case of stiff
clay, the presence of high relative density soil reduces
both inertial and kinematic effects on the pile due to the
lesser stiffness contrast of the soil layers, as can be seen
in Fig. 17(d).

3.8 Effect of position of non-liquefiable clay layer in
liquefiable deposit on the bending moment of
pile foundation

It is imperative from the observations that the
sandwiched non-liquefiable clay layer influences the
behavior of the pile foundation, including its thickness
and position within the liquefiable layer. The previously
discussed analyses had the location of the clay layer fixed,
as shown in Fig. 1. Therefore, to quantify the effect of
the position of the sandwiched clay layer on the bending
moment of the pile foundation, its position is varied in the
liquefiable soil deposit of 15 m. A representative sketch
for a 5 m clay layer with varying positions is shown in
Fig. 18. The study is conducted for the clay layer with
thicknesses varying from 1 m to 14 m, and for all types
of clay layers. The variation of normalized maximum
bending moment for D, /D,, — 5/15 is shown in Fig. 19
for input ground motion of the Kobe earthquake scaled
to 0.2 g (several representative cases are plotted). It can
be observed from Fig. 19 that as the position of the clay
layer shifts away from the ground level, the position of
the partial fixity effect also changes accordingly, as can
be observed for medium and stiff clay cases. For the case
of stiff clay, the kinematic bending moment of the pile
foundation decreases as the position of the clay layer

Depth (m)

Fig. 18 Soil profiles considered in the study for effect of clay
layer position

goes to a deeper depth. Figure 20 shows the variation of
maximum inertial and kinematic bending moment in the
pile as the clay layers shift away from the ground level
for stiff clay layers of thicknesses of 3 m, 5 m, 7 m, and
9 m. As the position of the stiff clay shifts away from the
ground level, the kinematic bending moment decreases,
and the inertial bending moment increases except for the
case of D, /D, = 7/15. It can also be observed from the
figure that the governing bending moment for the pile
design also depends on the position of the sandwiched
clay layer. For the case of a stiff clay layer, a case is added
where the clay layer is kept at 2 m below ground level
to check the consistency of the results (only for the stiff
clay case). It can be observed from both Figs. 19 and 20
that variation of the bending moment is consistent.
Even though in most of the scenarios, the kinematic
bending moment governs the pile design; however, it’s
advisable to check for inertia cases as well. Therefore, in
geotechnical investigations, the thickness and location
of non-liquefiable clay layers should be carefully
determined, and its probable variation in position may
suitably be considered for design.
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Fig. 19 Influence of the position of non-liquefiable soil (clay) layer on the maximum bending moment of pile foundation
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3.9 Comparison of the kinematic bending moment
with empirical models

From the study presented above, it can be inferred
that pile foundations in layered liquefiable soil deposits
can have higher kinematic bending moments due to the
seismic forces from inertial bending moments in some
scenarios and should be given consideration during
design. The majority of seismic design codes still do not
guide how to estimate the kinematic bending moment
for pile design. JRA (2003) code suggests neglecting
the effect of the sandwiched clay (non-liquefiable) soil
layer present in the liquefiable soil deposit. CEN (2004)
requires consideration of the kinematic loading on the
pile foundation under several circumstances. However, it
does not recommend or specify any procedure to estimate

the kinematic bending moment. Many researchers have
made considerable efforts in understanding the inertial
and kinematic effects and their interaction. Analytical,
finite element, and scaled experimental studies have
helped in formulating the procedure for estimating the
kinematic bending moment on the pile foundation.
Table 3 lists some of the available methods to estimate
the kinematic bending moment suggested by Dobry and
O’Rourke (1983), Nikolaou et al. (1995, 2001), and
Di Laora et al. (2012). One soil profile (Fig. 1(e), i.e.,
Dy, /D,,=5/15) is considered to verify the application
of these formulations to estimate the kinematic bending
moment, and the results are plotted in Fig. 21. It can
be observed from Fig. 21 that for the case of soft clay,
using the Di Laora ef al. (2012) method, the kinematic
bending moment is estimated reasonably close to the
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Fig. 21 Comparison of maximum kinematic bending moment of numerical evaluation with methods described in the literature
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Table 3 Methods to estimate the kinematic bending moment

Author

Equation

Dobry and O’Rourke (1983)
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numerically obtained value, as compared to the other
methods. For the case of medium clay and stiff clay,
the Nikolaou et al. (1995, 2001) method predicts the
bending moment reasonably well, respectively. Note
that these methods are based on the linear behavior of
soil and are developed for two-layered soil deposits; at
higher earthquake loads, soil behavior is expected to be
highly nonlinear. Due to these constraints, Garala et al.
(2020) suggested that these methods be used with a
suitable modification to the soil properties.

4 Conclusions

In the present study, the response of pile foundations
in alternate layered liquefiable and non-liquefiable soil
deposits is investigated through a detailed numerical
scheme. A parametric study is carried out to understand
and quantify the effect of the sandwiched non-liquefiable
soil layer on the response of end-bearing pile, and the
major conclusions are presented below.

(1) With an increase in peak ground acceleration
(PGA), both inertial and kinematic bending moments in
the pile increase. However, in the presence of alternative
layered liquefiable soil deposits, the kinematic response
is significantly influenced by the PGA and frequency

content of the input earthquake motion, as compared to
the inertial response.

(2) Inertial bending moment mainly concentrates
towards the top portion of the pile, whereas the kinematic
bending moment is observed to be maximum at the
bottom interface of the non-liquefied and liquefied soil
layer for all the cases considered.

(3) Liquefiable soil layers of higher initial relative
density reduce both inertial and kinematic bending
moment on the pile foundation, as it offers higher lateral
resistance.

(4) An increase in strength and thickness of the
sandwiched non-liquefiable soil layer restrains the pile
displacement, and the net pile head displacement reduces
due to the presence of sandwiched non- liquefied soil.

(5) Typically, the design process for a pile foundation
neglects the non-liquefied soil layer within a liquefiable
soil deposit. However, when such foundations are placed
in layered soil deposits, including layers of liquefiable
soil, both inertial and kinematic bending moments could
govern the design. It is necessary to employ appropriate
empirical equations to estimate the kinematic bending
moment of the pile. The design strength of the pile must
be checked for both inertial and kinematic bending
moments if it is placed in a liquefiable soil deposit that
includes a sandwiched non-liquefiable layer.
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List of symbols
) 8 Shear wave velocities of the top soil layers

rock Accelerations at the bedrock level v, Shear wave velocities of the bottom soil

a, Accelerations at the soil surface layers

d Pile diameter z Depth from the ground surface

E, Young’s moduli of the pile r Depth factor

E, Young’s moduli of the topsoil layer 7 Shear strain in the top layer of the soil

G, Shear moduli of topsoil layer e Pile bending strain

p

h, Thicknesses of the topsoil layer n,and 7, Reduction factors

1L Moment of inertia of pile (cross-sectional) P Mass density of the topsoil layer

L Length of the pile embedded in soil T, Characteristic shear stress in the topsoil

M, Kinematic pile bending moment layer

M. Steady-state maximum kinematic pile 4 Regression coefficient

bending moment
M, Harmonic steady-state pile bending

moment under resonance conditions



