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ABSTRACT: Embankments, roads and bridges are very important components of infrastruc-
ture. It is equally important that these structures are also able to resist earthquake forces and be
functional at all times. Since the bridge rests on rigid deep foundations and the approaching
embankments to the bridge on both sides could be resting on weak and compressible soil, the
bridge and embankment junction always experiences differential settlement problems. To over-
come these settlements, construction of approach embankments supported by pile foundations
with basal geogrid reinforcement is a viable solution. Lot of studies are available in literature on
the analysis of these geogrid reinforced pile supported embankments subjected to static loading
conditions. Very few studies are available on geogrid reinforced pile supported embankments
(GRPE’s) subjected to seismic excitations. Hence in the present study, 3-dimensional finite elem-
ent analysis of 3 m high embankment made of pulverized fuel ash having crest width of 20 m
and side slope of 1V:1.5H resting on 28 m thick soft marine clay subjected to seismic loading is
considered. The soft marine clay is provided with 300 mm diameter RC piles having 22 m, 24
m, 26 m(Floating piles) and 28 m (End bearing piles) lengths arranged in a square grid pattern
with centre to centre spacing of three times the diameter of the pile. Geogrid with tensile modu-
lus of 2500 kN/m is considered as basal reinforcement. Maximum vertical and horizontal dis-
placements along the embankment, settlement reduction ratio, differential settlements at crest,
vertical and horizontal displacements at toe are evaluated. The embankment resting over end
bearing pile stabilized soft marine clay experiences less settlements, less toe horizontal displace-
ments, less differential settlements, larger settlement reduction ratio than the embankment rest-
ing over floating pile stabilized soft marine clay.

1 INTRODUCTION

GRPE’s are a reliable solution to construct roads over thick soft clay deposits, bridge approach
roads, widening of existing roads in congested areas and high speed rail roads etc. Marston &
Anderson (1913), Terzaghi (1943), Carlsson (1987), Hewlett & Randolph (1988) and many others
give empirical relations for the load transfer mechanism in piled embankments subjected to static
loading conditions and the same empirical relations are used in many GRPE’s design codes.
In recent decades, many numerical studies, experiments and case studies are available to

understand the load transfer mechanism and settlement analysis of these geogrid reinforced
pile supported embankments subjected to static loading conditions (Han & Gabr (2002), Liu
et al. (2007), Smith & Filz (2007), Wachman et al. (2010), Briançon & Simon (2012), Ariyar-
athne & Liyanapathirana (2014), Bhasi & Rajagopal (2014), Bhasi & Rajagopal, (2015), Liu
et al. (2017), Shen et al. (2018).
Even though many studies are available on the seismic performance of pile foundations Ousta

& Shahrour (2001), Wang & Yuan (2005)) very few studies are seen on the dynamic analysis of
geogrid reinforced piled embankments. Such as Thach et al. (2013) and Han et al. (2014) analyzed
GRPE’s subjected to cyclic loading. Panah et al. (2015) and Wang et al. (2015) studied the seismic
performance of reinforced rigid retaining walls using large-scale shaking table tests. Armstrong
et al. (2013) performed dynamic centrifuge model tests to investigate pile-pinning effects for the
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embankment resting over piles. Wang & Mei (2012) studied the seismic performance of micropile
supported embankment. Since, lateral spreading, foundation pile failure, huge total and differen-
tial settlements are the adverse effects of earthquakes on these GRPE’s, there is a need to under-
stand the behavior of these GRPE’s subjected to seismic excitations.
Hence in this paper seismic performance of basal geogrid reinforced floating/end bearing

pile supported embankments are analyzed based on maximum vertical and horizontal dis-
placements along the embankment, settlement reduction ratio, differential settlements at crest,
toe vertical and horizontal displacements.

2 METHODOLOGY

2.1 Numerical analysis

A 3 m high embankment made of pulverized fuel ash (PFA) with 20 m crest width constructed
over 28 m thick soft marine clay was considered for the time history analysis. Hard stratum
exists below clay layer. The embankment geometry is shown in Figure 1.

2.2 Idealization of soil

The properties of PFA, surface fill (Liu et al. 2007), soft marine clay which exists in Cochin
region (IRC:113-2013, Jose et al, 1988) and hard soil considered for the analysis are listed in
Table 1. All the soils considered for the finite element analysis were modeled as Mohr-cou-
lomb material model. This model defines yielding when the combination of pressure and shear
stress reaches the cohesion of the material particles. Yielding occurs when the shear stress on
any plane in the material reaches the given criterion:

τ ¼ c� σmtan’ ð1Þ

Where, τ is the shear stress, c is the cohesion, σm is the mean stress and φ is the angle of
internal friction.

2.3 Idealization of pile foundation

Piles of length (L) 22 m, 24 m, 26 m (Floating piles) and 28 m (End bearing pile) having 300
mm diameter (D) and arranged in a 3D spaced square grid pattern were considered. Floating

Figure 1. Details of embankment

Table 1. Soil Properties

Soil type

Unit
Weight

Young’s
Modulus Poisson’s

ratio
Cohesion Angle of internal

friction
vp vs

kN/m3 MN/m2 kN/m2 m/s m/s

PFA 18.5 20 0.3 10 300 119.5 63.9

Surface fill 18.5 7 0.3 15 280 70.7 37.8

Soft Marine clay 14 4 0.45 12.5 20 103.7 31.3

Hard soil 21 250 0.3 50 400 400.3 213.9
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pile length was considered based on the critical length of piles for the given site conditions
(Satibi, 2009). Piles were modeled as linear elastic isotropic material with modulus of elasticity
corresponding to M20 grade concrete, unit weight of 25 kN/m3 and Poisson’s ratio of 0.15.

2.4 Idealization of geogrid reinforcement

For the 3 m high embankment considered, tensile strength design for the basal geogrid
reinforcement was done according to BS8006. Based on the design, geogrid with tensile modu-
lus of 2500 kN/m and Poisson’s ratio of 0.3 with linear elastic isotropic material property was
used as basal geogrid.

2.5 Modeling

Three-dimensional finite element modeling was performed using general purpose finite element
software ANSYS. Both soil and piles were modeled using SOLID65 element. SOLID65 is an
eight noded element with three degrees of freedom at each node: translations in the nodal x, y,
and z directions. Geogrid was modeled using SHELL181 element with membrane effect. It is a
four noded element with 3 translational degrees of freedom at each node. A slice of 3-dimensional
finite element model of embankment, pile, geogrid and viscous boundaries are shown in Figure 2.

2.6 Boundary conditions

For time-history analysis, lateral boundary was taken at a distance of four times the base
width of the embankment so that the waves propagated from the soil cannot reflect back
(Ghosh and Wilson, 1969). To simulate the infinite soil medium, viscous boundaries were
applied for the lateral boundaries using spring-damper element given by Kianoush and
Ghaemmaghami, 2011. The equation of motion with additional damping matrix C* can be
written as follows when the viscous boundaries are taken into account.

M½ � €u tð Þf g þ C½ � _u tð Þf g þ C�½ � _u tð Þf g þ K½ � u tð Þf g ¼ � M½ � €ug tð Þ
� �

ð2Þ

Where, [M] is the structural mass matrix, [C] is the structural damping matrix, [K] is the
structural stiffness matrix,{üg(t)} is the ground acceleration vector,{ü(t)} is the nodal acceler-
ation vector, {ủ(t)}is the nodal velocity vector, {u(t)} is the nodal displacement vector and
[C*] is the special damping matrix that is considered as follows,

C�½ � ¼
Anρvp 0 0

0 At1ρvs 0

0 0 At2ρvs

2

4

3

5 ð3Þ

Figure 2. (a) A Slice of 3-Dimensional Finite element model of Embankment (b) Enlarged view of geo-

grid reinforced pile supported embankment(c)Enlarged view of viscous boundaries
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Where, vp and vs are the dilatational and shear wave velocity of the considered medium
(Table 1), ρ is the density of soil medium, An, At1 and At2 are the fields controlling the viscous
dampers and the subscripts n and t represent normal and tangential directions in the boundary.

2.7 Loading

To study the behavior of GRPE’s under seismic excitations, time history record of El Centro
earthquake (1940) was considered. It had a moment magnitude of 6.9 and was classified as
intense earthquake. The peak acceleration was observed to be 0.34g. Only the horizontal com-
ponent of El Centro earthquake acting transversely to the embankment was considered. The
acceleration time history and Fourier spectrum of El Centro earthquake is shown in Figure 3.

3 RESULTS AND DISCUSSIONS

3.1 Natural frequency

The natural frequencies of GRPE’s considered for the analysis with the corresponding Fourier
amplitudes of the frequency content in El Centro earthquake are listed in Table 2.

3.2 Maximum vertical and horizontal displacements in the embankment

The maximum vertical and horizontal displacements in the embankment subjected to El Centro
earthquake excitations are shown in Figure 4. It is observed that the maximum vertical displace-
ments are reducing with increase in length of pile. A reduction in vertical displacements of 94%
is observed for 28 m long end bearing piles. About 88.8%, 83.6% and 78.2% reduction in vertical
displacements reduction are observed for 26 m, 24 m and 22 m long floating piles.
From Figure 6 it is also observed that the maximum horizontal displacements for floating

pile supported embankments are reduced but the maximum horizontal displacements for end
bearing pile supported embankment are increased. About 1.1% increase in horizontal displace-
ments are observed for 28 m long end bearing pile supported embankment and about 0.04%,
0.25%, 0.53% decrease in horizontal displacements are observed for 26 m, 24 m, 22 m long
floating pile supported embankments. This maybe due to the higher amplitude frequency con-
tents of the ground excitations corresponding with increase in pile length (Table 2) and also
due to huge reduction in vertical displacements, slight increase in horizontal displacements are
seen. From Figures 4 and 5 it is observed that there are considerable deformations in both

Figure 3. a) Acceleration time history of El Centro earthquake b) Fourier spectrum of El Centro

earthquake

Table 2. Natural Frequencies of GRPE’s with Fourier amplitudes

GRPE Length of Pile (m) 0 22 24 26 28

Natural Frequency of embankment (Hz) 0.288618 0.29057 0.29126 0.292043 0.29703

Fourier Amplitude 0.02 0.022 0.023 0.026 0.038
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lateral and vertical directions of the embankment. This indicates that the volumetric strain is
the reason for embankment deformations.

3.3 Settlement reduction ratio

Settlement reduction ratio is the ratio between the settlements of reinforced and unreinforced
embankments expressed in percentage.

Given by SRR ¼ 1�
Sreinf

Sunreinf
ð3Þ

Where, Sreinf is the settlement of soil with pile and geogrid reinforcement
Sunreinf is the settlement of soil without pile and geogrid reinforcement.
The settlement reduction ratios (SRR) calculated at crest centre of the embankments under

El Centro earthquake excitations are shown in Figure 7.
From Figure 7, SRR is 95% for 28 m long end bearing pile supported embankment and about

85%, 77%, 70% respectively for 26 m, 24 m, 22 m long floating pile supported embankment.

3.4 Differential settlements at crest

The time history of vertical displacements at crest for embankments supported over floating
piles and end bearing piles subjected to El Centro earthquake excitations including self weight
are shown in Figure 8.

Figure 5. a) Lateral displacements and b) Vertical displacements of end bearing pile supported embank-

ment under El Centro ground motions taken at peak ground accelerations

Figure 4. a) Lateral displacements and b) Vertical displacements of end bearing pile supported embank-

ment under self weight
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It is observed that, the embankment without pile supports experiences large displacements
at crest centre and edge resulting in large differential settlements. But with increase in pile
length, these displacements decreases which results in less differential settlements. End bearing
pile supported embankment experiences very less vertical displacements at crest and differen-
tial settlements.

3.5 Horizontal displacements at toe

Figure 9 shows the time history of horizontal displacements at toe of embankments under El
Centro earthquake excitations including self weight.
It is observed that the addition of piles reduces the horizontal displacements at toe of all

embankments. A reduction of 3% is seen for end bearing pile supported embankment and 0.6%,
2.1%, 2.4% reduction is seen for 22 m, 24 m, 26 m long floating pile supported embankment.

Figure 6. Maximum vertical and horizontal displacements in the embankment under El Centro earth-

quake excitations

Figure 7. Settlement Reduction ratio at crest centre

Figure 8. Time history of vertical displacements at crest of embankment
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3.6 Vertical displacements at toe

Figure 10 shows the time history of vertical displacements at toe of embankments under El
Centro earthquake excitations including self weight.
As similar to the vertical displacements at crest, vertical displacements at toe are also

reduced with increase in pile length. A reduction of 93% is observed for end bearing pile sup-
ported embankment and 73%, 62% and 53% reduction is observed for 26 m, 24 m and 22 m
long floating pile supported embankments.

4 CONCLUSIONS

Transient analysis was carried out on 3-dimensional finite element models of GRPE’s using El
Centro ground motion to study the effect of type and length of pile. Analysis results reveal
that, the embankment supported over end bearing piles experienced less vertical displacements
at crest centre and edge resulting in less differential settlements at crest. In addition, horizontal
and vertical displacements at toe also reduced as compared to the embankment resting over
other floating pile combinations considered.
Higher Fourier amplitude corresponding to the natural frequency of the embankments with

increased pile length causes almost same horizontal displacements in the embankment supported
over floating piles and the embankment without pile supports. Due to the same reasons, the
horizontal displacements of end bearing pile supported embankment are also increased.
A SRR of 95% is observed for end bearing pile supported embankment and about 85%, 77%

and 70% SRR is observed for 26 m, 24 m, 22 m long floating pile supported embankment.

Figure 9. Time history of horizontal displacements at toe of embankments

Figure 10. Time history of vertical displacements at toe
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The addition of piles in a thick soft clay stratum considerably reduces the vertical displace-
ments but need additional stiffening in horizontal direction.
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