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Abstract

Geosynthetic-reinforced and pile-supported (GRPS) systems provide an economic and effective solution for embankments. The load
transfer mechanisms are tridimensional ones and depend on the interaction between linked elements, such as piles, soil, and geosynthet-
ics. This paper presents an extensive parametric study using three-dimensional numerical calculations for geosynthetic-reinforced and
pile-supported embankments. The numerical analysis is conducted for both cohesive and non-cohesive embankment soils to emphasize
the fill soil cohesion effect on the load and settlement efficacy of GRPS embankments. The influence of the embankment height, soft
ground elastic modulus, improvement area ratio, geosynthetic tensile stiffness and fill soil properties are also investigated on the arching
efficacy, GR membrane efficacy, differential settlement, geosynthetic tension, and settlement reduction performance. The numerical
results indicated that the GRPS system shows a good performance for reducing the embankment settlements. The ratio of the embank-
ment height to the pile spacing, subsoil stiffness, and fill soil properties are the most important design parameters to be considered in a
GRPS design. The results also suggested that the fill soil cohesion strengthens the soil arching effect, and increases the loading efficacy.
However, the soil arching mobilization is not necessarily at the peak state but could be reached at the critical state. Finally, the geosyn-
thetic strains are not uniform along the geosynthetic, and the maximum geosynthetic strain occurs at the pile edge. The geosynthetic
deformed shape is a curve that is closer to a circular shape than a parabolic one.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Embankment construction over soft soils is a challeng-
ing task for geotechnical engineers due to the low strength
of soft soils. They can induce excessive settlements and low
bearing capacity. Among the various ground-improvement
methods available for overcoming these undesirable move-
ments, the techniques with a combination of piles and
geosynthetic reinforcement are considered to be reliable
Japanese Geotechnical Society.
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solutions for time-bound construction projects and difficult
ground conditions. This technique is so-called
geosynthetic-reinforced and pile-supported (GRPS)
embankments while some researchers prefer to name it
geosynthetic-reinforced and column-supported (GRCS)
embankments. However, the pile elements to be included
can be different in nature such as rigid piles (steel or con-
crete piles), or semi-rigid. Whereas, the column is a term
used to define the semi-rigid vertical elements (such as
cement-mixing, stone, and gravel columns) or floating col-
umns. For the rigid piles used in this study, the term GRPS
embankment is considered. Many successful case histories
with using the GRPS technique were reported in the liter-
ature over recent years (Chai et al., 2002; Liu et al., 2007;
Briançon and Simon, 2012; Borges and Gonçalves, 2016;
Wu et al., 2018; Wang et al., 2019; Van Eekelen et al.,
2020; Ghosh et al., 2021; Pham and Dias, 2021).

Several approaches were used to investigate the behav-
ior of GRPS embankments, from experimental studies to
theoretical analyses and, numerical modeling. Different
authors conducted full-scale experiments (Almeida et al.,
2007; Sloan, 2011; Chen et al., 2020b; Reshma et al.,
2020) or large-scale models (Xing et al., 2014; Tano
et al., 2018), scaled model tests (Hong et al., 2007; Van
Eekelen et al., 2012; Xu et al., 2016), centrifuge tests
(Jenck et al., 2005; Fagundes et al., 2017; Almeida et al.,
2020), and trapdoor tests (Xu et al., 2019; Rui et al.,
2020). It is worthy to note that the embankment stress field
is strongly inhomogeneous. The stress and strain distribu-
tion depends generally on geometric factors, embankment
soil parameters, subsoil support, type of geosynthetic mate-
rials, and pile stiffness. However, because of their high cost,
the experimental models usually focus on the load transfer
mechanisms or the behavior analysis for specific GRPS
embankment cases without considering the influence of a
lot of factors. The second commonly used approach is the-
oretical analysis. Several analytical models were proposed
for the design of GRPS embankments (Hewlett and
Randolph, 1988; Low et al., 1994; BS 8006, 2010;
EBGEO, 2011; Van Eekelen et al., 2013; Zhao et al.,
2019; Pham, 2020a, 2020b, 2020c). However, the behavior
of GRPS embankments is very complicated and some sim-
plified assumptions are therefore adopted in the existing
design methods. Pham and Dias (2021) conducted a sys-
tematic review of the six most common design methods
and compared them to thirty-one field experiment projects.
The existing design methods produce different results with
a high inconsistency. None of the selected design methods
yields results that are in good agreement with all experi-
mental model results.

Numerical modeling becomes a very powerful and use-
ful tool to investigate and get insights into the behavior
of GRPS embankments. This approach has the advantage
of being economic, time-efficient, and flexible as compared
to an experimental one. In numerical approaches, finite ele-
ment, finite difference, and discrete element methods are
commonly used. The finite element method (FEM) and
1320
finite difference method (FDM) consider both continuum
mechanics. They allow obtaining good insights into soil
arching in pile-supported embankments (Jenck et al.,
2009; Gholaminejad et al., 2020; Pham et al., 2021). The
discrete element method (DEM) is an alternative method
to numerical simulations for granular soils and considers
the particle-scale interaction. They allow investigating the
soil response in detail due to the chain forces created
between particles. The FEM or FDM cannot be employed
to investigate the particle shape effect. The main drawback
of DEM is the significant amount of time required for sim-
ulations compared to FEM or FDM. A summary of previ-
ous studies using numerical modeling for GRPS
embankments is presented in Table 1. Many successful
cases considering FEM or FDM were reported while the
DEM approach is more suitable for arching investigation
in a piled embankment (Pham, 2019).

It should be noted that the behavior of GRPS embank-
ments depends on the interaction between the following
elements: piles, geosynthetic, soft soils, and embankment.
The performance of GRPS embankments generally
depends on some factors such as the geometry, embank-
ment properties, material properties of geosynthetic and,
type of pile arrangement. When different elements exist
and interact together, the load transfer mechanisms in
GRPS embankments are complex. However, the available
design methods generally are based on some simplifications
or assumptions in their calculation principles, which can
lead to uncertainties in evaluating the response of GRPS
embankments. Due to this reason, parametric studies are
necessary to be conducted to assess the performance of
GRPS embankments and provide some important consid-
erations for their design in practice.

By using 3D numerical analyses, this paper describes a
parametric study to assess the performance of GRPS
embankments. The influences of the embankment height,
geosynthetic stiffness, improvement area ratio, subsoil stiff-
ness, friction angle, and cohesion of fill soils are investi-
gated. The numerical analyses are conducted for both
cohesive and non-cohesive embankment soils to emphasize
the effect of the fill soil cohesion on the load transfer mech-
anism of GRPS embankments. The loading and settlement
efficiency is also considered in this study. The study results
are expected to provide a better understanding of the load
transfer mechanisms and soil-structure interaction between
the elements which are components of a geosynthetic-
reinforced and pile-supported embankment.

2. Description of the reference case

As a first step of the parametric study, it is expected to
ensure the reliability of the numerical model. Hence, a
well-documented example of geosynthetic-reinforced and
pile-supported embankment reported by Liu et al. (2007)
was selected as the reference case for the numerical mod-
elling in this study. The field project is located in a northern
suburb of Shanghai and a detailed description of the site



Table 1
Summary of previous studies involved piled embankment using numerical modelling.

Reference Method Software condi Embankment Pile Subsoil Geosynthetic Interface

Al-Ani et al. (2014) FEM Plaxis 3D Hardening soil Elasto-plastic Hardening soil Geogrid No
Wijerathna and Liyanapathirana

(2018)
FEM Abaqus 3D Mohr-Coulomb model Mohr-Coulomb

model
Mohr-Coulomb model Membrane elements surface

contact
Lee et al. (2020) FEM Abaqus 3D Mohr–Coulomb model Linear elastic Linear elastic-perfectly

plastic
Biaxial geogrid No

Ariyarathne and
Liyanapathirana (2015)

FEM Abaqus 2D/3D Mohr-Coulomb model Linear elastic Modified-Cam Clay Membrane elements Yes

Lo et al. (2010) FEM Abaqus 3D Mohr-Coulomb model Elasto-plastic Cam-Clay model Anisotropic elastic
element.

No

Zhuang and Ellis (2016) FEM Abaqus 3D Mohr-Coulomb model Linear elastic Cam-Clay model Biaxial geogrid Yes
Wu et al. (2018) FEM Abaqus 3D Mohr-Coulomb model Linear elastic Cam Clay model – No
Borges & Marques (2011) FEM Abaqus 3D Critical state model Linear elastic Critical state model Linear elastic No
Jamsawang et al. (2016) FEM Plaxis 3D Mohr–Coulomb model Linear elastic Soft soil model Linear elastic No
Oliveira et al. (2011) FEM Plaxis 2D Mohr–Coulomb model Linear elastic Cam-Clay model – No
Pham et al., (2020) FEM Abaqus 3D Hypoplastic constitutive

model
Linear elastic Cam-Clay model Membrane elements Yes

Rowe and Liu (2015) FEM Abaqus 3D Mohr–Coulomb model Isotropic linear
elastic

Drucker–Prager Isotropic linear elastic Yes

Yoo (2010) FEM Abaqus 3D Mohr–Coulomb model Linear elastic Cam-Clay model Geogrid element Yes
Yapage and Liyanapathirana

(2014)
FEM Abaqus 3D Mohr–Coulomb model Mohr–Coulomb

model
Mohr–Coulomb model Three-node truss

elements
Yes

Das and Deb (2018) FDM Flacd 3D Mohr–Coulomb model Mohr–Coulomb
model

Cam-Clay model – No

Jenck et al. (2007) FDM Flacd 2D Mohr–Coulomb model Mohr–Coulomb
model

Mohr–Coulomb model – No

Dias and Grippon (2017) FDM Flacd 3D Mohr–Coulomb model Mohr–Coulomb
model

Mohr–Coulomb model – No

Huang et al. (2019) FDM Flacd 3D Mohr–Coulomb model Isotropic linear
elastic

Cam-Clay model Geogrid element Yes

Yu and Bathurst (2017) FDM Flacd 2D Mohr–Coulomb mode Isotropic linear
elastic

Mohr–Coulomb model Cable element Yes

Han and Gabr (2002) FDM Flacd 3D Hyperbolic elastic model Isotropic linear
elastic

Hyperbolic elastic model Isotropic linear elastic No

Tran et al. (2021) FDM Flacd 3D Cap-yield model Isotropic linear
elastic

Mohr–Coulomb model – No

Badakhshan et al. (2020) DEM PFC 3D Micromechanical model Micromechanical
model

Micromechanical model Contact bond model No

Chen et al. (2020a) DEM PFC 2D Micromechanical model Micromechanical
model

– – No

Lai et al. (2020) DEM PFC 2D Micromechanical model Micromechanical
model

– – No

Rui et al. (2016) DEM PFC 2D Micromechanical model Micromechanical
model

– – No

Han et al. (2012) DEM PFC 2D Micromechanical model Micromechanical
model

Micromechanical model Contact bond model No

Le Hello and Villard (2009) DEM/
FEM

SDEC 3D Micromechanical model Micromechanical
model

Micromechanical model Three nodes finite
elements

No
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conditions, instrumentation, and embankment construc-
tion process can be found in the paper of Liu et al.
(2007), therefore, a brief description of this reference case
is presented below.

The embankment was 5.6 m high and 120 m long with a
crown width of 35 m. The side slope was 1 V to 1.5H. The
fill material consisted mainly of pulverized fuel ash with a
10 kPa cohesion, an angle of friction of 30�, and an average
unit weight of 18.5 kN/m3.

The embankment was constructed on a foundation sup-
ported by cast-in-place annulus concrete piles. The annulus
concrete piles were 16 m in length and the pile tip pene-
trated a relatively stiff sand layer. The outer diameter of
each pile was 1 m and the thickness of the concrete annulus
was 120 mm. The annulus concrete piles were placed in a
square pattern with a center-to-center distance of three
times the pile diameter (3 m). The improvement area ratio
(IAR), which is defined as the percent coverage of the pile
caps over the total foundation area, was equal to 8.6%.

Above the pile head, one biaxial polypropylene layer
was placed and sandwiched between two 0.25 m thick
gravel layers to form a 0.5 m thick composite-reinforced
bearing layer. The tensile strength in both longitudinal
and transverse directions of the geogrid was equal to 90
kN/m and the maximum allowable tensile strain to 7.6%.
The tensile geosynthetic stiffness was equal to 1180 kN/
m. According to the installation procedures of the annulus
concrete pile reported by Liu et al. (2007), the influence of
the pile installation on the adjacent ground was not
relevant.

All the instruments were installed after the pile’s con-
struction but before the embankment setup. The earth
pressure cells, inclinometer, subsurface settlement gauges,
and piezometers were monitored. The surface settlement
plates were monitored using surveying techniques. The
embankment was constructed to a height of 5.6 m over a
period of about 55 days. The field monitoring program
was terminated 180 days after the embankment construc-
tion beginning or 125 days after the embankment
completion.

3. Numerical modelling

3.1. 3D unit cell model

Considering three-dimensional modeling for a full-width
embankment offers the possibility of including the embank-
ment geometry, piles arrangement, construction process,
and advanced constitutive models for the component mate-
rials. An obvious disadvantage of these 3D full-width sim-
ulations is their time-consuming. Moreover, the complexity
level and computational demands restrict their use to
research-focused applications, particularly if parametric
analyses are required to optimize column dimensions and
geosynthetic reinforcement (Huang and Han, 2009; Liu
and Rowe, 2016).
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Nevertheless, the drawbacks of a full-width embank-
ment simulation can be reduced by focusing on 2D axisym-
metric models centered on one pile. This approach strategy
is suitable and powerful to investigate the problem of load
transfer mechanisms as well as parametric studies for
GRPS embankments. This technique has been extensively
used in the literature in numerical modelling of pile-
supported embankments (Ariyarathne et al., 2013; Bhasi
and Rajagopal, 2015; Borges and Marques, 2011; Han
and Gabr, 2002; Jenck et al., 2005; Khabbazian et al.,
2015; Le Hello and Villard, 2009; Lo et al., 2010; Pham,
2019; Smith and Filz, 2007; Tran et al., 2021; Pham
et al., 2021). Yu and Bathurst (2017) emphasized that para-
metric analyses using the unit cell approach are attractive
as long as the unit cell behavior can be expected to capture
the behavior of a unit volume in a larger 3D full-width
model. The unit cell models, therefore, become the pre-
ferred choice for designers.

3.2. Adopted numerical modeling

The main objective of this paper is to present a paramet-
ric study in order to assess the influence of several impor-
tant factors on the performance and behavior of
geosynthetic-reinforced and pile-supported embankments.
Therefore, several simplified assumptions were adopted
for the numerical procedure:

- The soft soil is considered as a homogenous one,
- The creep effect of soft soil is neglected,
- The pile installation procedure is negligible,
- Rigid piles are considered.

3.3. Geometry of the numerical model

In the present study, 3D numerical analyses are carried
out using a finite difference method, incorporated in the
fast Lagrangian analysis of continua FLAC3D (Itasca,
2020). A geosynthetic-reinforced and pile-supported
embankment system composed of piles, an embankment,
a platform layer, a geosynthetic, and subsoils is considered
(Fig. 1). The embankment soil is placed on a piled square
mesh in which the distance between two adjacent piles is
equal to 3 m as the base case. The concrete piles are circu-
lar with a diameter of 1 m, which derives that the improve-
ment area ratio is 8.6%.

To simplify the analysis, each single pile is considered as
having an ‘‘effective’’ equivalent area. Similar to previous
works, a unit cell model is considered to simulate a single
pile. Thus, due to symmetry, only a quarter of this unit cell
is simulated. Fig. 2 shows a top view of the pile mesh and
the unit cell simulated in the numerical model. No defor-
mations are assumed below the substratum. The unit cell
bottom is fixed in both x- and y-directions. The vertical



   Soft subsoil

   Stiff soil layer

 Pile

 Embankment

 Geosynthetics

Gravel layer 0.5m

 s=3m

16m

5.6m

Fig. 1. Cross-section of the GRPS embankment for base case.

a) Pile layout                              b) Simulated unit cell

3m 

Fig. 2. Numerical modelling of GRPS embankment.
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boundaries are fixed in their normal direction. The unit cell
in this study is modeled using 20,305 zones for the soils and
245 elements for the geogrid.

Fig. 3 shows the numerical model which consists of a
quarter of a pile, a 16.0 m thick soft ground layer, and
an embankment height of 5.6 m. Static equilibrium under
self-weight is reached at each loading stage. Below the soft
soil layer, a very stiff substratum layer such as bedrock is
assumed with a thickness of 9 m.

3.4. Constitutive models and input parameters

Five different materials are involved in this complex sys-
tem: soft soil, embankment fill, pile, platform, and geosyn-
thetic. It should be noted that the main goal of this
parametric study is to assess the influence of several impor-
tant factors on the load transfer mechanisms and
soil-structure interaction of GRPS systems. The soft foun-
dation soil, working platform, and embankment fill were
1323
hence modeled as linear elastic-perfectly plastic (EPP)
materials considering the Mohr-Coulomb failure criterion.
This model was selected because it presents many advan-
tages concerning the research objectives. Firstly, it is noted
that the pile element used in this study is a rigid pile, its tip
is placed on the stiff layer. In this case, the pile tip resis-
tance is larger than the shaft resistance if compared to
the friction pile case. Therefore, the effect of soft soil con-
solidation or creep is minimized. It should be noted that in
the case of friction piles, the creep effect is more important.
Secondly, the subsoil influence on the geosynthetic deflec-
tion and strain calculation is often considered through
the elastic modulus parameter in current design methods
(EBGEO, 2011; Van Eekelen et al., 2013; Filz et al.,
2019; Pham, 2020a, 2020b, 2020c). The advantage of the
elastic-perfectly plastic model is allowing to easily modify
the subsoil elastic modulus during parametric studies. Fur-
thermore, the linear elastic-perfectly plastic model uses
only five well-known parameters. The elastic-perfectly



Fig. 3. Numerical model of a unit cell.
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plastic model with the Mohr-Coulomb shear failure crite-
rion was used to simulate the behavior of soft soil and
embankment fills in several previous works (Russell and
Pierpoint 1997; Han et al., 2007; Yu et al., 2016; Yu and
Bathurst, 2017; Wijerathna and Liyanapathirana, 2020).
The concrete pile was modeled as an isotropic linear elastic
material with a Young’s modulus of 20 GPa, and a Pois-
son’s ratio of 0.2. The parameters used for the reference
case are summarized in Table 2.

The geosynthetic was modeled considering a geogrid
structural element. Its behavior is the one of an isotropic
linear elastic material with a tensile stiffness of 1180
kN/m. Interface elements were used to model the interac-
tion behavior between the gravel and the geogrid. The
interface yield stress was determined by the Mohr-
Coulomb failure criterion. It was assumed a reduction of
the shear strength parameters by using interaction factors.
Table 2
Properties of soil and pile materials.

Materials Unit weight c (kN/m3) Friction angle u0 (o) C

Embankment soil 18.5 30 1
Mattress 18.5 30 1
Soft subsoil 17.0 10 8
Substratum 19.0 25.0 5
Pile 25.0 – –

Table 3
Properties of geosynthetic reinforcement.

Model Tensile stiffness JGR (kN/m) Coupling frictio

Isotropic linear elastic 1180 30

1324
The interface properties are summarized in Table 3. In this
study, the soil-pile interaction was also considered by using
an interface element along the pile shaft. However, it needs
to be noted that the pile type used in this study is a rigid
pile (stiffer than the soil). Its displacement is small and
the soil-pile interaction problem, therefore, does not affect
significantly on the results. For the sake of simplification, a
perfect bond is hence assumed between the piles and the
soil (Jenck et al., 2007).

3.5. Modelling procedure

The numerical model followed four calculation steps.
Firstly, the substratum and soft soils are installed, then
an equilibrium under self-weight is reached. In the next
step, the pile is installed. A mattress layer of 0.5 m thick-
ness is placed on the top of the pile. One geosynthetic layer
is installed in the middle of the mattress with a distance of
0.25 m from the pile head top. Finally, the embankment is
set up to 5.6 m. An illustration of the model is shown in
Fig. 4.

3.6. Verification of numerical modeling

To ensure the reliability of the numerical model, a veri-
fication was done by comparison with experimental data
and two international design standards (EBGEO, CUR
226) for the reference case. These design standards were
evaluated as the best choices to analyze GRPS embank-
ments as compared to other existing design methods
(Pham and Dias, 2021). The details of the reference case
can be found in section 2.

Since the details of the measured results for vertical dis-
placements, the tension in reinforcements, and vertical
stresses were reported by Liu et al. (2007), herein only
the key results are reported and compared. The load effi-
cacy, differential settlements, and tension in the geosyn-
thetic from the measurement, theoretical calculation, and
numerical analyses are summarized in Table 4. As
expected, the numerical model yields result which are in a
close agreement to the measured data. The relative error
between measured and numerical values is equal to 4.91%
ohesion c (kPa) Young’s modulus, E (Mpa) Poisson’s ratiom (–)

0 20 0.2
0 20 0.2
.0 1.5 0.4
0.0 200 0.35

20,000 0.25

n u0 (o) Coupling cohesion c (kPa) Coupling stiffness, k (kPa)

0 20



Fig. 4. Modelling procedure.

Table 4
Comparison between numerical results and design methods with measured data for baseline case.

Parameters Design standard
(EBGEO, 2011)

Design Guideline
(CUR 226, 2016)

Numerical
results

Measured results
(Liu et al. 2007)

Total load efficacy (%) 55.6 69.5 59.43 62.5
Differential settlement (mm) 97.0 89.0 60.0 72.0
Maximum tensile force of GR

(kN/m)
46.33 21.3 16.52 17.93
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for the total efficacy, 16.6% for the differential settlements,
and 7.86% for the tensile force of geosynthetic. The differ-
ences are acceptable and a reasonably good agreement can
be concluded between the numerical model and experimen-
tal data. On the other way, the results also indicate that the
CUR226 design method over-predicts of respectively
11.2%, 23.6%, and 18.8% of the total efficacy, differential
settlements, and GR tensile forces. According to the
results, a conservative trend can be also observed for the
EBGEO method. It should be noted that design methods
are often developed by using closed-form solutions with
several simplified assumptions (Pham and Dias, 2021),
which makes methods to become attractive to designers
but also less accurate. Additionally, the simplicity of these
design methods is recognized, and their use is best suited to
field cases with simple geometry and ground conditions.

The comparison results proved that this numerical
model is reasonable and reliable for the analysis of GRPS
embankments. Moreover, validations of finite difference
models of pile-supported embankments located on soft
clay were presented by authors in previous publications
(Dias and Grippon, 2017; Jenck et al., 2007, 2009; Pham
et al., 2021). Therefore, the numerical model used in the
current study is adopted for the parametric study of
geosynthetic-reinforced and pile-supported embankments.
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4. Parametric analysis with numerical modeling

4.1. Definition of a parametric study

An extensive parametric study was conducted to assess
the effects of the geosynthetic tensile stiffness, soft subsoil
modulus, embankment height, area replacement ratio, fric-
tion angle, and cohesion of the embankment soil. The main
idea was to have a large range of considered parameters,
which were obtained from the summary of field projects
in practice (Pham and Dias, 2021). It should be noted that
the shear strength fill soil properties varied from granular
to cohesive soil ones. The subsoil elastic modulus varies
from very soft to soft soils.

This will help in understanding the sensitivity of the
above-mentioned parameters. The GRPS embankment
geometry and design parameters of the reference case are
similar to the Table 3 ones. Only one parameter was chan-
ged each time, while the others were kept at the reference
case values. The detail of the parametric analysis is pre-
sented in Table 5.

The performance of a geosynthetic reinforced pile-
supported embankment is assessed through the load and
settlement efficacies. Results are thus discussed in terms
of load efficacy, settlement efficacy, geosynthetic strain,



Table 5
Range of values used in the parametric study.

Elements Influencing factor Unit Range of value

Geometry Height embankment, H m 1.0, 1.4, 2.8, 5.6
Improvement area ratio, IAR % 2.0, 5.0, 8.7, 10.0, 15.0

Embankment soil Friction angle, u Degree 10, 15, 20, 30, 40
Cohesion, c kPa 0, 10, 20

Subsoil Elastic modulus, Es MPa 0.05, 0.5, 1.5, 3.5, 5.5, 7.5
Geosynthetic Tensile stiffness, JGR kN/m 1180, 2000, 3000
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differential settlement, and load transfer mechanisms.
Regarding the loading efficacy, Pham (2020a, 2020c) men-
tioned that the total load efficacy of the GRPS embank-
ments is often contributed by two components. One is
due to arching and another one to the geosynthetic ten-
sioned membrane effect. Therefore, arching efficacy, GR
membrane efficacy, and total efficacy are separately dis-
cussed in this study.

4.2. Arching efficacy

Due to the stiffness difference between the pile and soft
subsoil, differential settlements often occur, and the arching
is then mobilized in the embankment layer. In the current
study, the pile-supported embankment arching can be
defined as the stress re-distribution phenomenon which
allows to carry more loads to the pile element and reduce
loads acting on the geosynthetic and subsoil. The efficacy
parameter is used to assess the degree of arching
(Terzaghi, 1943; Hewlett and Randolph, 1988; Low et al.,
1994; Kempfert et al., 2004; BS 8006, 2010; Van Eekelen
et al., 2013; Pham, 2020a).

Ea ¼ Pc

cH þ qð Þ � A� 100% ð1Þ

Where Ea is the arching efficacy, Pc is the load dis-
tributed on the pile cap by arching, H is the embankment
height, A is the pile contributory area, q is a surcharge, c
is the unit weight of embankment soils.

The arching efficacy (Ea) is defined as the proportion of
the embankment load distributed directly on the piles by
the arching effect without considering the geosynthetic
membrane effect. The arching efficacy range is between 0
and 100%. If there is no arching, arching efficacy is approx-
imately equal to 0 while for a complete arching the efficacy
by arching equals 100%.

Fig. 5 shows that arching efficacy increases with the
embankment height increase. For low embankment
heights, the embankment fills shear resistance is not large
enough to develop arching as well as reduce the pressure
applied onto the geosynthetic. With the increase of the
embankment height, more shear resistance is accumulated
for enhancing the soil arching development. The arching
efficacy reaches a threshold value when the embankment
height increases. It is also interesting to note that the arch-
ing efficacy increases with increasing the cohesion of fill
soils. These results proved that cohesion enhanced the
1326
arching in embankments. The cohesion influence of fill soil
on arching becomes lower when the embankment height
increases.

The corresponding embankment height value for which
the arching efficacy approaches a threshold value is the so-
called critical height (Hcrit). In this numerical analysis, the
critical height was found to be equal to the diagonal dis-
tance between piles. Table 6 shows a comparison of the
critical height obtained from numerical results and several
available equations in the literature. An inconsistency in
determining the critical height of arching was observed
for the different proposed models. The critical height rela-
tionship obtained from the numerical model is very close to
the BS 8006 (2010) and Hewlett and Randolph (1988)
models.

As shown in Fig. 6, the arching efficacy increases signif-
icantly with an increase in the improvement area ratio. The
increase in arching efficacy becomes lower when the
improvement area ratio is larger than 10%. For a high
improvement area ratio, the arching mobilization is more
stable and thus depends less on the pile spacing. Besides,
it should be noted that the fill soil cohesion strengthens
the soil arching effect and, increases the efficacy when com-
pared with the case of granular embankment fills. How-
ever, the cohesion influence is more efficient for low
improvement area ratios and becomes lower when the
improvement area ratio increases. For an improvement
area ratio of 2%, the arching efficacy increase reaches
328% when soil cohesion increases from 0 to 20 kPa. How-
ever, for an improvement area ratio of 15%, the arching
efficacy increase is only 6% when soil cohesion increases
from 0 to 20 kPa.

As presented in Fig. 7, arching efficacy decreases with
increasing the subsoil modulus. Nonlinear relationships
between arching efficacy and subsoil modulus are observed.
It should be noted that the arching is due to the stress re-
distribution phenomenon, which depends on the stiffness
difference between pile and subsoil. The subsoil modulus,
therefore, has a significant influence on the arching mobi-
lization in the embankment. As the subsoil modulus
increases, the stiffness difference between the pile and sub-
soil is reduced, and the differential settlements therefore
decrease. The differential settlement reduction by increas-
ing the subsoil modulus can be considered as an explana-
tion of why the arching efficacy is smaller. The reduction
is estimated to be equal to 30% when the subsoil modulus
increases from 1.5 MPa to 7.5 MPa. According to these



Fig. 5. Influence of embankment height on arching efficacy.

Table 6
Comparison of critical height for different design methods.

Design methods Critical height of arching

Terzaghi (1943) Hcrit = 2.5(s – a)
Low et al. (1994) Hcrit = s - a
(BS 8006, 2010) Hcrit = 1.4 (s-a)

(Carsslon, 1987) Hcrit = 1.8 (s-a)

(Hewlett and Randolph, 1988) Hcrit = 1.4 (s-a)

(Kempfert et al. 2004) Hcrit = (s-a)/
ffiffiffi

2
p

(Horgan and Sarsby, 2002) Hcrit = 1.545 (s-a) to 1.92 (s-a)

(Naughton, 2007) Hcrit ¼ s�a
2 :eptanu=2

(McGuire, 2011) Hcrit = 1.15 (s-a) + 1.438a
Numerical Results Hcrit ¼

ffiffiffi

2
p

:ðs� aÞ
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results, it is also interesting to note that the cohesion influ-
ence of the fill soil on arching is less dependent on the sub-
soil modulus.
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The dependence of arching efficacy on the shear strength
of fill soils (friction angle and cohesion) is shown in Fig. 8.
It is observed that an increase in the friction angle and
cohesion of fill soils can increase the arching efficacy.
Besides, the friction angle influence on arching efficacy
decreases with increasing the fill cohesion. When the differ-
ential settlements between pile and subsoil occur, the
embankment fill between pile caps tends to move down-
ward but is partially restrained by the fill shear resistance
above the pile caps. The shear resistance reduces the pres-
sure acting on the geosynthetic but increases the load
applied to the pile caps. The shear resistance depends sig-
nificantly on the soil’s friction angle. As a result, the arch-
ing mobilization is a dependent function of the fill soil
friction angle. For higher friction angles of fill soils, more
arching is mobilized. However, arching efficacy approaches
10 12 14
ea ratio, IAR (%)

Cohesion c=0 kPa
Cohesion c=10 kPa
Cohesion c=20 kPa

area ratio on arching efficacy.
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a limiting value when the fill soil friction angle increases (in
this analysis, this value is equal to 320). In fact, the soil
arching mobilization is not necessarily at the peak state
but could be reached at the critical state. Its mobilization
affects the soil arching height and the piled embankment
density. Besides, the progressive development of soil arch-
ing may be attributed to the friction and dilation angles
mobilization within shear bands. Several researchers have
recognized this problem (Lai et al., 2020; Badakhshan
et al., 2020). These points explain why arching increases
but approach a limiting value when the fill friction angle
increases.

4.3. Geosynthetic membrane efficacy

The load acting on the pile caps is not only contributed
by arching but also by the geosynthetic membrane effect.
1328
Under the soil weight and applied loads, the geosynthetic
is deflected and stretched. The stretching of the geosyn-
thetic mobilizes a portion of the geosynthetic’s strength.
Consequently, the geosynthetic acts as a ’tensioned mem-
brane’ and carry a load applied normally to pile elements.
Therefore, efficacy by geosynthetic membrane effect (mem-
brane efficacy) is defined as the proportion of the embank-
ment load transferred onto the pile cap by the geosynthetic
stretching (Pham, 2020a), and is expressed as follows:

Em ¼ PGR

cH þ qð Þ � A ð2Þ

Where Em is the geosynthetic membrane efficacy, PGR is
the load transferred onto the pile cap by the geosynthetic
membrane.

Fig. 9 shows that membrane efficacy decreases with the
embankment height increase. Also, the embankment height
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influence becomes less important when the embankment
height exceeds 1.5 m in this analysis. When increasing
embankment height, the increase of the load transferred
onto pile caps by geosynthetic membrane effect (numerator
of Eq. (2)) is significantly smaller when compared to the
total embankment load increase (denominator of Eq.
(2)). Additionally, more arching is developed when the
pressure acting on the subsoil is reduced due to an embank-
ment height increase. Consequently, the membrane efficacy
is lower when increasing the embankment height. Besides,
it should be noted that the cohesion influence on the
geosynthetic membrane efficacy becomes lower when the
embankment height increases. For a cohesion increase
from 0 to 20 kPa, the membrane efficacy increase is esti-
mated to 20% for an embankment height of 1 m and 8%
for an embankment height of 5.6 m.
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Fig. 10 indicates that membrane efficacy decreases with
increasing the improvement area ratio. The arching
becomes stronger and a lower load is acting on the geosyn-
thetic by increasing the improvement area ratio can be con-
sidered as an explanation of reduction in membrane
efficacy. It is also worthy to note that the cohesive fill soils
induce a higher membrane efficacy value than that for
granular fill soils. For an improvement area ratio of
8.7%, the membrane efficacy in granular and cohesive soils
is equal to 12% and 19% respectively. The cohesive soils
often act as a bridge to transfer the loads onto pile caps,
it is why the membrane efficacy is higher for cohesive than
for granular soils.

Fig. 11 shows that membrane efficacy decreases with the
subsoil modulus increase. As the subsoil stiffness increases,
the difference in relative stiffness between pile and subsoil is
10 12 14
t area ratio, IAR (%)

Cohesion c =0 kPa
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decreased. As a result, more loads are received by the sub-
soil while fewer loads are carried out by the geosynthetic.
Smaller differential settlements are accumulated with the
subsoil modulus increase. Consequently, the geosynthetic
acts less to transfer loads onto the pile through the stretch-
ing mechanism.

As shown in Fig. 12, membrane efficacy decreases with
increasing the fill soils friction angle. However, the mem-
brane efficacy reaches a constant value when the fill soil
friction angle increases. More arching is developed when
increasing the fill soil friction angle, and less load is there-
fore carried out by the geosynthetic. It is also interesting to
note that the cohesion influence on the membrane efficacy
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is significantly larger than the fill friction angle influence.
This finding proved that the cohesion strengthens arching
and increases the loading efficacy.
4.4. Settlement efficacy

In this study, the settlement reduction performance of
the GRPS solution is typically evaluated by using settle-
ment efficacy. The settlement efficacy is defined as the
degree of settlement reduction by using GRPS compared
to the case without GRPS reinforcement.

Esettl ¼ 1� SGRPS

S0

ð3Þ
.5 5.5 6.5 7.5

lus, Es (MPa)

Cohesion c = 0 kPa
Cohesion c = 10 kPa
Cohesion c = 20 kPa

lus on GR membrane efficacy.
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ll soils on GR membrane efficacy.
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Where Esettl is the settlement efficacy, So is the settlement
of the unreinforced soil subjected to the actual embank-
ment load, SGRPS is the settlement of the reinforced soil
by using a GRPS solution subjected to reduced pressure.

Fig. 13 shows the relationship between settlement effi-
cacy with a variation on embankment height. It is observed
that the settlement efficacy decreases with increasing the
embankment height. It should be noted that as the subsoil
modulus increases, the reduction in settlement efficacy
becomes larger with increasing the embankment height.
The settlement of unreinforced soils significantly increases
with increasing the embankment height and decreasing
the subsoil modulus. When using the GRPS solution, the
settlement of reinforced soils is smaller when compared
to the unreinforced case. Therefore, the GRPS solution
75

80

85

90

95

100

1 1.5 2 2.5 3

S
et

tle
m

en
t e

ffi
ca

cy
, E

se
ttl

 (%
)

Embankme

Fig. 13. Influence of embankment

50

55

60

65

70

75

80

85

90

95

100

2 4 6 8

S
et

tle
m

en
t e

ffi
ca

cy
 E

se
ttl

(%
)

Improvemen

Fig. 14. Influence of improvement a

1331
can be considered an effective method to improve soft soils.
Besides, it is interesting to note that the settlement efficacy
obtained from the numerical modeling is very high for all
cases, which implies that the GRPS system plays an effec-
tive role in reducing embankment settlements.

Fig. 14 demonstrates the relationship between settle-
ment efficacy and improvement area ratio. According to
the results, the settlement efficacy increases significantly
with an increase in the improvement area ratio. The settle-
ment efficacy becomes lower when the improvement area
ratio exceeds 10% in this analysis. Furthermore, the subsoil
modulus influence becomes less important when the
improvement area ratio increases. It should be noted that
arching and membrane effects are more mobilized to trans-
fer loads onto the pile for high improvement area ratios,
3.5 4 4.5 5 5.5

nt height, H (m)
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and the subsoil modulus effect on settlement efficacy is
therefore reduced.

4.5. Differential settlement

The differential settlement at the pile head elevation is
defined as the settlement difference between the pile center
and the subsoil one. As presented in Fig. 15, the differential
settlement at the pile head elevation increases significantly
with the embankment fill height. This is because more
loads are applied on the subsoil and geosynthetic with
increasing embankment height. The differential settlement
of the cohesive fill soil case is significantly smaller than
the granular fill soil one. However, the fill soil cohesion
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influence becomes more important with the embankment
height increase. The cohesive soils activated a bridge to
transfer more load onto the pile and reduce the pressure
acting on the subsoil. This explains why the differential set-
tlement in the case of cohesive fill soils becomes lower than
the granular fill soils. For an embankment height of 5.6 m,
differential settlements in granular soils are 50% higher
when compared to cohesive soils (78 mm and 52 mm
respectively).

Fig. 16 indicates that the differential settlement
decreases with increasing the improvement area ratio. A
significant reduction in the differential settlement can be
seen for a low improvement area ratio and becomes smaller
when the improvement area ratio exceeds 10%. For low
3.5 4 4.5 5 5.5
height, H(m)
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improvement area ratios, the subsoil receives more loads,
and the differential settlements are thus increased. Besides,
it should be noted that the fill soil cohesion has a large
influence on the differential settlements reduction but
becomes less important when the improvement area ratio
increases. When increasing the improvement area ratio, less
shear resistance is mobilized in fill soils and the cohesion
thus plays a smaller important role.

The relationship between the geosynthetic stiffness and
differential settlement is shown in Fig. 17. According to
the results, the differential settlement at the pile head eleva-
tion is reduced by an increase in the geosynthetic tensile
stiffness. Therefore, it is concluded that the inclusion of a
geosynthetic allows reducing the differential settlements.
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Fig. 18 indicates the relationship between differential
settlement and subsoil modulus with variation in the cohe-
sion of fill soils. The results show that the differential settle-
ments at the pile head elevation decrease with an increase
of the subsoil modulus. This ‘‘decrease’’ trend can be
explained by the modulus difference between the pile and
the soil materials. Higher subsoil moduli mean that the
soils are harder, and the subsoil settlements are reduced.
Therefore, larger modulus differences promote more differ-
ential settlements. Fewer differential settlements will be
obtained if the soil foundation modulus increases. More-
over, the results also show that the fill cohesion influence
on the differential settlement reduction decreases with the
subsoil modulus increase.
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Fig. 19 indicates that the differential settlement
decreases with increasing the fill soil friction angle. The
reduction of differential settlement by an increase in fric-
tion angle of fill soils becomes more significant for granular
fill soils than for cohesive fill soils. As the fill soil friction
angle increases, more arching is developed, and therefore
less load is acting on the subsoil, the differential settlement
is then reduced.

4.6. Maximum geosynthetic tensile force

For design purposes, the maximum geosynthetic tension
is of great interest to geotechnical engineers. Fig. 20 shows
that the maximum geosynthetic tensile force increases sig-
nificantly with the embankment height. By increasing the
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embankment height, more loads are distributed to subsoils
and the deflection of the geosynthetic is therefore larger.
Consequently, the geosynthetic is forced to bring more
loads to the pile caps, and a higher tensile force is mobi-
lized. Additionally, the increasing trend becomes larger
for granular fill soils than for cohesive ones. When the
embankment height changes from 1 to 5.6 m, the increase
of the maximum geosynthetic tension of granular fill soils
is 10 times higher than in cohesive fill soils. The influence
of the fill soil cohesion on the maximum geosynthetic ten-
sion becomes more important when the embankment
height increases.

The dependence of geosynthetic tensile force on the
improvement area ratio is presented in Fig. 21. It can be
seen that the maximum geosynthetic tension decreases
30 32 34 36 38 40

 of fill soils (degree)
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significantly with increasing the improvement area ratio.
However, the geosynthetic tension approaches a limiting
value when the improvement area ratio continuously
increases. For high improvement area ratios, the piles
become very close and differential settlements are small.
It reduces the geosynthetic action. As a result, the improve-
ment area ratio influence becomes less important when
exceeding a ratio of 10% in this study. In addition, it was
also found that the fill soil cohesion has a significant influ-
ence on the variation of the maximum geosynthetic ten-
sion, especially for low improvement area ratios.

As shown in Fig. 22, the maximum geosynthetic tension
increases with the tensile geosynthetic stiffness. The
increase of geosynthetic stiffness promotes a quick mobi-
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lization of the geosynthetic strength even for relatively
small differential movements. Besides, a higher geosyn-
thetic stiffness results in more load carried by the geosyn-
thetic. It can be considered as an explanation of why the
tension in geosynthetic increases strongly with a geosyn-
thetic stiffness increase.

Fig. 23 describes the relationship between the subsoil
modulus and maximum geosynthetic tensile force. Accord-
ing to the results, the maximum geosynthetic tension
decreases with an increase in the subsoil stiffness. As dis-
cussed earlier, the increase of the subsoil modulus leads
to lower differential settlements, which results in a lower
geosynthetic tension. Moreover, it should be noted that
the fill cohesion influence on the maximum geosynthetic
10 12 14
nt area ratio, IAR (%)

Cohesion c = 0 kPa
Cohesion c = 10 kPa
Cohesion c = 20 kPa

o on maximum tension in geosynthetic.

00 2200 2400 2600 2800 3000

geosynthetic, JGR (kN/m)

Cohesion c = 0 kPa
Cohesion c = 10 kPa
Cohesion c  = 20 kPa

on maximum tension in geosynthetic.



T.A. Pham, D. Dias Soils and Foundations 61 (2021) 1319–1342
tension decreases with increasing the subsoil modulus. The
differential settlements decrease with increasing the subsoil
modulus. Therefore, cohesion contributes less to arching
development.

Fig. 24 indicates that the maximum geosynthetic tension
decreases with increasing the fill soil friction angle. The
increase of the fill soil friction angle promotes a greater
arching mobilization and therefore a lower load acting on
the geosynthetic. It is also interesting to observe that the
maximum geosynthetic tension is largely influenced by
the fill soil’s cohesion. The maximum geosynthetic tension
is higher for granular fill soils than that for cohesive ones.
However, the cohesion influence on the maximum geosyn-
thetic tension is reduced with increasing the fill friction
angle.
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4.7. Geosynthetic strain distribution

The geosynthetic tension distribution is the function of
the distance from the pile center is shown in Fig. 25.
According to the results, there is a significant increase of
the maximum geosynthetic strain by increasing the
embankment height. It should be noted that the geosyn-
thetic strain distribution is presented for different embank-
ment heights. Results indicate that the geosynthetic strain
is not uniform with the distance from the pile center and
the maximum geosynthetic strain occurs at the pile edge.
The load distribution is of great importance to explain this
phenomenon. In fact, the load distribution is more like an
inverse triangular shape, in which the maximum load is
concentrated at the pile edge and the minimum load is in
.5 5.5 6.5 7.5
lus, Es (MPa)

Cohesion c = 0 kPa
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the area between piles (Van Eekelen et al., 2012). A possi-
ble reason is that the fill settlement around the rigid pile is
lower when compared to the situation of a friction pile.
This will also result in stress localization in the area just
around the pile. Another reason may be that the geosyn-
thetic acts as a stretching membrane to attract the load
between the pile caps and then transfers it towards the pile
cap. Finally, the geosynthetic layer close to the pile behaves
in a relatively stiff way because it is ‘attached’ to the pile. It
can move less freely than the geosynthetic in the middle.
This results in larger vertical loads on the pile caps and
the geosynthetic close to the pile caps.

Fig. 26 shows the strain distribution along the geosyn-
thetic for different improvement area ratios. For all cases,
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a non-uniform distribution of the geosynthetic strain is
found with the distance to the pile center. Like the findings
in Fig. 25, the maximum geosynthetic strain occurs at the
pile edge for various improvement area ratios. More loads
are transferred to the pile and less pressure is acting on the
geosynthetic in the case of cohesive soils when compared to
the case of the granular soil. Therefore, the maximum
geosynthetic strain is significantly higher for granular fill
soils than for cohesive ones.

4.8. Geosynthetic deformed shape

Fig. 27 shows the settlement variation and deformed
geosynthetic shape with the distance from the pile center
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for different embankment heights. It is observed that the
geosynthetic deformation changes sharply and occurs sig-
nificantly in the area around the pile edge. This finding
agrees that a large load is concentrated nearby the pile
edge. However, due to the tensioned membrane effect, the
maximum geosynthetic deflection occurs at the mid-point
of the subsoil between piles. It is also interesting to note
that the deformed geosynthetic shape is a curve more sim-
ilar to a circular shape than a parabolic one.

5. Evaluation of the factors influence degree

Evaluation of the influencing factors on the behavior of
GRPS embankments is conducted in this section. The influ-
ence of the various factors discussed in previous sections is
ranked based on their influence on arching efficacy, geosyn-
thetic membrane efficacy, settlement efficacy, differential
settlement, and maximum geosynthetic tension. The degree
of influence of the studied parameters is evaluated by using
an index, named the relative difference percentage (RDP).
The relative difference percentage is defined as the relative
error between the minimum value and maximum value of
the assessing parameter (Pham and Dias, 2021), as
expressed by the following equation:

RDP ¼ V max � V min

V max

� 100%

Where, Vmax is the maximum value of the assessing
parameter, and Vmin is the minimum value of the assessing
parameter.

The degree of influence of any influencing factor on any
assessing parameter can be divided into three levels, i.e.
high, medium, and low. The term ‘‘ high” is defined if
RDP is larger than 50%, ‘‘medium” is defined if RDP is
between 25% and 50%, and ‘‘ low” is defined when
RDP is lower than 25%. The degree of influence of the
1338
factors on the GRPS embankment is summarized in
Table 7.

The evaluation results indicated that the embankment
height and improvement area ratio have a degree of influ-
ence from medium to high on all terms. The tensile geosyn-
thetic stiffness has a significant influence on the maximum
geosynthetic tension and differential settlement while it
has less influence on the loading efficacy of load and settle-
ments. The subsoil modulus has a medium degree of influ-
ence on the arching and geosynthetic membrane efficacies
and a high degree of influence on all remaining terms.
The fill soils property such as the friction angle and cohe-
sion have a significant influence on the performance of
GRPS embankments. It should be highlighted that the
improvement area ratio, the properties of fill soil, and sub-
soil are the most important factors for controlling the set-
tlements of GRPS embankments.

6. Conclusion

In this study, three-dimensional finite-difference
calculations were used to investigate the behavior of
geosynthetic-reinforced and pile-supported (GRPS)
embankments. The analysis was carried out for cohesive
and non-cohesive embankments. Some conclusions can be
drawn as follows:

The analysis of the numerical results indicates that
GRPS systems showed a good performance in reducing
the embankment settlements. In addition, the results also
demonstrated that the ratio of the embankment height to
the pile spacing, subsoil stiffness, and fill soil properties
are important factors that have the most significant influ-
ence on controlling the settlements and performance of
GRPS embankments. Therefore, these factors are the most
crucial design parameters to be considered in GRPS design
methods.
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One important point that emerged from the parametri-
cal study is that arching increases with the embankment
height increase and reaches a threshold value after the crit-
ical embankment height value. The critical embankment
height was found to be approximately equal to the diago-
nal distance between piles, which is very close to the one
used in BS 8006, 2010 and Hewlett & Randolph methods.

The numerical data suggested that the fill soil cohesion
strengthens the soil arching effect and the loading efficacy.
The settlement efficacy is therefore increased in cohesive
embankment fills when compared with cohesionless ones.
The fill soils cohesion should therefore be considered in
the design methods.

According to the results, the geosynthetic strains are not
uniform along with the distance from the pile center and
the maximum geosynthetic strain occurs at the pile edge.
Furthermore, the deformed geosynthetic shape is a curve
similar to a circular shape.

The evaluation results indicated that the embankment
height, the improvement area ratio, and fill soil properties
significantly influence on the efficacy of load and settle-
ments while the tensile geosynthetic stiffness has a signifi-
cant influence on the maximum geosynthetic tension and
differential settlement. The subsoil modulus has a medium
degree of influence on the arching and geosynthetic mem-
brane efficacies. To improve the settlements reduction per-
formance of geosynthetic-reinforced and pile-supported
systems, the embankment height, improvement area ratio,
and subsoil modulus should be carefully considered to
obtain optimized designs.
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