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Abstract

Previous studies regarding geosynthetic-reinforced pile-supported (GRPS) embankments over soft soils have mainly focused
on load transfer mechanisms and design approaches. However, little attention was given to the lateral performance of rigid
piles in GRPS embankment systems. This paper presents the results of 3D finite element analyses to examine and compare
the lateral response and failure mechanisms of floating and end-bearing piles in soft soils under geosynthetic reinforced
embankments. The effects of geosynthetic reinforcement and pile length on the stability of the embankments are also inves-
tigated. The results indicate that the induced lateral responses in the piles are distinctly different for floating and end-bearing
piles. Failure of the floating pile is primarily caused by the inclination of the pile. However, for end-bearing piles, bending
failure is clearly established as the principal mode of failure. The benefit of the geosynthetic layers in improving the stabil-
ity of piled embankments is not particularly apparent. Moreover, the increase in pile length is significant in enhancing the
stability of GRPS embankments. Specifically, when the normalized pile length varies from 0.75 to 1.15, the critical height of
embankment increases from 6.2 to 11.8 m. However, the effect of pile length becomes negligible when the normalized pile
length exceeds 1.15. The lateral movement and failure modes of GRPS embankments are strongly dependent on pile length.

Therefore, it is essential to consider this aspect when analyzing the stability of the GRPS embankment.
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1 Introduction

Geotechnical engineers usually face several challenges
when designing highway or railway embankments that are
constructed on soft soils. These challenges, which mainly
stem from the undesirable characteristics of soft soils,
include intolerable settlement, potential bearing failure
and global or local instability [1-3]. Thus, appropriate
improvement techniques must be used for embankment
construction over soft soils. Recently, a geosynthetic-
reinforced pile-supported (GRPS) embankment system
that efficiently combines vertical rigid piles (floating or
end-bearing) and a horizontal geosynthetic-reinforced plat-
form has emerged as a practical and reliable solution [4-6].
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GRPS embankments have been successfully adopted glob-
ally in the construction of highways and railways, espe-
cially in cases where embankment deformation is a critical
control item and where rapid construction of embankments
is needed [6, 7].

A plethora of studies have been performed to investi-
gate the fundamental performance of GRPS embankments
based on small-scale models [4, 6, 8], full-scale field tests
[9-11], numerical modeling [12—15], and theoretical mod-
els [16—19]. According to previous studies, it is evident
that the load transfer mechanism in such systems is com-
prised of a combination of soil arching phenomena, as
well as the tensioned membrane effects of the geosynthetic
reinforcement, wherein a majority of the embankment
load is transferred from the soft soils to the piles. Fortu-
nately, a variety of approaches have also been successfully
developed for predicting the bearing resistance of the pile
[20-23]. Notably, when constructing GRPS embankments
over soft soils, pile caps are usually employed to facilitate
the transfer of more embankment loads to the piles, there-
fore, allowing for larger pile spacing [6, 16]. In such cases,
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rigid piles are also required to provide sufficient passive
resistance to limit lateral movement of the soils. Therefore,
further research is necessary to assess the lateral response
of rigid piles in soft soils under geosynthetic-reinforced
embankments.

Currently, several model tests and numerical simulations
have been performed to examine the pile lateral behavior
of rigid pile-supported embankments [24-26]. Based on
these studies, the possible failure modes of rigid piles under
embankment loads have been identified mainly as bend-
ing and inclination failures. However, the conditions that
prompt bending or inclination failure of rigid piles in the
GRPS embankment system are not yet clear. Additionally,
the influence of pile length on the lateral movements of
rigid piles under geosynthetic-reinforced embankment has
been seldom reported. As a result, systematic studies of
the lateral behavior and failure modes of rigid piles in sup-
porting geosynthetic-reinforced embankment over soft soils
are required.

Based on a case history of a GRPS highway embank-
ment project, a three-dimensional (3D) numerical mod-
eling of the GRPS embankment was established using the
ABAQUS finite element (FE) software, which took into
account pile—soil and geosynthetic-gravel interactions.
The numerical results that were initially validated against
the field measurements were utilized to discuss and evalu-
ate the lateral behaviors and failure modes of floating and
end-bearing piles under geosynthetic-reinforced embank-
ments. Furthermore, the effects of geosynthetic reinforce-
ment and pile length on the stability of embankments were
examined.

2 Site Conditions and Project Overview

A highway embankment project was implemented at a site
located in a northern suburb of Wuhan, China. The project
site lies in the Jianghan plain-lake district of the middle and
lower Yangtze River, and is mainly covered by Quaternary
alluvium deposits. Extensive field tests and laboratory tests
were conducted there to characterize the subsoil conditions.
Specifically, conventional laboratory soil tests were carried
out to determine the unit weight, water content, void ratio,
compression modulus and relevant shear parameters of
the foundation soils. Additionally, a vane shear test, which
is one of the most widely used field tests in geotechnical
investigations, was performed to evaluate the undrained
shear strength of the soft soil layer. Figure 1 summarizes the
available detailed test data of the soil properties. Evidently,
the project site consists of silty clay lying virtually from the
ground surface to a depth of about 20 m, which is underlain
by a layer of silty sand. The upper layer signifies the main
soft soil layer and is characterized by high compressibility
and low strength. The initial bearing resistance of the soft
soil ground approaches 100 kPa. Below the soft soil layer,
there is a stiff soil layer, exhibiting a substantially higher
strength and an initial bearing resistance of 300 kPa. The
water level is approximately located at the ground surface.
Additionally, it is worth mentioning that the undrained shear
strength of the soft soil layer displayed a minimum value
at ground surface level and gradually increases with depth.

Given the poor subsoil conditions at the project site
and the limited construction period, a GRPS embankment
system was adopted for this project to improve the bear-
ing capacity of the soft ground and reduce the embank-
ment settlement. According to the design scheme, the
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Fig. 1 Soil profile and engineering properties of the test site
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embankment was 7.5 m high with a crest width of 26 m,
while the side slope was 1 V: 1.5 H. The fill material con-
sisted mainly of sandy soil with a friction angle of 35°
and an average unit weight of 20 kN/m>. The embank-
ment was supported by pretensioned high-strength con-
crete (PHC) piles with exterior diameters of 0.4 m, which
were arranged in a square pattern with a center-to-center
spacing of 2.5 m. Considering the economy, these rigid
piles were designed to be 15 m in length, and the pile
tips did not reach the stiff soil layer; that is, floating piles
were used in the GRPS embankment. Once installation of
the PHC piles was completed, the square pile caps with
dimensions of I mX 1 mXx0.3 m (length X width X thick-
ness) were cast in the field. According to the work of Liu
et al. [5] and Zhang et al. [7], a geosynthetic-reinforced
gravel layer with a thickness of 50 cm was laid over the
pile caps to provide a working layer and increase the soil
arching effect, where double geosynthetic layers were
placed as an interlock with the gravel fill. The tensile stiff-
ness and strength in both longitudinal and transverse direc-
tions of the geosynthetics were 1500 kN/m and 120 kN/m,
respectively. Figure 2a illustrates the typical cross section
of the GRPS embankment and arrangement of piles. Addi-
tionally, to monitor the settlement response of the GRPS
embankment during construction, surface settlement plates
were installed at the center line of the embankment.

The embankment construction stage was planned to
last for only 30 days, and the average filling rate was about
0.25 m/day. However, when the embankment was filled to
a height of approximately 6.2 m, the settlement and lateral
movement of the GRPS embankment exhibited a substan-
tial increase, inducing a sudden collapse failure to occur
(as shown in Fig. 3a). Essentially, the embankment fail-
ure height was approximately 6.2 m, just below the design
height of 7.5 m. According to field observations, the float-
ing PHC piles close to the embankment toe did not exhibit
obvious signs of settlement, but there were 0.6—0.8 m lateral
movements at the heads of these piles. More importantly,
the failure of these floating piles was clearly identified as
an inclination failure. As a result, the cause of the GRPS
embankment failure was mainly attributed to the insuf-
ficient lateral resistance provided by the floating piles in
the soft soils, as schematically drawn in Fig. 2a. The fail-
ure mechanism mentioned above was demonstrated by the
numerical results presented in this paper. However, based
on the existing design approaches provided by the rele-
vant specifications [27, 28], these floating piles were suf-
ficient to control both the total settlement and instability
of the GRPS embankment. This suggests that the existing
design approaches resulted in a non-conservative prediction
of GRPS embankment stability and should, therefore, be
treated with the appropriate caution. Detailed discussions
in this regard will be provided in later sections.

To deal with the GRPS embankment’s collapse failure, a
remedial measurement (i.e., increasing the pile length) was
proposed for implementation during the reconstruction of
the geosynthetic-reinforced embankment. Specifically, end-
bearing piles with lengths of 23 m were installed to sup-
port the geosynthetic-reinforced embankment, as shown in
Fig. 2b. In this case, the embedded length of end-bearing
piles in the stiff soil layer was 3.0 m. Compared with the
floating piles, applying the end-bearing piles was expected
to increase the passive resistance, thereby limiting lateral
movement of the GRPS embankment. As expected, using the
end-bearing piles, the highway embankment (with a height
of 7.5 m) was safely reconstructed over the soft soils without
causing any global or local instability (as seen in Fig. 3b).
Consequently, it may be inferred that the use of end-bearing
piles clearly reduced the lateral displacements and enhanced
the stability of the GRPS embankment.

3 Numerical Modeling and Validation

3.1 FE Modeling

The analysis of a GRPS embankment is truly a three-dimen-
sional (3D) problem. In this study, numerical analyses were
performed using the general FE platform ABAQUS under
3D conditions. However, considering symmetry, it is pos-
sible to select only one half of the GRPS embankment and
only a 3D slice unit for numerical modeling. The 3D model
and FE mesh that were adopted are illustrated in Fig. 4. The
modeled volume was 70 m by 2.5 m in the horizontal plane
and 35 m in depth from the ground surface. In this case, the
boundary effect can be minimized. It is worth noting that
a 2.5 m wide section with one row of piles was selected in
the longitudinal direction of the embankment for simplicity.
The bottom of the model was fixed against displacement in
all directions, and the other four vertical sides were allowed
to move freely in-plane; however, out-of-plane movement
was prohibited. Additionally, only the ground surface and
the bottom boundaries (silty sand layer) were considered
completely permeable, while the other four boundaries
were considered to be impermeable. Considering the cou-
pled effect of the embankment filling and soil consolidation,
eight-node trilinear displacement and pore pressure elements
were adopted in the 3D model to represent the foundation
soil. The gravel layer, embankment fill and piles were all
modeled using eight-node linear brick elements. Moreover,
the geosynthetic layer was modeled using eight-node quad-
ratic, reduced integration membrane elements with a capac-
ity to resist only tensile force. In particular, the total number
of elements was approximately 254,000 in simulating the
GRPS embankment. Regarding the convergence to the exact
solution, an additional numerical analysis demonstrated that
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Fig. 3 a Failed highway embankment supported on floating piles; b completed highway embankment supported on end-bearing piles

further halving the current mesh size may only result in a
negligible change of less than 1.0% in the computed results.
This suggests that the fineness of the mesh used for the 3D
model was sufficient.

The FE analyses consisted of two primary steps. First,
all the elements corresponding to the embankment fill were
removed, and the initial stress field of the pile—soil domain
was balanced by applying a body force equal to the weight
of the pile—soil system. Then, these elements were added
in successive layers of 0.25 m in height (0.25 m/day) to
simulate the embankment construction process until the
total height of the embankment was reached. Moreover,
to account for the large deformation effect on the GRPS
embankment, all analyses were conducted using an arbitrary
Lagrangian—FEulerian (ALE) technique in which the high-
quality meshes would be maintained during the embank-
ment loading. A detailed description of the ALE approach
is provided in the ABAQUS technical manual.

3.2 Material Models and Parameters

It is well-known that the modified Cam Clay (MCC) model
is able to capture the essential deformation and failure
characteristics of soft soils under drained conditions
[29-31]. Therefore, the MCC model was adopted in this
study to simulate the elasto-plastic behavior of the silty
clay. In MCC model, four main material parameters are
required, which include the slope of the virgin consolida-
tion line (4), the slope of the swelling line (k), the void
ratio at unit pressure (e,), and the slope of the critical state
line (M). Specifically, values for A and k were determined
from the results of one-dimensional consolidation tests
with a vertical stress of 100-200 kPa. The values of e,

were deduced according to the MCC model and the results
of the one-dimensional consolidation tests. The value of
M was obtained from the results of the consolidated und-
rained triaxial tests. The silty sand layer, embankment fill
and gravel layer were modeled as perfectly elasto-plastic
materials following a Mohr—Coulomb (MC) failure cri-
terion. Based on the work of many scholars (e.g., Han
and Gabr [1], Liu et al. [5], Zhang et al. [32], Rowe and
Liu [33], Bhasi and Rajagopal [34]), the rigid piles and
geosynthetic layer were assumed to be linear elastic (LE)
materials. It should be noted that the elastic modulus of
the geosynthetic can be expressed as the tensile stiffness
divided by the thickness. Moreover, the thickness of the
geosynthetic reinforcement was assumed to be 2.0 mm in
the model, which is the typical thickness used in the prac-
tice. Therefore, the elastic modulus of the geosynthetic
equaled 750 MPa. The material models and the related
model parameters used in this study are listed in Table 1.
It is worth mentioning that for each soil layer, the theoreti-
cal values of undrained shear strength by the MCC model
increase linearly with depth, as reported by Liu et al. [5]
and Wu et al. [31]. According to the soil parameters used,
the undrained shear strength of the silty clay adopted in the
numerical modeling is presented as the solid line in Fig. 1.

The interface behaviors of pile—soil and geosynthetic-
gravel are vital for the performance of the GRPS embank-
ment system. Hence, their contact behaviors were defined
using an isotropic Coulomb friction model, which allows
for slippage and separation between the master and slave
surfaces. In the analyses, the typical friction coefficients
of 0.3 and 0.7 were applied for the pile—soil and geosyn-
thetic-gravel interfaces, respectively, based on the friction
angles of soft soils and gravel.
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Table 1 Material models and related model parameters adopted in this study

k (10~* m/day)

Material type Model 7 (kN/m*) E (MPa) v c (kPa) D (°) A k M e,

Silty clay MCC 18.0 - 0.40 - - 0.084 0.017 1.1 1.05 4.5
Silty sand MC 20.0 20 0.35 10 30 - - - - 150
Embankment fill MC 20.0 25 0.30 8 35 - - - - -
Gravel layer MC 20.0 35 0.30 2 40 - - - - -
Rigid pile LE 25.0 3.8x10* 015 - - - - - - -
Geosynthetic LE - 750 0.30 - - - - - - -

y unit weight, E Young’s modulus, v Poisson’s ratio, ¢ cohesion, @ friction angle, k permeability coefficient

2

% @ Springer




International Journal of Civil Engineering (2020) 18:169-184

175

3.3 Validation of the Model

To verify the feasibility of the numerical model used in
the present study, Fig. 5 compares the field measurements
and numerical predictions of the settlement response at the
base of the GRPS embankment. Since the filling height of
the GRPS embankment was 7.5 m, only the measurement
results for the embankment height ranging from 0 to 7.5 m
are presented in Fig. 5. It can be seen from the figure that the
predicted settlements were slightly smaller than that meas-
ured under different embankment heights; however, there
was an acceptable agreement between them. In particular,
the numerical model adopted in this study captured the non-
linear steep change in the two such curves for the cases of
embankments supported on floating and end-bearing piles,
demonstrating that the material properties and constitutive
models are capable of appropriately modeling the deforma-
tion behavior and failure process of the GRPS embankment
system.

To examine whether the weak interaction of gravel soil
and geosynthetic reinforcement would result in the embank-
ment failure, an additional numerical model was established
for simulating the fully bonded behavior between these two
elements. Specifically, the interface between gravel and
the geosynthetic layer was modeled using embedded con-
tacts without considering the slip failure between them.
The results from Fig. 5 show that the predicted settlement
response using the embedded contacts was essentially no
different from that of the Coulomb friction model, implying
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Fig.5 Measured versus computed settlements at the embankment
base

that the embankment failure was not caused by the weak
interaction of gravel soil and geosynthetic layers. Actually,
according to the filed and numerical investigations, the fail-
ure of the GRPS embankment was due to the insufficient pile
length, which did not provide sufficient lateral resistance to
prevent the substantial lateral movement of the soft soils.
In other words, the insufficient pile length induced the fail-
ure of the floating piles and the soft foundation soils under
embankment loads, a topic to be discussed in the following
sections.

4 Numerical Results and Analyses

Generally, the lateral movement and bending moment of
piles under embankment loading increased from the central
piles (close to the center of the embankment) to the side
piles (under embankment slope and close to the embankment
toe), which has previously been verified by Su and Huang
[24]. In other words, the side piles were more severely
affected by the lateral displacement of soft soils, increasing
the likelihood of the GRPS embankment collapsing due to
the failure of the side piles. Therefore, for simplicity, the lat-
eral responses of the floating and end-bearing piles under the
toe of the GRPS embankment were compared and analyzed.

4.1 Lateral Movements Along Pile

Figure 6a, b shows the computed lateral movement pro-
files along the depths of the floating and end-bearing piles,
respectively. It is seen that the lateral movement along the
floating pile approximately decreased linearly from the pile
head, whereas the lateral movement along the end-bearing
pile apparently decreased nonlinearly from the pile head.
Evidently, larger movement amplitudes for these two cases
occurred in the upper portion of the piles. In addition, the
lateral movements increased gradually with increasing
embankment heights, irrespective of pile type. However,
the lateral movements of the end-bearing pile were visibly
less than that of the floating pile at various heights of the
GRPS embankment.

The maximum lateral movements of these two types of
piles were compared at various embankment heights, and the
maximum lateral movement versus the embankment height
plots are presented in Fig. 7. It is clear that after reaching
a certain embankment height, both the floating and end-
bearing piles displayed a sharp increase in maximum lateral
movement, which indicated the significant risk of instability
regarding the GRPS embankment. In terms of the instability
of GRPS embankments, the lateral failure of the pile—soil
system can result from the lateral failure of the rigid piles
followed by the yielding of the soft surrounding soils. As
discussed, the MCC model used in this study is capable of

@ ﬂ& @ Springer
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Fig.6 Computed lateral movement profiles along the depths of the a floating and b end-bearing piles
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representing the steep change in lateral movement versus
embankment height curves (as shown in Fig. 7), indicating
that the lateral failure of soft soils due to the embankment
loads was successfully predicted. For the floating pile, once
the embankment height exceeded 6.0 m (i.e., the maximum
lateral movement of the floating pile reached 122 mm), the
failure of the pile and soft surrounding soils occurred and
resulted in the collapse failure of the GRPS embankment.
However, in the case of the end-bearing pile, the failure
height of the GRPS embankment increased to about 11.5 m.

2
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It is also worth mentioning that the maximum lateral move-
ment of the end-bearing pile was only 48 mm at an embank-
ment height of 6.0 m, which is 61% lower than that of the
floating pile. Similar behavior was also detected at a lower
embankment height.

It is evident from Fig. 6a that for the floating pile of 15 m,
though the lateral movement of the pile head was markedly
larger than the end, about 16 mm of outward lateral move-
ment at the end of the pile at an embankment height of 6.0 m
still existed. However, the end-bearing pile was installed to
a depth of 23 m from the ground surface, and it was found
that there was negligible lateral movement at that particular
depth. This can be attributed to the fact that the end-bearing
pile was sufficiently embedded in a stratum, which exhibits
much stiffer lateral response, and consequently, the effect
of embedment may have played a key role in reducing the
lateral movement of the pile. Thus, it can be concluded that,
compared with floating piles, applying end-bearing piles
reduces the lateral movement of piles to a considerable
extent. This also clearly aligns with the notion that the stabil-
ity of the GRPS embankment may be clearly improved using
end-bearing piles instead of floating piles. In this sense, the
reinforcement effect of the end-bearing piles is significantly
preferred over that of floating piles. Of course, it should
also be noted that an end-bearing pile could have sufficient
axial resistance with little or no embedment into a stiff soil
layer but still have insufficient lateral resistance if it is not
sufficiently embedded into that layer.
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4.2 Bending Moments Along Pile

The computed bending moments in the floating and end-
bearing piles under the toe of the GRPS embankment
are presented in Fig. 8a, b, respectively. To distinguish
the directions of the bending moments, the results were
recorded as positive and negative. As indicated, the posi-
tive moment was revealed in the upper portion of the two
types of piles. This result is ascribed to the composition of
the pile cap and the geosynthetic-reinforced gravel layer
that possesses a high rigidity and restrains the pile head to
a certain extent. However, a distinct difference remained
relating to the moment distribution between them. For the
floating pile, the positive moment developed along the
pile shaft which was located at a depth of about 13.5 m
from the top of the pile. Therefore, the positive moment
extended for almost the entire length of the pile. How-
ever, in the case of the end-bearing pile, the neutral plane,
which refers to the change from a positive moment to a
negative moment, was located at a depth of about 3.5 m.
This difference may be attributed to the critical role of
the pile type in the lateral response of the rigid pile under
embankment loading. Moreover, the positive moments of
the floating pile were higher than that of the end-bearing
pile that was subjected to equal embankment loading.
Furthermore, it should be noted that when the rigid pile
was floated, the absolute maximum moment in the lower
part of the pile was much smaller than in the upper part.
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For the end-bearing pile, the absolute maximum moment
occurred in the lower part of the pile, specifically at or
near the interface between the alternating soft and stiff
soil layers. Additionally, the bending moments of the end-
bearing pile were approximately equal to zero at or near
the end of the pile.

Under various embankment heights of 2, 3, 4, 5 and
6 m, the absolute maximum moments in the floating pile
were about 15, 23, 32, 44 and 58 kN m, respectively,
while for the end-bearing pile case, the absolute maxi-
mum moments were about 21, 35, 49, 65 and 83 kN m,
respectively. It is apparent that the bending moments of
the end-bearing pile were greater than those of floating
pile under the same embankment loading, especially when
the embankment load and lateral movement of the pile was
large. It is considered that the stronger embedment effect
of the end-bearing pile is an important reason for the larger
bending moment predicted in Fig. 8b. In other words, the
end-bearing pile serves as a reinforcing measure to prevent
the soft soil surrounding it from experiencing significant
lateral displacement. By doing so, lateral movements of
the pile and soft soils should have been minimized, lead-
ing to an increased stability of the GRPS embankment.
It is worth noting that when applying the end-bearing
piles under the toe of embankment, one must design the
piles with sufficient bending resistance to perform their
intended function of enhancing the lateral stability of the
embankment without being subject to bending failure.
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Fig.8 Computed section moments along the depths of the a floating and b end-bearing piles
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4.3 Failure Modes of Rigid Piles

To determine whether the shear failure would occur in the
floating and end-bearing piles, the predicted shear forces in
the two types of piles under various embankment heights are
presented in Fig. 9a, b, respectively. The numerical results
indicate that the two piles displayed different tendencies dur-
ing the embankment loading. The maximum shear force in
the floating pile was distributed through the upper portion
of the pile, while this distribution occurred in the lower part
of the end-bearing pile. Furthermore, compared with the
floating pile, the end-bearing pile achieved a 50% increase in
maximum shear force at an embankment height of 3 m and
a40% increase at an embankment height of 6 m. This result
also indicated a noticeable difference in the lateral behavior
of the floating and end-bearing piles. Nevertheless, it should
also be noted that at various loading levels, the induced peak
shear forces in these two piles were considerably lower than
the shear strength of the piles (i.e., 276 kN). This result
implies that for the high-strength rigid piles in soft soils
under embankment loading, shear failure would generally
not occur if either floating or end-bearing piles were used.
Of course, it is essential to design both piles with adequate
shear capacity to resist the anticipated shear loading. Moreo-
ver, the shear demand in end-bearing piles is typically larger
than that in floating piles. It is also worth noting that the
buckling instability is one of the most destructive elements
for slender piles. For the floating and end-bearing piles in

Shear force (kN)
60

Embankment height
—o—2m

—2—3m

Depth (m)

—o—4m
—O0—5m

—%—6m

(@)

Depth (m)

the engineering case, the critical buckling loads can be at
least 1708 kN and 960 kN, respectively, which were calcu-
lated using the Euler buckling formula without considering
the effect of the lateral soil resistance. However, under the
GRPS embankment loads, the induced maximum axial loads
acted on the floating and end-bearing piles were about 98 kN
and 191 kN, respectively, which were significantly smaller
than their critical buckling loads. Therefore, the buckling of
the two types of piles would not emerge during the embank-
ment loading.

The simulated lateral movements of geosynthetic-rein-
forced embankments supported on floating and end-bearing
piles are shown in Fig. 10a, b, respectively, from which it is
seen that there was a noticeable difference in the deformation
mode predicted for the two types of rigid piles. Moreover,
the failure behavior of the pile is most likely to be influenced
by the deformation mode, which also implies larger differ-
ences in the failure modes of floating and end-bearing piles.
As illustrated in Fig. 8a, no large bending moments were
observed in the floating pile, despite the large lateral move-
ment along the pile. Specifically, the induced peak moment
in the floating pile was significantly lower than the ultimate
flexural strength of the pile (i.e., 159 kN m), even when the
GRPS embankment was filled to its failure height. It can be
seen in Figs. 8a and 10a that, under various embankment
loadings, the floating pile remained virtually straight along
its length, and significant inclination deformation occurred
at large embankment heights. Thus, it may be inferred that
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Fig.9 Computed shear force distribution along the depths of the a floating and b end-bearing piles
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Fig. 10 Lateral movement contours of the GRPS embankments: a floating pile case and b end-bearing pile case

failure of the embankment is primarily caused by the inclina-
tion of the floating pile rather than the structural failure of
the pile. However, with an increase in embankment height,
the induced moments in the end-bearing pile remarkably
increased, especially when the height of the embankment
exceeded 7.5 m, as shown in Fig. 8b. Specifically, a maxi-
mum moment of 172 kN m was generated in the end-bearing
pile at an embankment height of 10.5 m, which exceeded the
flexural strength of the pile and would undoubtedly result in
bending failure of the pile. It should be noted that the loca-
tion of the bending failure initially occurred at or near the
interface of stiff—soft soil layers. In such cases, the flexural
strength of the pile at that location would have been suffi-
ciently exerted to resist the lateral soil movements induced
by embankment loads. Additionally, the simulated results
from Figs. 8b and 10b clearly demonstrate the bending
deformation of the end-bearing pile.

From these observations, it can be concluded that for
the floating pile installed in soft soils and acted upon by
geosynthetic-reinforced embankment loads, inclination
failure occurs easily due to the substantial lateral move-
ment of soft soils. The failure pattern also aligns with the

studies of Kitazume and Maruyama [35] and Shrestha
et al. [36], who found that, under embankment load-
ing, all floating columns with a relatively high modulus
inclined like dominos, and no bending failure occurred
in the columns. Instead, the end-bearing pile does not fail
by inclination but fails by a pattern of bending failure. At
present, it is a common and popular practice to use the
end-bearing piles to support the geosynthetic-reinforced
embankment over soft soils. However, floating piles in
very thick soft soils are more economical and technically
feasible than the end-bearing piles [34]. As presented by
Bhasi and Rajagopal [34], at large depths of soft soils, the
use of floating piles can significantly decrease the lateral
movement and settlement of the GRPS embankment. Of
course, It should also be noted that compared with the
end-bearing pile, the flexural strength of the floating pile
cannot be sufficiently utilized under the embankment load-
ing, which makes it uneconomical for application in soft
soils considering the stability of the GRPS embankment.
Moreover, when predicting the stability of piled embank-
ments constructed on floating and end-bearing piles, vari-
ous theoretical approaches should be considered due to a
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profound difference in lateral failure mode between the
two types of piles.

5 Discussions
5.1 Effect of Geosynthetic Reinforcement

It is widely recognized that in a GRPS embankment system,
the inclusion of the geosynthetic reinforcement can transfer a
higher vertical load from the soft soils to the rigid piles and
consequently reduce the settlement and lateral movement of
the soft soils. The tension change in the geosynthetic as a
function of the distance from the center of the embankment
is shown in Fig. 11 for both cases of floating and end-bearing
piles. It is evident that the distribution of tension along the
geosynthetic was not uniform and the larger tension always
occurred at the edge of each pile. This finding is consist-
ent with the observations made by Han and Gabr [1], and
Liu et al. [5]. A comparison of Fig. 11a, b indicates that
when the embankment height was less than 4.0 m, the ten-
sion in the geosynthetic for the case of end-bearing piles

120
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Fig. 11 Distribution of tension in geosynthetic for both cases of a
floating and b end-bearing piles

2
S Q) springer

was slightly larger than that for the case of floating piles.
However, when the embankment height exceeded 4.0 m, the
higher tension occurred in the geosynthetic for the case of
floating piles. On the one hand, increasing the pile length
promotes the development of differential settlement between
the pile and surrounding soft soils, resulting in elevation of
the tension; On the other hand, the larger lateral movement
of the soft soils outward from the center of the embankment
contributes to a higher tension. As a result, the change in the
tension of the geosynthetic relies on the combined effect of
differential settlement and lateral movement of the soft soils,
which aligns with the findings from the field measurements
and numerical investigations by Huang et al. [12]. Addition-
ally, it should be noted that under higher loading levels, the
maximum tensions generated in the geosynthetic for both
cases were close to the tensile strength of the geosynthetic
(i.e., 120 kN/m). Evidently, the efficacy of the geosynthetic
reinforcement in resisting settlement and lateral movement
of the soft soils has been well mobilized, especially under
larger lateral movement.

Figures 12 and 13 demonstrate the influence of the tensile
stiffness and number of geosynthetic layers on the maximum
lateral movement of floating and end-bearing piles, respec-
tively. It is seen that the higher tensile stiffness of the geo-
synthetic layers yielded a relatively smaller maximum lateral
movement, irrespective of pile type. Similarly, an increase
in number of the geosynthetic layers slightly reduced the
maximum lateral movement of these two types of piles. The
results can be explained by the increase in pile—soil stress
ratio, leading to a decline in the lateral soil stress acting on
the passive pile. Moreover, it was observed that the effect
of the tensile stiffness and number of geosynthetic layers on
the lateral movement in both cases became negligible when
the tensile stiffness exceeded 3000 kN/m and the number of
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Fig. 12 Influence of geosynthetic stiffness on maximum lateral move-
ment of the floating and end-bearing piles
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spacing is proposed to be 3-5 times the pile diameter (with-
out pile cap) and 6-8 times the pile diameter (with pile cap)
in practice. Thus, the minimization of the maximum settle-
ment and differential settlement for a GRPS embankment
can be achieved using the typical pile spacing mentioned
above. Additionally, variations in pile length are also a major
concern when designing a GRPS embankment. As discussed
previously, the embankment failure in the engineering case
was mainly caused by insufficient pile length, instead of by
the spacing and location of the rigid piles. Therefore, this
study primarily focused on the effect of the pile length on
the stability of the GRPS embankment.

To evaluate the influence of varying pile lengths (L) on
the maximum lateral movement of the floating pile (at an
embankment height of 6.0 m), ten values of L were exam-
ined: 15, 15.5, 16, 16.5, 17, 17.5, 18, 18.5, 19, 19.5 m,
as depicted in Fig. 14a. Note that the pile length L in the
figure was normalized concerning the thickness of soft soil
layer h. As anticipated, the lateral movement of the float-
ing pile apparently decreased as the pile length increased.
Specifically, for the floating pile with a L/h, of 0.8, the

(b)

Fig. 14 Effect of pile length on the maximum lateral movement of the
a floating and b end-bearing piles

maximum lateral movement was found to be 117 mm,
which was approximately 1.5 times greater than the maxi-
mum lateral movement observed in the case of the floating
pile with a L/h, of 0.975. This result can be ascribed to the
fact that an increase in the length of the floating pile con-
tributes to an obvious elevation in the bearing resistance
of pile. As expected, a higher pile-bearing resistance can
noticeably increase the load transferred from the soft soils
to the floating pile and thus significantly reduce the lateral
soil pressure acting on the passive pile, which induces
smaller pile deflection. Moreover, as the strength of soft
soils increases with depth, the slight embedment effect of
the longer floating pile contributes to a reduction in the
lateral movement. Consequently, it can be concluded that
increasing the length of the floating pile will significantly
change the lateral behavior of the pile and may be regarded
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as an effective method in improving GRPS embankment
stability. Therefore, when using floating piles in a GRPS
embankment system, careful consideration should be given
to pile length to ensure embankment stability.

To further study the effect of embedded length of the
end-bearing pile (L.) at an embankment height of 7.5 m,
various L, of the pile were considered. The embedded
depths considered were 0—4.0 m, corresponding to pile
lengths of 20-24 m, respectively. It is worth mentioning
that for the end-bearing piles, an embedded depth of 0 m
denotes that the tips of the piles were located slightly
above the stiff soil layer. The maximum lateral movement
of the end-bearing pile is plotted against the normalized
embedded depth L /hjin Fig. 14b. As L /h increased, the
lateral movement of piles slightly reduced. This reduction
was only somewhat significant as L./h varied from O to
0.15. However, the rate of reduction was approximately
constant when L./h, exceeded 0.15. This may imply that
once the embedded pile length exceeds a particular thresh-
old, additional increases in pile length may no longer be
effective in the reduction of the lateral movement because
of the already sufficient embedment of the end-bearing
pile in the stiff soil layer. The results also demonstrate
that the embedded length of the end-bearing pile plays a
relatively less vital role in the lateral movement of piles
compared with the length of the floating piles. As a result,
it is unnecessary to ensure a large embedded length in the
stiff soil layer when adopting end-bearing piles in a GRPS
embankment system.

Like other foundation systems, rigid pile foundations are
limited in supporting a certain height of the geosynthetic-
reinforced embankment. According to Huang and Han
[38], the critical height corresponds to a sudden nonlinear
increase in the maximum settlement and lateral displacement
versus the embankment height plot. The computed critical
height of embankment versus the normalized pile length L/
hy is illustrated in Fig. 15, which shows that a longer pile
length yielded a higher critical height. When L/h, varied
from 0.75 to 1.15, the critical height increased from 6.2 to
11.8 m. This effect is mainly attributed to the fact that a
longer pile length leads to a smaller lateral movement on
the piles. Consequently, the rigid piles can support more
embankment loads as the pile length increases. In other
words, the stability of the GRPS embankment may be mark-
edly enhanced by increasing the pile length, especially in
the case of a geosynthetic-reinforced embankment supported
on floating piles. From Fig. 15, it is observed that when the
normalized pile length was over 1.15 (i.e., the normalized
embedded length of pile was 0.15), the critical height stabi-
lized with negligible variation. This also suggests that the
overall safety factor of the GRPS embankment will gradually
approach a constant with the increasing embedded length of
the end-bearing pile.

@ ﬂ} @ Springer
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In summary, the premature failure of the GRPS embank-
ment over soft soils may always be induced by inclination
or bending failure of rigid piles instead of shear failure.
However, at present, it is still quite commonplace to use
limit equilibrium approaches that neglect to consider these
lateral failure modes of rigid piles to evaluate the overall
stability of GRPS embankments, as suggested by the rel-
evant design specifications [27, 28]. In other words, current
design procedures regarding the stability analysis of GRPS
embankments do not incorporate the effects of the inclina-
tion or bending failure mode, but only consider the shear
failure mode, which may greatly overestimate the stability of
the GRPS embankments. Moreover, the lateral behavior and
failure modes of rigid piles under geosynthetic-reinforced
embankment were revealed to exhibit significant dependence
on pile length. It is imperative for this aspect to be care-
fully considered in the current design practice. Therefore, to
accurately evaluate the GRPS embankment stability, current
design practice should be improved to include the effect of
the length of rigid piles. Additionally, due to the complexity
of the problem itself, it is recommended the 3D numerical
modeling be incorporated into the stability design of GRPS
embankments to achieve reliable designs.

6 Summary and Conclusions

This paper described a case history of a GRPS highway
embankment project that failed to be constructed over soft
clay. Based on this engineering case, 3D FE analyses involv-
ing the pile—soil and geosynthetic-gravel interactions were
conducted to investigate the lateral responses and failure
modes of floating and end-bearing piles in soft soils under
geosynthetic-reinforced embankments. This paper also
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examined the influences of geosynthetic reinforcement and
pile length on the stability of the embankment. The main
conclusions derived from this study are as follows:

1. Under identical embankment loading, the induced lat-
eral responses in the floating and end-bearing piles are
significantly different. Specifically, the lateral movement
of the floating pile is markedly larger than that of the
end-bearing pile, while the maximum moment of the
floating pile is evidently smaller than that of the end-
bearing pile.

2. Under embankment loading, inclination failure occurs
in the floating pile instead of shear and bending failure.
However, in the case of the end-bearing pile, bending
failure is the main mode of failure, which is more likely
to occur at or near the interface between the alternating
soft and stiff soil layers.

3. The inclusion of geosynthetic reinforcement can enhance
the stability of piled embankments to some extent.
However, an increase in the length of the floating pile
contributes significantly toward improving the stability
against inclination failure of the pile. According to the
numerical results, with an increase in normalized pile
length from 0.8 to 0.975, the reduction of the maximum
lateral movement of the floating pile is estimated to be
33% at an embankment height of 6.0 m. Furthermore,
when the normalized pile length varies from 0.75 to
1.15, the critical height of embankment increases from
6.2 to 11.8 m. Nevertheless, the influence of pile length
becomes less important once the normalized pile length
exceeds 1.15.

4. The lateral response and failure modes of the rigid
piles in GRPS embankment systems are extraordinarily
dependent on pile length. Therefore, it is vital to include
the effect of the pile length when calculating the GRPS
embankment stability.
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