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Abstract: In this paper, the membrane effect of geogrid reinforcement was investigated based on nu-
merical simulation to understand the serviceability and deformation of highway piled embankments
under moving vehicle loads. The membrane effect of geogrid reinforcement in low embankments
(i.e., the ratio of embankment height to pile spacing is less than 1.5) was clearly emphasized. It has
been found that the maximum settlement of geogrid occurs in the central area between the piles, and
the maximum tension was concentrated at the corner of the pile cap. Due to the attenuation of the
soil arching effect under moving dynamic loads and the punching mechanism, the settlement and
tension of the geogrid increased considerably by approximately 35% and 23% compared to those
under static loads. A parametric study was also achieved, and the results presented that the geogrid
reinforcement tension increased by increasing the pile spacing, embankment height and geogrid
stiffness, vehicle wheel load and vehicle velocity. It was also found that the reinforcement tension
was most sensitive to the pile spacing among all the parameters considered in this paper, whose
magnitude increased by approximately 104% as the pile spacing increased from 2.0 m to 2.5 m under
dynamic loads.

Keywords: finite element analysis; membrane effect; geogrid reinforced piled embankments; moving
vehicle loads; low embankment

1. Introduction

The piled embankment has been extensively used in highway and railway infrastruc-
tures constructed over soft soil foundations. In order to enhance the load transfer from the
soft soils to the pile cap and to minimize the soil yielding above the pile cap, one or more
layers of geogrid reinforcement are usually incorporated in the piled embankment, which
are referred to as reinforced piled embankments. Recently, a large number of studies based
on experimental, numerical and analytical models have been carried out to investigate the
bearing capacity and load transfer mechanism of the reinforced piled embankment (e.g.,
Han and Gabr [1]; Almeida et al. [2]; Rowe and Liu [3]; Rui et al. [4]; Fagundes et al. [5]; Yu
and Bathurst [6]; Ewerton et al. [7]; Michalowski et al. [8]; Rui et al. [9]; Reshma et al. [10];
Shen et al. [11]; Pham and Dias [12]).

The fundamental load transfer mechanisms of the geogrid reinforced piled embank-
ments are soil arching and tensioned membrane effects, both of which are key design
aspects. The inclusion of geogrid reinforcement helps the vertical load transfers from the
subsoil to the pile cap, which is generally called the membrane effect, and refers to the
ability of a geosynthetic reinforcement to deform by tension absorption of forces initially
perpendicular to its surface [13–19]. Generally, the membrane effect of the geogrid rein-
forcement in a piled embankment occurs along with the soil arching effect, in which the soil
arching is evaluated to obtain the load acting on the geogrid reinforcement over the subsoil,
while the membrane effect directly decides the maximum tensile force of the geogrid and
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significantly influences the subsoil settlement. To investigate the membrane effect, the
tensile force of the geogrid reinforcement is significant, for which some guidelines have
been developed in the past decades [20–27]. The British ‘Code of practice for strength-
ened/reinforced soils and other fills’ (BS8006) gave a method for calculating the tension of
reinforcement in a piled embankment based on the “Marston” equation. Subsequently, in a
substantial revision in 2010 [20], an alternative soil arching method proposed by Hewlett
and Randolph [28] was incorporated to predict the tension of reinforcement. As the method
was overly conservative, however, another revision was made in 2012 [29] to reduce the
prediction of the tension of the reinforcement using Hewlett and Randolph’s [28] method.
The German Recommendations of Geosynthetic Reinforcement [21] estimated the max-
imum strain in a reinforcement considering the elastic response of the subsoil. Zhuang
and Ellis [24] considered predictions of reinforcement tension in a piled embankment
from BS8006 [20] and compared the results with finite element (FE) model predictions;
this was then extended to include the potentially beneficial contribution of a lightly over-
consolidated clay subsoil layer, both in the FE models and the analytical method in Zhuang
and Ellis [25]. However, based on overly conservative assumptions, some design methods
have yielded contradictory conclusions, especially in terms of geogrid reinforcement load
transfer mechanisms and stress–strain predictions [30–35]. Due to the complexity of rein-
forced pile embankments, there are currently no clear uniform guidelines for the design
of the geogrid reinforcement contained therein. As a result, the membrane effect of the
geogrid reinforcement is not well investigated in the literature, particularly for the degree
of the load transfer and the stress–strain developed in the geogrid reinforcement.

The British Standard BS8006 [29] recommends that the embankment height (h) should
be greater than 0.7 times the clear pile spacing (s-a). Meanwhile, BS8006 [29] considers that
when the embankment height is in the range of 0.7(s-a) to 1.4(s-a) (i.e., low embankment),
the soil arching in the embankment is partially generated, and after the embankment height
exceeds 1.4(s-a) (i.e., high-filled embankment), the soil arching in the embankment is fully
generated. Zhuang et al. [36] investigated the soil arching effect of piled embankments by
numerical methods. They concluded that the ratio of embankment height to pile spacing
(h/s) less than 1.5 are low embankments and their soil arching is only partially developed.
Lai et al. [37] found that the bearing capacity and stability of the partial arch in the low
embankment under quasi-static loading is much worse than that of the full arch in the
high-filled embankment. Therefore, the membrane effect of the geogrid reinforcement is
particularly significant in low embankments. However, most of the current studies [16–19]
on the membrane effect of reinforcement have been conducted on high-filled embankments.

Most research conducted so far has investigated the serviceability behavior of geogrid
reinforcement in piled embankments under static loads, very limited literature is available
to understand its membrane effect under moving vehicle loads. Heitz et al. [38] conducted
a large-scale model test (scale of 1:3) and concluded that the inclusion of geogrid enhanced
the soil arching effect and can considerably reduce the settlement at the surface of the
embankment. However, the strain in geogrid under dynamic loads may significantly
increase due to the reduction in the soil arching effect under cyclic loading and the punching
mechanism, especially for geogrid with relatively low stiffness. Chen et al. [39] evaluated
the tension of the geogrid reinforcement in piled highway embankments based on a model
experiment. However, the geogrid tension under dynamic loads was only qualitatively
assessed, without a discussion of the load transfer mechanics. Based on a large-scale
test, Liu et al. [40] concluded that the loading frequency had an important influence on
the dynamic behavior of the reinforced soil railway embankment. However, the loading
conditions and the boundary conditions of the model test are different from those of
actual railway embankments. Aqoub et al. [41] conducted a quantitative analysis of
reinforcement in piled embankments under cyclic loading based on a model experiment.
However, they used only a single cyclic load instead of focusing on the actual moving
vehicle loads. Patel et al. [42] investigated the stress distribution in geogrid reinforced
piled embankments under seismic loading, but this is not a common load for reinforced
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embankments. Zhuang et al. [43] investigated the tension of geogrid reinforcement in
piled embankments under traffic loading based on a numerical model. However, the low
embankments were not considered. Therefore, the guidelines to design this type of earth
structure under authentic moving vehicle loads require further investigation.

This paper investigated the membrane effect of the geogrid reinforcement in highway
piled embankments based on the finite element (FE) method, which explicitly emphasizes
the membrane effect of geogrid reinforcement in low embankments (i.e., h/s < 1.5). The
vertical stress both carried by the geogrid and the subsoil, tension and deformation of
geogrid are comprehensively analyzed under moving vehicle loads. A parametric study
including the influence of the pile spacing, embankment height, geogrid stiffness, vehicle
wheel load and vehicle velocity on the geogrid tension is finally performed.

2. Numerical Simulation
2.1. General Description

A hypothetical highway piled embankment constructed on subsoil is shown in Figure 1.
The embankment with 1v:1h slope is built on a uniform 6.0 m-thick soft clay layer, under
which there is a rigid layer. The top of the embankment is paved with a total thickness of
0.6 m, including 0.15 m AC layer, 0.20 m base course and 0.25 m subbase. The surface of
the pile cap is at the same level as the embankment–subsoil interface. The square pile cap is
normally 1.0 m with a thickness of 0.50 m. The geometric dimension of square section pile is
0.30 m, and it is arranged in a square pattern. Geogrid is laid at a height of 0.1 m above the
bottom of embankment. In order to cover a wide range of parameters that may affect the
membrane behavior of reinforcement, different geometries and stiffness were considered,
as shown in Table 1. According to the manufacturer, the short-term load range that the
geogrid can bear under 5% strain is from approximately 20 kN/m to 500 kN/m. Therefore,
the corresponding range of nominal stiffness is 0.4 to 10 MN/m. However, in the long
term, creep may significantly reduce these values. Thus, the geogrid with stiffness J = 1, 3
or 7 MN/m is used in this paper to fully understand the performance of reinforcement in
the piled embankment.
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Table 1. Summary of the material parameters used in the finite element analyses.

h
(m)

γ
(kN/m3)

c′

(kPa)
ϕ′

(Degree)
E

(MPa)
Ψ

(Degree) v λ κ M e1

AC layer 0.15 21.0 - - 4000 - 0.25 - - - -
Base 0.20 20.0 - - 1000 - 0.25 - - - -

Subbase 0.25 18.0 - - 500 - 0.25 - - - -

Embankment 2.0, 3.5,
or 6.5 17.0 1 30 25 0 0.20 - - -

Pile 6.00 23.5 - - 20,000 - 0.20 - - -
Subsoil 6.00 17.0 - 26 - - 0.30 0.3 0.1 1.03 1.79

Geogrid Tensile stiffness J = 0, 1, 3 or 7 MN/m, v = 0

Due to symmetry, a simplified piled embankment model was presented using the
finite element software ABAQUS, as shown in Figure 2 (take s = 2.5 m, h = 2.0 m as an
example). The size of model bottom is 2s × 2s, where s is the pile spacing, whose value is
2.0 or 2.5 m in this paper. The embankment filler is modeled as linear elastic ideal plastic
material according to the Mohr–Coulomb yielding criteria, while the pile and pavement
are modeled as linear elastic material. See Table 1 for parameters. The embankment fill is
non-linear material; in order to accurately reproduce the stress–strain relationship under
dynamic load, an advanced constitutive law along with the finite element formulation is
required. As a preliminary study, this paper uses a simple elastic ideal plastic model to
simulate embankment filling, to avoid the difficulties related to the calibration of complex
formula parameters. The 6.0 m-thick soft soil foundation is modeled by the improved Cam
clay. The underground water level generates hydrostatic pressure on the foundation surface
and is represented by 8-node stress pore pressure coupled brick element. The geogrid
is assumed to be “biaxial”, which is modeled as an orthotropic material with non-zero
stiffness only in the orthogonal direction of the square “grid” of the pile cap. The geogrid
has a non-linear stress–strain time response that may cause the computational cost of
analysis and numerical simulation to be too high, especially under cyclic loads. Generally,
the linearization of the nonlinear tension–strain curve of the geogrid is considered, and
its linear elastic behavior is assumed. Therefore, creep and other behaviors related to
time and strain rate are indirectly considered. In this paper, the geogrid is modeled by a
4-node quadrilateral membrane element, which has tensile stiffness J (MN/m) without
bending stiffness.

2.2. Simulation Procedure

In this analysis, it is assumed that the subsoil is fully consolidated before the cyclic
load is applied. The simulation procedure of foundation consolidation is simple and clear,
which is completely the same as that of Zhuang and Wang [44]. After the consolidation
is completed, the traffic load with speed v is applied to the pavement surface through the
subroutine DLOAD.

The dynamic loads were modeled using a simple sine curve [45] as follows:

P(t) = P0 + P sin(wt) (1)

where
P = M0µw/r(y)w2 (2)

w =
2πυ

L
(3)

where P0 is the static wheel load, M0 is the unsprung weight, which are taken as 50 kN/m2

and 250 N·s2/m, respectively, based on typical vehicles; µw/r(y) is a function of pavement
roughness with a value of 2 mm (international highway flatness index), which reflects
the road condition; υ is the speed of the vehicle, and the vehicle of 60 km/h is taken as
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the standard condition; L is the geometric curve wavelength, and its value is 6 m (take
the vehicle length); t is the duration of the load. To simplify the problem, according to
Huang [46], it is assumed that the wheel load is uniformly distributed over an area of 0.30 m
within a rectangular area of 0.24 m, and the vehicle load spacing is 2.0 m. In this analysis, a
periodically repeated moving traffic load is applied to the pavement with 100 load cycles.
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3. Analysis of Vertical Stress Carried by the Subsoil and Geogrid

Zhuang et al. [47] proposed that if the vertical stress in the embankment considering
the arch effect, as shown by the GRC in terms of the maximum settlement of subsoil, then:

σs = σG − σr (4)



Symmetry 2022, 14, 2162 6 of 14

In the formula, σs is the vertical stress borne by the subsoil; σr is the vertical stress
borne by the geogrid. σG can be based on the concept of ‘Ground Reaction Curve’ (GRC)
of underground structure arching proposed by Iglesia et al. [48]. In this paper, σG will be
determined based on the finite element method for arching in embankment considering
uniform foundation support, as presented by Zhuang et al. [36].

In the present study, finite element models with pile spacing of 2.0 m and 2.5 m and
embankment heights of 2.0, 3.5 and 6.5 m are considered to cover various geometries
of pile embankment. In order to better compare various influencing factors, the finite
element model with embankment height of 2.0 m and pile spacing of 2.5 m is selected as
the standard model. The ratio of embankment height to pile spacing (h/s) of the standard
model is 0.8, which is therefore a low embankment height. Figure 3 shows the results of
the vertical stresses carried by the soft subsoil (σs) and reinforcement (σr) along the AB and
AC (in Figure 2b) directions. It is worth noting that there are no data with distances less
than 0.50 m and 0.71 m along AB and AC, respectively, because the data above the pile
caps (a/2 = 0.50 m and a/

√
2 = 0.71 m) were not calculated. Likewise, the midpoint of AB

and AC are located at 1.25 and 1.77 m, respectively. As presented in Figure 3, the vertical
stress distribution of soft subsoil and geogrid under moving vehicle load and static load is
almost the same, but the stress under moving vehicle load is much larger than that under
static load.Symmetry 2022, 14, x FOR PEER REVIEW 7 of 17 
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The finite element results shown in Figure 3a,b include the case without reinforcement
(J = 0 MN/m). The vertical stress on the subsoil (σs) tends to a comparatively small value
adjacent to the pile cap and then rises to a roughly uniform value toward the center of AB
or AC. As expected, the addition of the geogrid effectively transfers the stress from the
subsoil to the pile cap, thereby reducing the vertical stress on the subsoil by approximately
36%, particularly for the stiffer geogrid.

Figure 3c,d show the vertical stresses on the geogrid (σr), where σr is derived as the
stress at bottom of the embankment (σG) minus the stress on the subsoil (σs) as shown in
Equation (4). The data in Figure 3c,d show that the stress value on the pile cap is relatively
high (particularly along the edge AB). Moving from the edge of pile cap to the midpoint of
the AB or AC line, the bearing vertical stress of geogrid (σr) reduces rapidly and reaches
almost uniform spreading at the midpoint of the subsoil. In general, this pattern of behavior
is an ‘extreme’ version of the ‘inverse trapezoid’, which is different from the assumptions in
the literature, such as the uniform load distribution on the geogrid, the triangular shaped
line load [21] and the inverse triangle load distribution [23]. As expected, the stress carried
by the geogrid increases with the growth of the stiffness of the geogrid reinforcement.
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4. Distribution of Settlement and Tension of the Geogrid Reinforcement

Figure 4 presents the geogrid settlement (or the surface settlement of the subsoil with-
out geogrid) along AB and AC, which varies with the stiffness of the geogrid (J = 0 MN/m
indicates no geogrid). The data start from A (distance = 0), and the vertical dashed line
represents the edge of the pile cap (distance = 0.50 m or 0.71 m). The deformed shape of
geogrid both under static and moving vehicle loads for various values of geogrid stiffness
are approximately the same, and it is consistent with the analytical deformation shape of re-
inforcement suggested by Halvordson et al. [49] and Zhuang and Ellis [24]. The settlement
of the edge of the pile cap increases rapidly but is very flat at the “midspan” (e.g., compared
to a parabola), especially at the midpoint of the AC line. It is noted that the settlement at
the mid-point of line AC is only slightly larger than that at the mid-point of line AB. These
observations are consistent with observations made by Van Eekelen et al. [50,51] in physical
model tests, linked to the ‘inverse triangular load’ on the reinforcement. The maximum
settlement induced by the traffic load is approximately 35% larger. It is also found that
the maximum settlement rises with the decrease in the reinforcement stiffness; as a result,
the embankment with no geogrid reinforced shows the major settlement, which is roughly
124% larger than the standard case (e.g., J = 3 MN/m).
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Figure 5 shows the distribution of tension in the geogrid along line AC varied with
different influence factors (i.e., geogrid stiffness, vehicle wheel load, vehicle velocity). The
investigations for vehicle wheel load and vehicle velocity were based on the model of
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J = 3 MN/m. The maximum tension value in the geogrid appears at the edge of the pile cap
and decreases toward the center of the pile cap, while the tension distribution at the center
of the soft soil tends to be zero and uniform. As anticipated, the geogrid tension increases
with the geogrid stiffness, vehicle wheel load and vehicle velocity. Due to the reduction in
the arching effect under the moving vehicle load and the punching mechanism, the tension
of the geogrid is significantly increased by approximately 23% compared with the tension
under the standard static load (J = 3 MN/m, P0 = 50 kPa, V = 60 km/h).Symmetry 2022, 14, x FOR PEER REVIEW 11 of 17 
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5. Parametric Study in Terms of the Geogrid Tension

In order to comprehensively study the membrane effect of geogrid in low embank-
ments under moving vehicle load, a series of finite element models were established by
changing the geometric structure (pile spacing and embankment height), geogrid stiffness,
wheel load and vehicle speed. The results are discussed in the form of geogrid tension,
as shown in Figure 6. It is notable that the variation of geogrid tension with the influence
factors under static and moving vehicle loads show almost the same trend, and the vehicle
load induced reinforcement tension is approximately 9–49% larger compared to that under
static load.

In Figure 6a, the geogrid tension increased by approximately 48% when the embank-
ment height increased from 3.5 m to 6.5 m for a pile spacing of 2.5 m under vehicle loads.
The membrane effect of the geogrid was more sensitive to the pile spacing than the em-
bankment height, and the tension of the geogrid increased by approximately 104% when
the pile spacing increased from 2.0 m to 2.5 m.
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The stiffness of geogrid has a significant effect on the membrane effect of geogrid,
particularly when the stiffness of geogrid reinforcement is relatively low, as shown in
Figure 6b. The role of geogrid in reinforced piled embankment can be explained by
the reinforcement of the geo platform and the additional vertical component of tension
in geogrid [1]. As expected, the stress carried by the geogrid rises with the increase
in the stiffness of the reinforcement and results in an increase in maximum tension by
approximately 56% as the geogrid stiffness increases from 1 MN/m to 3 MN/m.

The influence of magnitude and velocity of the moving vehicle load on geogrid tension
is investigated herein (Figure 6c,d). Three results of different magnitude (i.e., 25, 50 and
75 kN) and velocities (i.e., 30, 60 and 120 km/h) are studied. As anticipated, the magnitude
and speed of the increase in traffic load increase the vertical stress and settlement of the
embankment above the geogrid, especially for relatively large velocity and magnitude
of vehicle load [52]. The geogrid tension increases by approximately 23% and 19% when
growing the magnitude of the vehicle load from 25 kN to 75 kN and increasing the velocity
from 60 to 120 km/h, respectively.
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6. Conclusions

Based on the 3D FE models, this paper comprehensively investigated the membrane
effect of the geogrid reinforcement, intending to deeply understand the serviceability
behavior and deformation of the geogrid reinforcement in low piled embankments (i.e.,
h/s < 1.5). It showed that the distribution of the vertical stress acting on the geogrid
actually exhibited an inverse trapezoid, and the general plots of the settlement and ten-
sile force in the geogrid under moving vehicle loads exhibited excellent agreement with
Halvordson et al. [49] and Zhuang and Ellis [24]. The maximum settlement of geogrid
occurs in the central area between the piles, while the maximum tension is concentrated in
the corner of the pile cap. Due to the reduction in soil arching effect under moving vehicle
loads and the punching mechanism, the settlement and tension of geogrid are significantly
increased by approximately 35% and 23% compared with that under static loads.

A parametric study was presented and discussed in terms of the geogrid tension
to gain a comprehensive understanding of the membrane effect under moving vehicle
loads. It has been found that the geogrid tension increases with the increase in pile spacing,
embankment height, geogrid stiffness, wheel load and vehicle speed. The membrane effect
of reinforcement is the most sensitive to the pile spacing among all the influencing factors
investigated in this paper, and the tension increases by approximately 104% with the pile
spacing increasing from 2.0 m to 2.5 m.

As a preliminary study, this paper mainly studies the dynamic characteristics of
geogrid reinforced pile embankments, rather than the vibration caused by the dynamic
load. The linear elastic ideal model (Mohr–Coulomb) is used to simulate the embankment
filling. It is impossible to fully capture the complex dynamic soil behavior using the
Mohr–Coulomb model, especially the strain dependent behavior of stiffness and damping.
Therefore, the present method may have some limitations in studying the dynamic response
of pile embankment vibration. The response of the geogrid reinforced pile embankment
should be further studied. The advanced constitutive model should be used, and the
unloading/reloading behavior of the soil should be considered.
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