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The performance of geosynthetic-reinforced embankments under traffic moving loads is always a hot-
spot in the geotechnical engineering field. A three-dimensional (3D) model of a geosynthetic-reinforced
embankment without drainage consolidation was established using the finite element software ABAQUS.
In this model, the traffic loads were simulated by two moving loads of rectangular pattern, and their
amplitude, range, and moving speed were realized by a Fortran subroutine. The embankment fill was
simulated by an equivalent linear viscoelastic model, which can reflect its viscoelasticity. The geogrid was
simulated by the truss element, and the geocell was simulated by the membrane element. Infinite ele-
ments were utilized to weaken the boundary effect caused by the model geometry at the boundaries.
Validation of the established numerical model was conducted by comparing the predicted deformations
in the cross-section of the geosynthetic-reinforced embankment with those from the existing literature.
On this basis, the dynamic stress and strain distribution in the pavement structure layer of the
geosynthetic-reinforced embankment under a moving load was also analyzed. Finally, a parametric study
was conducted to examine the influences of the different types of reinforcement, overload, and the
moving load velocity on the geosynthetic-reinforced embankment.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Geosynthetic (e.g. geogrid or geocell)-reinforced mattresses
have been widely used in geotechnical engineering, including
slopes, highway embankments, and soft foundations, especially
those with strict requirements for rapid construction and small
settlement (Abdullah and Edil, 2007; Deb et al., 2007, 2011; Zhang
et al., 2010; Dash and Bora, 2013; Hong and Wu, 2013; Liu et al.,
2023). Among them, geosynthetic-reinforced embankment sys-
tem is one of the most popular applications, even though it is
relatively complicated. Numerous studies have been performed on
this subject utilizing different means, such as field investigations,
laboratory tests, analytical methods, and numerical simulations
(Zhang et al., 2018, 2020; Zhou et al., 2018; Zhuang et al., 2020).
Over the past decades, numerous laboratory studies have been
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
conducted to understand the performance of geosynthetic-
reinforced soil under static loading (Dash, 2003, 2012;
Leshchinsky and Ling, 2013; Peng et al., 2021; Zhuang et al., 2022),
and moving loads (Indraratna et al., 2015; Biabani et al., 2016;
Biswas et al., 2016; Dutta and Mandal, 2016; Ngo et al., 2016; Suku
et al., 2016; Thakur et al., 2017). However, the former threemethods
may not be capable of considering all the aspects involved, such as
the boundary, scale, and time lag effects. To this end, numerical
simulation has been adopted as an ideal alternative (Maheshwari
et al., 2004; Bourgeois et al., 2011; Huang et al., 2011; Thach
et al., 2013; Hegde and Sitharam, 2015; Qian et al., 2015; Shi
et al., 2016; Tang et al., 2016; Chen and Zhou, 2018; Zhang et al.,
2022), and it may be applicable to the most engineering prob-
lems with effectiveness.

Fakher and Jones (2001) numerically investigated a layer of sand
overlaying a layer of geosynthetic reinforcement and super soft
clay, and the factors affecting the reinforcement mechanisms of the
geosynthetic reinforcement in super soft clay were considered.
Hegde and Sitharam (2015) presented a realistic modeling
approach to simulate the geocells in a three-dimensional (3D)
framework. It was found that the geocells could transfer part of the
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. The profile of the longitudinal section of the geosynthetic-reinforced embank-
ment. Vs is the velocity of the moving load. h1 is the height of the pavement structure
layer and he is the effective height of the embankment fill. h2 is the height of the
reinforced cushion layer, including the gravel cushion layer and geosynthetic-
reinforced materials. h3 is the height of the substratum of the foundation, consid-
ering the boundary effect and the calculation efficiency of the numerical model, and
h3 ¼(2e3)he in this study. L is the length in longitudinal direction of the geosynthetic-
reinforced embankment, and L ¼ 20 m in the numerical simulation.

Fig. 2. The profile of the cross-section of the geosynthetic-reinforced embankment. L1
is the width of the pavement structure layer, and the basic width is calculated based on
a two-way two-lane scheme with L1 ¼ 10 m. L2 is the width at the bottom of the
geosynthetic-reinforced embankment (i.e. the width of the reinforced cushion layer).
m is the slope ratio of the reinforced embankment; and L3 is the width of the foun-
dation soil.
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vertical loading to the lateral direction compared with the unre-
inforced case and the geogrid-reinforced case. Shadi et al. (2019)
investigated the effect of the reinforcement geometrical parame-
ters on the bearing capacity of the foundation soil through PLAXIS-
3D. The results showed that the bearing capacity increased when
reinforced with a geotextile reinforcement using the wraparound
reinforcement technique. Han and Gabr (2002) numerically
investigated pileesoilegeosynthetics interactions by considering
three major influence factors, i.e. height of the fill, tensile stiffness
of the geosynthetic, and elastic modulus of the pile material.

In addition, a geotextile-reinforced embankment may not al-
ways just bear the static load. Nevertheless, the nonstatic load may
exist in some cases. Biabani et al. (2016) conducted a series of 3D
numerical simulations in ABAQUS to analyze realistically cellular
confinement subjected to cyclic loading. The results showed that
the geocell could effectively decrease the lateral and axial de-
formations of the reinforced subballast. Pham and Dias (2019)
investigated the behavior of pile-supported embankments sub-
jected to different traffic cyclic loadings. The influences of the traffic
load cycles, vehicle speed, and embankment height on the arching
effect and the cumulative settlement were investigated.

Although several studies on the geosynthetic-reinforced
embankment have been reported in the recent years, numerical
simulations are mainly focused on static load. The moving traffic
load was frequently treated as a concentrated load or a strip load in
most previous studies. However, the traffic load may be time-
dependent in practice. Therefore, it remains an open question to
realize the characteristic of the moving traffic load when con-
ducting finite element analysis. To the best of the authors’ knowl-
edge, few studies have simultaneously taken viscoelastic model
and the geosyntheticesoil interaction into consideration.

In this context, an approach is proposed to model geosynthetics
in a 3D framework, and the performance of the geosynthetic-
reinforced embankment under a moving load in ABAQUS is pre-
dicted. This approach can consider the viscoelastic constitutive
model and controllable moving loads. Meanwhile, the infinite
element is utilized to reduce the boundary effect induced by model
size at the boundaries. In addition, the coupling effect between the
different layers in the embankment is taken into account to assess
the responses of the upper and lower parts.

2. Numerical model

To analyze the performance of geosynthetic-reinforced
embankment under a moving load, a 3D numerical model was
established using the finite element software ABAQUS. It is
assumed that the initial ground stress of the foundation is
composed of the vertical gravity stress of the soil, and only the
increase in gravitational stress is considered during embankment
filling.

2.1. Geometric size and parameters

A typical geosynthetic-reinforced embankment under moving
loads is adopted in this study. Fig. 1 shows the profile of the lon-
gitudinal section of the geosynthetic-reinforced embankment. As
the aim of this study is focusing on low embankment, the effective
height of the embankment fill is generally nomore than 3m, and h2
generally has a value 0.3e0.5 m. Fig. 2 presents the profile of the
cross-section of the geosynthetic-reinforced embankment. A 3D
numerical model is set up as portrayed in Fig. 3. The geometric
parameters of the model are presented in Table 1.

The parameters of the foundation soil, embankment fill, and
geosynthetic-reinforced materials were selected according to those
in the literature (Zhang et al. 2018, 2020). A geogrid was adopted as
the reinforcement material, with rupture elongation less than 4%
and rupture strength higher than 50 kN/m. The linear elastic model
was used for the geogrid, and the detailed parameters are sum-
marized in Table 2. The parameters for the geocell are listed in
Table 3. Considering the viscoelasticity of the embankment fill and
foundation soil, the parameters of the pavement structure layer,
embankment fill and foundation soil are tabulated in Table 4.
2.2. Initial and boundary conditions

The in situ stress equilibrium state before the embankment
filling was taken into consideration as the initial condition. The
stress equilibrium state was achieved by numerical modeling of the
gravitational loading and the manually applied reverse body forces.
Only the superposition of gravity in the layered filling of the
geosynthetic-reinforced embankment was taken into account,
while the consolidation effect was not considered in this study. In
addition, the initial stress that already existed in the embankment



Fig. 3. The 3D numerical model of the geosynthetic-reinforced embankment.
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before the external load was applied to the top surface of the
geosynthetic-reinforced embankment.

To investigate the performance of the geosynthetic-reinforced
embankment under moving loads, the model boundary condi-
tions were defined as follows: (1) the displacements in all di-
rections across the bottom boundary were restrained; (2) the front
and rear sections along the embankment axis line (including the
foundation soil, reinforced cushion layer, embankment fill, and
pavement structure layer) constrained the horizontal displacement
U1; and (3) the section at the far end of the reinforced embankment
slope, which is mainly composed of soil, constrained the horizontal
displacement U2.

In geotechnical engineering, the actual foundation is a half-
infinite space, thus the analysis area should be infinite. Boundary-
less problems are often encountered in stress analysis, or the area of
concern is small compared with the surrounding medium. Un-
bounded or infinite medium can be approximated by extending the
finite element mesh to great distances. This method is not always
reliable. Dynamic analysis is of particular concern when the grid
may reflect energy back to the model built. ABAQUS provides a new
method, where a half-infinite region can be defined using a
selected appropriate attenuation function in the finite element
modeling. This means that an infinite element is set at a certain
distance from the target region, which can be flexibly connected
with the finite element to simulate the infinite region. Here, the
infinite element model based on solid elements was mainly used.
2.3. Element types and grids

The C3D8 solid element, i.e. the 8-node hexahedral linear solid
element, was used to divide the pavement structure layer,
embankment fill, and foundation soil. Considering that the main
influence range of the moving load is the pavement structure layer
and the upper half of the embankment fill, the changes in the stress
and displacement are relatively obvious in this area. To ensure the
accuracy and efficiency of the calculation results, the mesh of the
pavement structure layer and the adjacent areas was divided
denser, and the grid division of the foundation soil and distant areas
was relatively sparse. Because the stress and deformation of the
upper and lower surfaces need to be observed, the mesh is refined
at the reinforced cushion layer. Meanwhile, the infinite element
was used for both ends of the foundation soil. The model grid is
shown in Fig. 4.

The geogrid is a network structure made up of two-dimensional
(2D) line elements. The T3D2 truss element, i.e. the 2-node linear
3D truss element, was used to divide the geogrid elements.
Considering the computation efficiency, the layout density of the
grid was determined by the mesh size of the grid. The partitioning
technique was structured, and the grid partition is shown in Fig. 5a.
The geocell is a 3D spatial network structure consisting of 3D
membrane elements, and the M3D4 quadrilateral linear element
was used to divide the geocell elements. The partition is shown in
Fig. 5b.
2.4. User-defined material mechanical behavior (UMAT) subroutine

The numerical simulation provides users with numerous unit
libraries and material models (i.e. metal, rubber, plastic, concrete,
and geosynthetics) that enable users to deal with a majority of
problems. However, the common material models in the upper
road engineering design (including the geosynthetic-reinforced
materials and gravel cushion layer) are not included in the nu-
merical simulation software. The UMAT is a user subroutine inter-
face provided by the software for the secondary development of the
material constitutive model. It can define all types of material
constitutive models not available in the material library, which
greatly enhances the application and flexibility of numerical
simulation.

The ABAQUS main program and UMAT subroutine provide a
dynamic interaction between the data transfer and the collabora-
tive work process. The interaction calculation process between the
main program and UMAT subroutine is as follows: from the
moment tn, the main program generates an external loading-
induced strain increment Dε at Dt, and the UMAT subroutine pro-
vides a newCauchy stress tensor s(tnþDt) using a given constitutive
equation for the main program. If the calculated stress-strain re-
sults converge, then the main program continues the analysis at
step tnþ1, and the next incremental step size is selected according to
the convergence of the previous step. The accuracy of the Jacobi
matrix or DDSDDE affects the convergence rate of the program but
does not affect the accuracy of the results.

To better understand the collaborative work process of the
ABAQUS main program and UMAT subroutine, taking the equiva-
lent linear viscoelastic model used in this simulation as an example
at an integral point of a material element, the detailed process is
shown in Fig. 6.

In the UMAT subroutine of the numerical simulation, a user
subroutine for the depicted viscoelastic model is provided in Fig. 7.
The stressestrain relationship can be expressed as follows:



Table 1
Geometric parameters of the embankment
model.

Parameter Value

vs (km/h) 108
h1 (m) 3
he (m) 3
h2 (m) 0.4
h3 (m) 6
L (m) 20
L1 (m) 10
L2 (m) 19
L3 (m) 35
M 1.5

Table 2
Parameters of the geogrid.

Project Model Rupture strength (kN/
m)

Rupture elongation (%) Width (m)

Transverse Longitudinal Transverse Longitudinal

Geogrid GG5050 �50 �50 �4 �4 13e20

Table 3
Parameters of the geocell.

Item Unit #1 #2 Method

Tensile yield strength MPa 22 23 ASTM D638 (2010)
Flexural modulus MPa 600 800 ASTM D638 (2010)
Impact strength J/m 9 8 ASTM D256 (2010)
Normal temperature peel strength kN/m 101 101 GB8808-88 (1988)

Table 4
Material parameters of each layer of embankment.

Layer Density, r
(kg/m3)

Young
Modulus, E
(MPa)

Poisson’s
ratio, v

Angle of internal
friction, 4 (�)

Cohesion,
c (kPa)

Pavement
structure
layer

2500 3000 0.2

Embankment
fill

1850 15 0.3 28 18

Gravel
cushion
layer

2100 30 0.25 30 0

Foundation
soil

1800 10 0.3 25 20

Fig. 4. Mesh generation of the geosy

Fig. 5. Mesh of the reinforcement body: (a) Geogrid and (b) Geocell.
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sþ m1
E1 þ E2

_s ¼ m1
1þ E1=E2

_εþ 1
1=E1 þ 1=E2

ε (1)
nthetic-reinforced embankment.



Fig. 6. Collaborative work process of the main program and UMAT subroutine.
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where m1 is the coefficient of viscosity of the dashpot; E1 is the
Young’s modulus of the spring that parallels with the dashpot; E2 is
the Young’s modulus of the spring in series with the kelvinmode; ε,
_ε are the strain and the first derivative of the strain in the visco-
elastic model, respectively; and s, _s are the stress and the first
derivative of the stress in the viscoelastic model, respectively. Note
that the first derivative _s is a time-dependent variable.

The Young’s modulus E2 for the model shown in Fig. 7 is
assumed to be infinite, and the model degenerates into the Kelvin
model. In the actual calculation, E2 equals 100E1, which can meet
the requirements. The material used in the simulation contains five
parameters, l, m, l, m, and n, where l and m are the Lame constants.
Combining the viscoelastic model, m should be determined by the
dynamic shear modulus of the soil. If the Poisson’s ratio is known, l
can also be determined. l and m depend on the damping ratio. The
two parameters are variables to establish the Jacobianmatrix in the
UMAT subroutine. According to Eq. (1), m is related to n. Therefore,
the subroutine code of the equivalent linear viscoelastic model for
the soil can be obtained. The essential input in the viscoelastic
model, i.e. the maximum dynamic shear modulus (Gmax), will be
controlled by the following four relevant variables, i.e. k, n, Pois-
son’s ratio v, circular frequencyw. These four parameters are model
constants to calculate Gmax. Also, another four state variables can be
calculated via the developed subroutine, i.e. STATEV (1)-STATEV (4),
which denote the confining pressure before earthquake, shear
modulus ratio at a specific stress level, damping ratio, and
maximum shear strain during earthquake, respectively. Then, we
have

Gmax ¼ kpa

�
s03
pa

�n

(2)

where pa is the atmosphere pressure and s03 is the effective
confining pressure (Xiao et al., 2023); k, n are the coefficients
related to soil properties, including shape, gradation size, etc.

2.5. Moving load

The moving load was simulated by two rectangular patterns,
and a Fortran subroutine was developed to control the amplitude,
range, and speed of the moving load. The shape of the contact
surface between the vehicle and the road is roughly an ellipse.
However, owing to the complexity of the calculation of an ellipse
load, it is generally simplified to a rectangle, and the load size is
determined by the tire pressure. In this simulation, the load
amplitude P is 100 kN (Zhang et al., 2020), the action range is
represented by a rectangle with a length of 0.2 m and a width of
0.1 m (Cai et al., 2009; Qian et al., 2018), and the velocity of the
moving load (vs) is 108 km/h. The schematic diagram of the moving
load is shown in Fig. 8.

2.6. Interaction

2.6.1. Model change
The model change allows elements to be killed and reactivated

during the analysis, and it can be used for all the standard analytical
steps. This study mainly used it to simulate the embankment filling
process. It removes the specified elements from the model in the
normal analysis step. Before the removal step, the standard
analytical step stores the force applied by the removed region on
the rest of the model on the node between them. During removal,
these forces fall to zero. As a result, the impact of the removed area
on the rest of the model disappears completely only at the end of
the removal step. The force is gradually lowered to ensure that the
removal of elements has a smooth effect on the model.

The stress/displacement elements (including structures) have
two types of reactivation: no-strain reactivation and strain reac-
tivation. This study uses the latter. For elements in the reactivation
step, the implementation is as follows: let the displacement of the
element node be the displacement shared by the rest of the model
or the displacement specified by the boundary conditions. At any
point in the activation step, a displacement is applied to the
element as

ue ¼ aðtÞug (3)

where ue is displacement of any time, ug is actual calculated
displacement, and a(t) is a parameter that varies linearly from 0 to
1. Thus, in this step, the displacement of the reactivated elements
gradually rises to their actual value.

2.6.2. Embedded region
The embedded element technique is used to specify that one

group of elements are embedded into a host element. For example,
the embedded region technology can be used for modeling the
reinforcement. The numerical software searches for geometric re-
lationships between nodes of the embedded elements and host
elements. If the node of an embedded element is within the host
element, the translational freedom of that node is eliminated and
the node becomes an embedded node. The translational freedom of
the embedded node is constrained by the interpolation within the



Fig. 7. Schematic diagram of the viscoelastic model.

Fig. 8. Schematic diagram of moving load.

Fig. 9. Flowchart of numerical prediction for reinforced embankment performance in
ABAQUS.
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corresponding principal element freedom. The embedded elements
are allowed for rotational degrees of freedom, but these rotations
are not restricted by embedding. Multiple embedded element
definitions are assumed. Many embedding models are used in 3D
models: beam, membrane, shell, soil, surface, and truss embedding.
This study mainly uses truss embedding and membrane embed-
ding. More detailed information about the whole modeling pro-
cedures can be found in Fig. 9.
3. Validations for newly developed subroutine

To confirm the correctness and applicability of the developed
Fortran subroutine in simulating the moving traffic loading, the
displacements of the pavement structure layer under the moving
load are compared between analytical solutions and numerical
predictions in this study. Younesian et al. (2005) analyzed the
ballastless track model using theoretical theorm and test data of an
infinite beam on a viscoelastic foundation under a moving load. The
physical and geometric parameters of the model are presented in
Table 5. Here, the parameters obtained by Younesian et al. (2005)
were used for numerical calculation. The calculation model of
Younesian et al. (2005) is shown in Fig. 10. For the numerical
calculation in this study, if the Young’s modulus of the
geosynthetic-reinforced cushion part of the embankment is
increased by 100 times, it can be considered as a rigid foundation,
and a calculation model close to that in Fig. 10 can be obtained
approximately. The comparisons are shown in Fig. 11: the results
represent the settlement schematic curve of the pavement struc-
ture layer at frequencies of 200 Hz, 300 Hz, and 400 Hz,
respectively.

Younesian et al. (2005) did not consider the impact of the
embankment fill weight and the interaction between the upper and
lower parts in the theoretical solution process. However, the two
points were considered in Zhang et al. (2020)’s theory and the
simulation in this study. In theory, the results of Zhang et al. (2020)
are slightly larger than those of Younesian’s study. When the fre-
quency is 200 Hz, the displacements calculated by Zhang et al.
(2020), Younesian et al. (2005), and the present study are
0.374 mm, 0.35 mm, and 0.340 mm, respectively. When the fre-
quency is 300 Hz, the displacements calculated by Younesian et al.
(2005) and the present study are 0.411 mm and 0.390 mm,
respectively. At the frequency of 400 Hz, the displacements calcu-
lated by Younesian et al. (2005) and the present study are
0.256mm and 0.241mm, respectively. The numerical results in this
study are slightly lower than Younesian’s results. The reason may
be that the foundation soil is considered as a continuum in the
finite element analysis, and there is a mutual influence on the
settlement and stress between each point. At the same time, it can
also be found that there are obvious fluctuations near the load point
in the numerical results, and the wave scenario increases as the
frequency increases. This cannot be considered in the theoretical
analysis.

In general, it can be observed from Fig. 11 that the numerical
results in this study are basically consistent with the results of
Younesian et al. (2005) and Zhang et al. (2020). This indicates that
the proposed subroutine is capable of characterizing the moving
features of traffic loads.
4. Spatial distribution characteristics of the pavement
structure layer

Themodel size and calculation parameters are adopted based on
the finite element numerical model of the geosynthetic-reinforced
embankment under a moving load established in Section 2. The
spatial characteristics of the dynamic response of geosynthetic-
reinforced embankment under double moving loads are then
investigated.
4.1. Spatial characteristics of dynamic stress

Fig. 12aeh shows the spatial distribution of stress in the pave-
ment structure layer when the moving load (P ¼ 100 kN) moves
longitudinally along the geosynthetic-reinforced embankment at
the velocity vs ¼ 108 km/h. In Fig. 12, sv is the vertical stress due to



Table 5
Properties of the rail, foundation and load.

Item Property Symbol Value

Rail (UIC60) Young’s modulus of the track ET 210 GPa
Shear modulus of the track G 77 GPa
Mass density r 7850 kg/m3

Cross-sectional area A 7.69 � 10�3 m2

Moment of area I 30.55 � 10�6 m4

Shear coefficient k* 0.4
Foundation Mean stiffness km 202.33 MN/m2

Mean loss factor hm 0.58
Coefficient of variation of stiffness skm 1.756 � 1015 m4

Loss of coefficient of variation shm 0.073
Moving load Load F 65 kN

Fig. 10. Younesian’s model (after Younesian et al., 2005).
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the moving loads, S1 is the distance from the embankment
centerline, S2 is the longitudinal distance along the embankment,
and t is the duration for the traffic loading motion.

As seen from Fig. 12aeh, the amplitude of the vertical stress is
approximately 20 kPa. When the load moves from the left
(t ¼ 0.051 s) to the right (t ¼ 0.612 s) on the reinforced embank-
ment, the change in the stress of the pavement structure layer is
mainly obvious near the load area. In the transverse direction at any
time, a trend of a large stress in the middle and a small stress on
both sides can be observed.
4.2. Spatial characteristics of dynamic strain

The spatial distribution of displacement for the pavement
structure layer when the moving load (P ¼ 100 kN) moves on the
geosynthetic-reinforced embankment at the velocity vs ¼ 108 km/h
is presented in Fig. 13aeh. The maximum vertical displacement
under the self-weight of the embankment fill is 7.1 mm. Due to the
moving load, the maximum displacement amplitude is approxi-
mately 7.15 mm. As observed from Fig. 13aeh, the vertical
displacement of the pavement structure layer caused by the mov-
ing load is mainly concentrated near the load area, and it advances
in the direction of the load movement in a conical shape. In addi-
tion, there is an obvious local “convex” or “concave” scenario near
the load point along the direction of the load movement.
Fig. 11. Comparison between the present study, Younesian et al. (2005)’s and Zhang
et al. (2020)’s study: (a) f ¼ 200 Hz, (b) f ¼ 300 Hz, and (c) f ¼ 400 Hz.
5. Parametric study

A parametric study was carried out to investigate the response
of the geosynthetic-reinforced embankment system by varying the
reinforcement type, overload, velocity of the moving load (vs),
height of the embankment fill (he), and stiffness of the pavement
structure layer. The basic calculation parameters used in the para-
metric study are listed in Tables 1e4



Fig. 12. Spatial distribution of stress in the pavement structure layer: (a) t ¼ 0.051 s, (b) t ¼ 0.068 s, (c) t ¼ 0.136 s, (d) t ¼ 0.272 s, (e) t ¼ 0.357 s, (f) t ¼ 0.391 s, (g) t ¼ 0.459 s, and (h)
t ¼ 0.612 s.
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Fig. 13. Spatial distribution of displacement in the pavement structure layer: (a) t ¼ 0.051 s, (b) t ¼ 0.068 s, (c) t ¼ 0.136 s, (d) t ¼ 0.272 s, (e) t ¼ 0.357 s, (f) t ¼ 0.391 s, (g) t ¼ 0.459 s,
and (h) t ¼ 0.612 s.
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Fig. 15. Longitudinal deformation of the reinforced cushion layer.

Fig. 16. Stress distribution in the cross-section of the pavement structure layer.
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5.1. Reinforcement type

This section mainly studies the dynamic response of the
embankment with different types of geosynthetic reinforcement
(geogrid or geocell) under the moving loads. Fig. 14 depicts the
longitudinal deformation of the pavement structure layer with
different reinforcement types. The deformation trend of the pave-
ment structure layer is roughly the samewhen the reinforcement is
geogrid or geocell, as observed in Fig. 14, where w1 is the vertical
deformation of the pavement structure layer. The difference is that
the maximum value and the overall deformation of the pavement
structure layer are reduced when the reinforcement is the geocell
compared to those with a geogrid. This is due to the 3D structure of
the geocell, where the reinforced cushion layer forms a whole with
greater flexural rigidity that decreases the deformation of the entire
pavement structure layer. Fig. 15 shows the deformation of the
surface of the reinforced cushion layer. Similar rules hold, and the
deformation of the reinforced cushion layer is much smaller than
that of the pavement structure layer, as can be observed in Fig. 15,
where w2 is the vertical deformation of the reinforced cushion
layer.

Fig. 16 shows the stress distribution in the cross-section of the
pavement structure layer, where sv1 is the vertical stress of this
layer. The maximum stress is reduced by 28.7% as it decreases from
27.68 kPa to 19.75 kPa while the distribution of the stress is kept
unchanged. Fig. 17 shows the stress distribution at the surface of
the reinforced cushion layer with different reinforcement types,
where sv2 is the vertical stress of the reinforced cushion layer. There
is a small stress fluctuation on the surface of the reinforced cushion
layer. The main reason for the fluctuation of the dynamic stress is
that the reinforced cushion and the upper and lower soil are
divided into two parts, and the nodes and elements of each part are
balanced. The calculation results of the upper and lower interfaces
of the reinforced cushion are the nodes of the contact interface, and
the nodes at the interface belong to two entireties. There will
induce slightly unequal stress and deformation, resulting in the
stress fluctuation. In addition, the surface stress of the geocell
cushion layer is slightly less than that of the geogrid cushion layer,
and the scenario of fluctuation on the surface of the reinforced
cushion layer is sound when using the geocell. This may be due to
the increased stiffness of the cushion layer.

Figs. 18 and 19 present the tensile stress distribution of the
reinforcement body with different types of reinforcements, where
TR is the tensile stress of the reinforcement body. Because the
tensile stress of the geogrid is only in one direction, this is a
Fig. 14. Longitudinal deformation of the pavement structure layer.
“convex” type, i.e. the tensile stress in the middle of the geogrid is
large, and the tensile stress at both ends is relatively small. As the
geocell reinforcement is a 3D structure, the tensile stresses in the
reinforcement are divided into two directions, including the hori-
zontal and vertical stresses. The vertical load will be converted into
horizontal load through the geocell reinforcement, and the hori-
zontal and vertical tensions show an obvious “step-like” pattern.
Fig. 20 shows the deformation of the reinforced body of the geogrid
and geocell. It is evident from Fig. 20 that the trend of the defor-
mation for the reinforced body is basically consistent with different
types of reinforcements. The deformation of the reinforced body is
slightly smaller when using the geocell-reinforcement than that
using the geogrid, with a reduction of approximately 18.5%.

From the above analysis, it can be observed that compared with
the geogrid-reinforced embankment, the use of geocell can reduce
the deformation of the pavement structure layer more obviously
under the same moving loads. It also improves the stress distri-
bution of the pavement structure layer and the reinforced cushion
layer. In addition, it increases the tensile force of the reinforcement
material. This plays an important role in improving the bearing
capacity of the reinforced embankment.

5.2. Overload

As vehicle overload is a common problem in highway engi-
neering, a sensitivity analysis of the vehicle overload in
geosynthetic-reinforced embankment systems was performed.



Fig. 17. Stress distribution in cross-section of the reinforced cushion layer.

Fig. 18. Geogrid tension.

Fig. 19. Geocell tension.

Fig. 20. Deformation with different reinforced types.
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Fig. 21 shows the stress distribution of the pavement structure layer
in the cross-section when the load changes from normal load
(P ¼ 100 kN), to 30% overload (P ¼ 130 kN), 50% overload
(P ¼ 150 kN), 100% overload (P ¼ 200 kN), 200% overload
(P ¼ 300 kN), respectively, where sv is the vertical stress. It is found
from Fig. 21 that because there are two moving loads on the cross-
section, the corresponding cross-section stress distribution has two
wave peaks, while the stress on both sides of the load is smaller.
Moreover, it can be observed that the stress curve fluctuations may
occur on both sides of the maximum local stress, and the overall
stress amplitude increases gradually with increase in the overload.

As observed from Fig. 22, where w1 is the deformation of the
pavement structure layer, with the increase in moving load over-
load, the deformation of the entire pavement structure layer
showed an increasing trend, and the change in vertical deflection is
particularly evident within a scope of 4 m under the moving load.
Compared with the normal load (P ¼ 100 kN), the maximum ver-
tical deflection increased 4.2% with 30% overload, 14.6% with 50%
overload, 34.3% with 100% overload, and 55.3% with 200% overload.
The local deformation of the loading range obviously increases
under the overload. Fig. 23 displays the relationship between the
attenuation coefficient and overload. Here, the attenuation coeffi-
cient of the deformation is au, whose value is equal to the ratio of
the vertical deformation of the reinforced cushion layer to the
vertical deformation of the pavement structure layer. The attenu-
ation coefficient of the stress is as, which is equal to the ratio of the
vertical stress increment of the reinforced cushion layer to that of
the pavement structure layer. From Fig. 23, it can be observed that
au decreases gradually with increase in the overload. When the
load increased from the normal load to 200% overload, au decreased
from 10.57% to 6.85% with a small change. At the same time, the
attenuation coefficient of stress (as) also decreased with the in-
crease in overload, but the decreased amplitude is relatively larger.

5.3. Velocity of moving load

Figs. 24e28 show the deformation, stress, and variation of the
tensile force of the reinforcement material of the pavement struc-
ture layer, the reinforced cushion layer, and the reinforcement body
under the different vehicle speeds. Only highway traffic loads are
considered here. Thus, the velocity vs is, respectively, 30 km/h,
60 km/h, 90 km/h, 120 km/h, 150 km/h and 180 km/h. The
remaining parameters are the same as those in previous sections.

Fig. 24 shows the deformation in the longitudinal section of the
pavement structure layer under different moving speeds. The load
moves from the left to right, showing an asymmetric deformation
distribution where the deformation after the action of the load is
slightly larger than that before the action of the load, and the local
deformation below the load attains the maximum value. When the
moving velocity of the load increases from 30 km/h to 180 km/h,
the deformation of the longitudinal section increases gradually.
Especially at velocity v larger than 120 km/h, the increase in the



Fig. 21. Vertical stress of the pavement structure layer.

Fig. 22. Vertical displacement of the longitudinal section of the pavement structure
layer.

Fig. 23. Relationship between au, as, and overload.

Fig. 24. Deformation in the longitudinal section of the pavement structure layer.
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vertical deformation will be intensified. For example, in Fig. 25, the
maximum deformation increases from 0.83 mm to 0.896 mm, an
increase of 8%, when the velocity increases from 30 km/h to 90 km/
h, while the maximum deformation increases from 0.928 mm to
1.056 mm, an increase of 13.8%, when the velocity increases from
120 km/h to 180 km/h. However, the deformation of the reinforced
cushion layer is not sensitive to the variation in the moving load
velocity. w1,max and w2,max in Fig. 25 are the maximum vertical
deformations of the pavement structure layer and the reinforced
cushion layer, respectively. Fig. 26 shows the stress distribution of
the cross-section of the pavement structure layer, and an increase
in the speed of the moving load will increase the stress of the
pavement structure layer, especially at the load position. In Fig. 27,
sv1,max and sv2,max are the maximum vertical stresses of the pave-
ment structure layer and the reinforced cushion layer, respectively.
The stress of the reinforced cushion layer will also increase, but the
increase is significantly less than that of the pavement structure
layer. When the velocity of themoving load increases from 30 km/h
to 180 km/h, the stress of the pavement structure layer increases
from 19.69 kPa to 25.43 kPa by 29.3%. The stress of the reinforced
cushion layer increases from 5.75 kPa to 6.51 kPa by 13.3%.

Fig. 28 shows the variation in the deformation attenuation co-
efficient (au) and stress attenuation coefficient (as) with velocity v.
As can be observed in Fig. 28, both the attenuation coefficients of
deformation and the stress decrease with increase in the velocity.
The reason may be that when the speed of the moving load is high,
the vibration of the reinforced embankment mainly occurs at the
surface of the embankment structure and the deformation and
stress of the pavement structure layer will increase, thus increasing
the denominator of the attenuation coefficient and decreasing the
attenuation coefficient. Meanwhile, it can also be observed that the
attenuation degree of stress is greater than the attenuation degree
of deformation. When the velocity increases from 30 km/h to
210 km/h, the attenuation coefficient of deformation (au) decreases
from 12% to 8.87%, and the attenuation coefficient of stress (as)
decreases from 29.2% to 24.96%.

6. Conclusions

A numerical model was proposed for investigating a
geosynthetic-reinforced embankment on an elastic foundation
under a traffic load moving at a constant velocity. The pavement
structure was idealized as an elastic plate, and the geosynthetic-
reinforced granular mattress was investigated by the geotechnical



Fig. 25. Maximum deformation of the pavement structure layer and reinforced
cushion layer.

Fig. 26. Stress in the cross-section of the pavement structure layer.

Fig. 27. Maximum stress in the pavement structure layer and reinforced cushion layer.

Fig. 28. Relationship between au, as and vs.
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material with different bending stiffnesses. The upper and lower
soil layers were idealized as viscoelastic soil with different
stiffnesses and viscous damping. By means of parametric study, the
geosynthetic-reinforced embankment performance was analyzed.
The main findings of this study can be summarized as follows:

(1) The numerical model of the geosynthetic-reinforced
embankment under moving loads was established by a
secondly-developed Fortran subroutine in ABAQUS in the
framework of the infinite elements. The traffic loads were
simulated by two moving loads of rectangular pattern.
Considering the viscoelasticity of the embankment fill, the
equivalent linear viscoelasticity model was developed by the
ABAQUS user material subroutine to investigate the defor-
mation of the embankment fill.

(2) Compared with the geogrid-reinforced embankment, the use
of geocell can reduce the deformation of the pavement
structure layer significantly under the same moving loads.
Moreover, it can also improve the stress distributions of the
pavement structure layer and the reinforced cushion layer
with increased tension within the geo-reinforcement.

(3) Overloaded vehicles are frequently encountered in highway
engineering. With the increase in overload, the stress and
deformation of the pavement structure will increase signif-
icantly, especially when the overload surpasses 50%. Addi-
tionally, higher velocity significantly affects the vertical
displacement as well as the stress of the geosynthetic-
reinforced embankment, and thus, the velocity of the traffic
load should be under control, e.g. less than 120 km/h.
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List of notations

A Cross-sectional area
c Cohesion
E Young’s modulus of the soil layer
ET Young’s modulus of the track
f Frequency of the moving load
G Shear modulus of the track
h1 Height of the pavement structure layer
he Effective height of embankment filling
h2 Height of the reinforced cushion layer
h3 Height of the substratum of the foundation
I Moment of area
k* Shear coefficient
km Mean stiffness
L Length in longitudinal direction
L1 Width of the pavement structure layer
L2 Width at the bottom of the geosynthetic-reinforced

embankment
L3 Width of the foundation soil
m Slope ratio of the reinforced embankment
P Amplitude of the moving load
s Distance
S1 Distance from the center
S2 Longitudinal distance along the embankment
t Time
TR Tension of the reinforcement body
U1 Horizontal displacement
U2 Horizontal displacement
vs Speed of the moving load
w(x, t) Displacement of the Timoshenko beam
w1 Displacement of the pavement structure layer
w2 Displacement of the reinforced cushion layer
w1,max Maximum displacement of the pavement structure layer
w2,max Maximum displacement of the reinforced cushion layer
ge Effective weight of the embankment filling
r Mass density
m Poisson’s ratio
4 Angle of internal friction
hm Mean loss factor
skm Coefficient of variation of stiffness
shm Loss of coefficient of variation
sv Vertical stress
sv1 Vertical stress of the pavement structure layer
sv2 Vertical stress of the reinforced cushion layer
sv1,max Maximum vertical stress of the pavement structure layer
sv2,max Maximum vertical stress of the reinforced cushion layer
au Attenuation coefficient of deformation
aS Attenuation coefficient of stress
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