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Abstract: Geosynthetic reinforced and pile-supported (GRPS) provide an economic and effective
solution for embankments. To investigate the load-bearing mechanism of the GRPS embankment in
loess, experimental and numerical studies under static and dynamic loading are carried out. The
characteristics of soil arch effect and tensile membrane effect of GPRS embankment under static
and dynamic loading are revealed by analyzing pile–soil stress ratio, tension of geogrid, and stress
distribution of pile. The test results show that the pile–soil stress ratio under dynamic loading is
reduced by 2.3 compared with static loading. In comparison to static load, the soil arching effect
is attenuated under dynamic load, and the stronger the static load soil arching effect, the greater
the degree of weakening under dynamic load. In addition, under dynamic loading, the tensioned
membrane effect is still effective, but its enhancement is not as pronounced as under static loading.
Furthermore, by using the finite element software, the numerical model is developed and validated
with the experimental results. The parameter analysis of the load-bearing performance of the GRPS
embankment is accomplished using the finite element model as well.

Keywords: static and dynamic loading; soil arching effect; geosynthetic reinforced and pile-supported;
embankment; model test

1. Introduction

Embankment construction for infrastructure projects has considerably increased dur-
ing the past few decades in soft soil, loess, and medium-compression soil regions. Among
the various ground improvement methods, geosynthetic reinforced and pile-supported
(GRPS) embankments are considered to be a reliable and suitable solution for time-bound
construction projects and difficult ground conditions [1–6]. GRPS embankments are piles,
geogrids, and soil synergistic action of the three to bear the load; the main working principle
relies on the soil arch effect and tensioned membrane effect [7]. Their advantages include
faster construction, higher stability, lower cost, and wider applicability [8–11].

In this integrated system, the soil arching effect develops when differential settlements
between piles and soil occur because of the different pile and soil stiffness, the internal stress
in the soil is redistributed, the downward tendency of the subsoil is partially restrained by
the shear stress within the embankment fill on the pile caps, and the vertical component of
the shear stress participates in the process of load transfer onto the piles. Consequently,
soil arching has a significant influence on the ultimate bearing capacity of the foundation
as well as the performance of each pile [12–16]. Meanwhile, the existence of the geogrid
can transfer the remaining embankment load to the pile top through the tension, and the
tensioned membrane effect can give full play to the bearing potential of the pile and thus
improve the bearing capacity of the foundation [17,18].

In recent years, scholars have conducted a series of research projects on the action
mechanism and load-bearing capacity of GRPS embankments. Alsirawan et al. [3] studied
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the GRPS embankment technology over loose sandy soil. The results demonstrate that
using two layers of geotextile with optimal positions over the pile heads can improve load
distribution and reduce the variance in load efficiency between the piles. Ning et al. [19]
analyzed the stress distribution of the planar soil arch and spatial soil arch of pile em-
bankment under static load, and the results indicated that the spatial soil arch effect is
stronger than the planar soil arch effect. Wei et al. [20] showed that the stress distribution
of GPRS embankment is affected by the planar and spatial soil arch effects under dynamic
load, and Liang et al. [11] found that the existence of geogrids can reduce the influence
of dynamic load on the arch effect. To improve the bearing capacity of loess foundations,
Zhou et al. [21] and Deng et al. [22] investigated GRPS embankment for loess foundations
reinforced by splitting grouting piles and grouted cement fly ash gravel (CFG) piles. The
results show that the structure has good bearing capacity under static load. Chen et al. [23]
presented a novel optimization framework for genetic algorithms and improved black hole
algorithms to systematically determine the design parameters to achieve the minimum
construction cost for GRPS embankments. Zhang et al. [24] and Shi et al. [25] carried out
parameter optimization of GRPS embankments and provided an economical and effective
measure for the design of GRPS embankments. Pham et al. [15] present an analytical model
for GRPS embankments that combines several phenomena, such as the concentric arches
model in cohesive fill soils, the hyperbolic model for the isochrones geogrid curve, and
the subsoil’s consolidation. Lü et al. [26] studied the long-term performance of the GRPS
embankment of a high-speed railway and carried out static load and dynamic load model
tests. The analysis results show that the pile is mainly affected by friction from the sur-
rounding soil, while its end-bearing capacity is small. Xue et al. [27] established an X-type
pile net composite foundation model and analyzed the mechanical characteristics of the
structure under the action of a train load. The results show that the change in train speed
does not have a large influence on peak dynamic displacement or peak dynamic soil stress.
Numerical methods are also quite often used, Han et al. [28] used finite element software to
establish a numerical calculation model of GRPS for different reinforced cushion, reinforced
material, and embankment heights. The calculation results show that the increase in fill
height and the strength of reinforced material will increase the load-sharing ratio of the
pile. Zhang et al. [29] established a three-dimensional numerical calculation model of
the pile-supported embankment and analyzed its load transfer mechanism. The results
showed that the application of gravel cushion and geogrid could improve the load-sharing
ratio of piles. Pham and Dias [30] conducted a three-dimensional numerical analysis on
GRPS embankments of cohesive and non-cohesive embankment soil. The influence of em-
bankment heights, geosynthetic tensile stiffness, and fill soil properties is also investigated
on the arching efficacy, geosynthetic tension, and settlement reduction performance. The
numerical results indicated that the GRPS system shows good performance in reducing
the embankment settlement. The available studies provide an important contribution to
the progress of research on GRPS embankment. However, the load transfer mechanism of
GRPS in loess under static and dynamic loading is still insufficient.

The mechanical behavior of the GRPS embankment in loess under dynamic and
static loads was explored through experiments and numerical simulations. In this study,
the stress distribution of piles, the pile–soil stress ratio, and the geosynthetic tension
distribution were investigated. Furthermore, an analysis and comparison of the stress
distribution characteristics of GRPS embankments under static and dynamic loads were
also conducted. Finally, the three-dimensional numerical model of the GRPS embankment
was established by using the software ABAQUS 2020. With the validated numerical models,
the attenuation coefficient of the structure under dynamic load and the influence of different
pile spacing and embankment heights on the load transfer law of the GRPS embankment
were further investigated.
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2. Experimental Tests
2.1. Specimen Design

In this research, the model test setup, with inside dimensions of 6000 mm long,
2000 mm high, and 2200 mm wide, was made of profile steel, two steel panels, and two
transparent stalinite panels. The test model is designed according to the single-line standard
roadbed in the Code for the Design of High-Speed Railways [31]. Considering the size
and operability of the laboratory test setup, the geometric similarity ratio is determined to
be 10. Taking the geometric similarity constant as the first basic quantity and the heavy
similarity ratio as the second basic quantity, the similarity coefficients of other variables
can be derived based on these two basic quantities [32], as shown in Table 1. The width of
the embankment in the straight section of the single-track high-speed railway is selected as
6 m, thus the width of the embankment was 600 mm according to the similarity ratio in the
model test. The width of the subgrade was 1500 mm, the height of the embankment was
300 mm, and the slope rate of the embankment was 1:1.5. The length of the pile is 1000 mm,
with a diameter of 40 mm. The piles were spaced 180 mm apart, and the pile cap was a
square with a side length of 80 mm. The gravel cushion is on top of the pile caps, and the
geogrid is sandwiched in the middle of the gravel cushion. The laboratory model of the
GRPS embankment is shown in Figures 1 and 2.

Table 1. Parametric similarity relation.

Type Physical Quantity Similarity Coefficient

Similarity ratio

Length Cl = 10
Elasticity modulus CE = 1

Density Cβ = 1
Unit weight Cγ = 1
Poisson ratio Cµ = 1

Strain Cε = 1
Stress Cσ = CECε = 1

Displacement Cδ = ClCε = 10

Figure 1. Schematic layout of the GRPS embankment; (a) Cross section. (b) Loading position and
layout of the earth pressure cell. (c) Measurement points of the geogrid.



Appl. Sci. 2023, 13, 13152 4 of 17

Figure 2. Model test setup.

2.2. Material Properties

The laboratory test was carried out in the Xi’an Key Laboratory of Geotechnical and
Underground Engineering with a geotechnical model test box. The bottom surface of the
model box is hard soil, simulating the bearing stratum of the pile. The test prototype
selected in this study is the CFG piles. The elastic modulus of the CFG pile is small and can
be simulated by using beech wood for the model test [33,34]. In this study, the loess from the
Xi’an section of the Xikang high-speed railroad project is fine-grained loess after screening.
The test was carried out in accordance with the Highway Geotechnical Test Procedure
(JTG 3430-2020) [35], and the results of the performance tests, such as the quadruple straight
shear test, are shown in Table 2. When the pile diameter (B) to the grain size of soil (d50) is
greater than 30 (B/d50 ≥ 30) [36], the effect of errors due to non-reduced soil particles can
be neglected. The pile diameter B = 40 mm was selected for this modeling test, which means
that the grain size of the soil used is less than 1.33 mm to meet the design requirements,
and the grain size of loess usually does not exceed 1 mm. Therefore, the effect of the grain
size of the soil can be neglected in this model test. The soil sample was saturated and
consolidated for a 1-week period before conducting the tests. The gravel cushion and
geogrid were made of the same material as in the actual project. The embankment was
prepared by mixing gravel and sand with a particle size of 10~15 mm (mass ratio 4:1) and
compacting in layers to achieve the required compaction coefficient for the test. Information
on material parameters is provided in Table 2. The gravel cushion was 40 mm thick, with a
bi-directional geogrid layer built into the middle of the cushion, and the specific parameters
of the bi-directional tensile plastic geogrid are shown in Table 3.

Table 2. Information on soil properties.

Name Unit Weight
(kN/m3)

Internal Friction
Angle (◦)

Cohesive
Forces (kPa)

Moisture
Content (%)

Poisson
Ratio

Elasticity
Modulus (MPa)

Loess 19.4 28.24 37.8 17.6 0.32 7.99
Cushion 25.0 40 38.5 16.3 0.14 65

Embankment 22.0 40 36.2 15.5 0.17 38
Pile 22 - - - 0.33 1 × 104
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Table 3. Geogrid properties.

Parameters Unit Values

Mesh size mm 30
Longitudinal tensile strength kN/m 30

Poisson ratio - 0.39
Elasticity modulus GPa 2.32

Transverse tensile strength kN/m 30
Longitudinal tensile strength at 2% strain kN/m 10.5
Transverse tensile strength at 2% strain kN/m 10.5

Longitudinal yield elongation % ≤13
Transverse yield elongation % ≤16

2.3. Test Setup and Loading Devices

The measurement points of the test model are arranged as shown in Figure 1. Nine
piles were set in the subgrade, and since the test was a symmetrical structure, only half of
the structure was arranged for the measurement points. As shown in Figure 1a, in order
to measure the stress in the pile, the five strain gauges with a distance of 22.5 cm were
evenly pasted on the pile. As shown in Figure 1b, nine earth pressure boxes numbered
S1 to S9 were arranged to monitor the earth pressure at the top of the pile and the earth
pressure between the piles, respectively. Full bridge strain gauges were used to measure
the stress on the geogrid numbered A-1 to C-3, and the locations were arranged as shown
in Figure 1c. The displacement meters are arranged on the embankment surface loading
plate for settlement measurement.

The test loads are divided into two parts: static load and dynamic load, which are
loaded on the surface layer of the embankment, and the loading position is shown in the
shaded part of Figure 1b. Static load is completed by gravity loading, with reinforced
concrete gravity slabs loaded step by step with a total of five levels of loading, and each
level of loading is 8.2 kPa after conversion. The form of dynamic loads generated by train
operation is affected by more complex factors, and the complete reduction in dynamic
train loads in the test is difficult, and there is no unified load form for dynamic train loads
by scholars at home and abroad. Therefore, in this study, the simple sinusoidal cyclic
load proposed by Han et al. [37] is used to simulate the train load. The dynamic stresses
generated on the subgrade bed during train operation range from 10 to 20 kPa, with a
response principal frequency around 10 Hz [38]. The dynamic load device of the test was
a 380V electric power rammer, the pressure of the impact loading plate was 11 kPa, the
loading frequency was 10 Hz, and the simulated train load schematic was Figure 3. The
DH5922D dynamic stress–strain analyzer of China Jiangsu Taizhou Jingjiang Donghua
Testing Technology Co. Ltd. was used for test acquisition, and the maximum sampling
frequency of the acquisition device is 50 Hz.

Figure 3. Train simulation load diagram.
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3. Experimental Results and Discussion
3.1. Stress Distribution of Pile

Figure 4a shows the axial stress distribution of P1 in the GRPS embankment. With the
increase in load, the stress distribution of the pile increases and then decreases from the top
to the bottom of the pile. A third of the way up the pile is where the pile’s axial tension
reaches its highest magnitude. This is a friction pile stress curve, which indicates that the
bearing capacity of each pile is mainly provided by the lateral frictional resistance, thus
allowing the upper load to be transferred to the bearing layer through the pile along the
bearing stratum.

Figure 4. Axial stress of pile; (a) P1. (b) The pile of P1~P5 under the 41.0 kPa load.

Figure 4b shows the axial stress distribution curves of the piles at different locations
under a 41.0 kPa load. With the increase in load, the stress distribution curves of P1~P4 piles
have a similar trend, and the stress change of the P5 pile is smaller due to the location of
the pile deviating below the embankment. The maximum stress values of P1~P5 piles are
80.6 kPa, 73.9 kPa, 53.7 kPa, 34.3 kPa, and 15.7 kPa. The results show that the stress of
the central pile is the largest, and the pile stress decreases slightly from the center to both
sides, indicating that the geogrid and gravel cushion can transfer the upper load to the pile
more uniformly, which reduces the stress of the central pile concentration phenomenon to
a certain extent and makes the embankment’s stress more uniform, improving the bearing
capacity of the GRPS embankment.

3.2. Pile–Soil Stress Ratio

The variation curve of the pile–soil stress ratio with load is shown in Figure 5. In the
first stage load, the pile–soil stress ratios of S1/S2 and S1/S6 are about 3.5, and the pile–soil
stress ratio of S1/S8 is 6.1. The difference in pile–soil stress ratio is 2.5, indicating that S8 is
subjected to less stress in the soil compared to S2 and S6. This may be due to the fact that
S8 is minimally constrained by the piles, and a spatial soil arching effect occurs, causing it
to settle more, which in turn contributes less to the upper loads and reduces stress. On the
other hand, S2 and S6 are constrained by the piles on both sides, and the plane soil arch
effect is weakened. As the load increases to 41.0 kPa, the pile–soil stress ratios of S1/S2
and S1/S6 are approximately 2.2 and 2.8, and the pile–soil stress ratio of S1/S8 is about
4.6. The stress ratio difference between pile and soil is reduced to 1.5. With the increase in
load, the effect of the plane soil arch and the space soil arch is weakened. The reason is that
the soil on the top of the pile is compressed, the soil particles are wedged tightly with each
other, and the soil arch is formed within a certain range. When the soil arch effect reaches
its maximum, the load is still increasing, resulting in the range of the arch foot increasing.
At the same time, the soil between piles is continuously compacted, and the load borne by
it gradually increases; thus, the pile–soil stress ratio decreases.
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Figure 5. Pile–soil stress ratio.

As shown in Figure 5, the pile–soil stress ratio of S1/S2 in the transverse of the
subgrade decreases from 3.5 with the increasing load and finally stabilizes at 2.1. The pile–
soil stress ratio of S1/S6 in the longitudinal section of the subgrade slowly and continuously
decreases from 3.5 to 2.7. The transverse pile–soil stress ratio is always smaller than the
longitudinal pile–soil stress ratio, which indicates that the trapezoidal section distributes
the upper loads to both sides of the embankment better. The pile–soil stress ratio for S5/S4
appears to be less than 1 due to the loading location, and S5 is less stressed due to the lack of
direct-acting loading. Therefore, in the design of railway and highway foundations, zoning
reinforcement of the GRPS embankment can be considered depending on the location and
area of the upper loading.

3.3. Tension Distribution of Geogrid

Figure 6 shows the tension distribution of geogrid, and the measurement points
are presented in Figure 1c. As can be seen, the geogrid’s maximum tension in both the
transverse and longitudinal directions is found in the loading area. The tension increases
with distance from the load center and at all loading levels. The tension in the transverse
direction is greater than the tension in the longitudinal direction. The tension in the center
of the geogrid increases significantly with the increase in load. However, in the A-7 and
B-7 curves at the edge of the subgrade, it is not obvious that the deformation of the geogrid
spreads from the center to the surrounding area. The tension at the axis in two directions is
the largest, and the growth rate of tension at the axis is also greater than other parts as the
load increases.

Figure 6. Tension distribution of geogrid: (a) A-1~A-7; (b) B-1~B-7; (c) C-1~C-3.

The negative value in Figure 6 is due to the measurement point being located in the
position of the soil between the piles. When the upper load is transmitted, the soil between
the piles settles downward and the geogrid sinks downward, so the tension measurement
point on the upper surface has a negative value. The geogrid above the pile cap has a
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positive strain value due to the upward protruding arch of the geogrid above the pile cap
in response to the pile’s piercing action. It can be seen that the tension of the geogrid above
the pile cap is generally greater than the soil between the piles, which indicates that the
tension of the geogrid is related to the relative position of itself and the pile, and it also
verifies the soil arch effect from the side. As the ground settles, the geogrid is stretched, and
a portion of the geosynthetic’s strength is therefore mobilized. Consequently, the geogrid
acts as a tensioned membrane, and the resulting hoop tension will reduce the net pressure
on the ground. The tensioned membrane effect (Figure 7) of the GRPS embankment is also
playing a role.

Figure 7. Tensioned membrane effect.

3.4. Dynamic Stress of Soil

The dynamic stress distribution of soil is shown in Figure 8. When the vibration
reaches 10,000 times, the pile–soil stress ratios of S1/S2 and S1/S8 are about 2 and 1.8 under
dynamic loading. When the static load is 41.0 kPa, the pile–soil stress ratios of S1/S2 and
S1/S8 are about 2.5 and 5.8 under static loading. The pile–soil stress ratio under dynamic
loading has some attenuation compared to static loading. Compared to the pile–soil stress
ratio under static loading, the amplitude of the pile–soil stress ratio under dynamic loading
does not change much. Where the pile soil stresses in S1/S8 are substantially reduced,
i.e., the stronger the soil arch effect under static loading, the greater the weakening under
dynamic loading.

The dynamic stress of soil decreases gradually from the center to both sides, and the
attenuation trend of dynamic stress is smaller than that of static stress. In the longitudinal
direction of the embankment, the dynamic stress amplitudes of S1 and S7 are similar, and
the changing trend of stress with the increase in vibrations is also synchronized. At the
initial stage of the dynamic load, the dynamic stress amplitude is about 5 kPa. When the
vibration frequency increases to 7000 times, the dynamic stress reaches its peak value and
stabilizes at about 20 kPa. The dynamic change trend of soil between piles with vibration
times is similar to the “N” type, and the change trend at the top of piles is the opposite.
The dynamic of pile-top soil increases slowly at the beginning and fluctuates steadily when
it reaches a certain value. It can be seen that the development of the arch effect mainly
occurs before the vibration reaches 7000 times. With the increase in vibration times, the
soil at the top of the pile is gradually wedged to form the arch foot, and the dynamic stress
gradually rises. When the number of vibrations is 3500~7000 times, the soil arch is formed
slowly, the load on the top of the pile becomes bigger, and the soil arch effect starts to exert
influence, so the dynamic stress of the soil between the piles starts to decrease. When the
soil arch reaches a stable state after the vibration times reach 7000, the dynamic stress also
fluctuates around a stable value. As shown in the dynamic stress trends of S6 and S8 in
Figure 8d,f, the stronger the soil arching effect, the faster the soil dynamic stress decay. The
soil arch reaches a stable state, and then as the vibration increases the overall sinking of the
upper soil, the dynamic soil stress increases slowly because the soil between the piles is
compressed again.
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Figure 8. Dynamic stress distribution of soil; (a) S1. (b) S2. (c) S3. (d) S6. (e) S7. (f) S8.

3.5. Tension of Geogrid under Dynamic Load

Figure 9 indicates the distribution characteristics of the geogrid’s tension under dy-
namic load. The tension of the geogrids A5 and A4 arranged at the top of the pile is positive;
the tension of the geogrids A-1 and B-1 arranged in the middle of two piles and four piles
is negative. The numerical difference of the geogrid under dynamic load is due to the
stiffness difference between the pile and soil. The geogrid protruded upward at the top of
the pile; the geogrid was stretched into a wavy deformation, and the tension of the geogrid
reduced the pressure of the ground. The GFRP embankment under dynamic load is still
affected by the tensioned membrane effect. The trend is similar to that of the geogrid under
static load. At vibrations up to 1000 times, the tension of the geogrid ratio is about 2.6 for
A5/A1. When the static load is 41.0 kPa, the tension of the geogrid ratio is about 3.6. There
is a difference of 1 in the tension of the geogrid ratio under static and dynamic loads. The
tensioned membrane effect is still effective for GRPS embankment under dynamic load,
but its enhancement effect is not as obvious as that under static load.

As shown in Figure 9, with the increase in vibration times, the tension of the geogrid
under dynamic load changes linearly. When the vibration number reaches 7000 times,
the amplitude change trend of the geogrid is more obvious; after the vibration reaches
7000 times, the tension change of the geogrid is small and tends to be stable. This corre-
sponds to the development of the soil arch effect. When the foundation forms a stable
soil arch, the geogrid force changes quickly, and when the stable soil arch is formed, the
geogrid tension tends to be stable.
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Figure 9. Tension of geogrid under dynamic load; (a) A-5. (b) A-4. (c) A-1. (d) B-1.

4. Numerical Simulation
4.1. Numerical Model

To comprehensively assess the bearing characteristics of GRPS embankment under
static and dynamic loads, the nonlinear finite element software ABAQUS 2020 is employed
to develop a numerical model as depicted in Figure 10. The finite element models for
the RACFCTs consist of soil, pile, pile cap, embankment, gravel cushion, and geogrid.
In the model, 8-node brick elements (C3D8) are utilized to simulate the soil, pile, pile
cap, embankment, and gravel cushion, respectively. Since geogrids are mainly subjected
to tensile forces with negligible flexural and compressive properties and their thickness
dimensions are much smaller than their flat dimensions, geogrids are modeled by a three-
dimensional 4-node membrane element (M3D4). Additionally, to simulate the actual
condition of the GRPS embankment, the boundary of the bottom surface was supposed to
be restricted in the X, Y, and Z directions. The side boundaries and symmetry boundaries
were fixed in the X and Y directions, respectively. When calculating the response of the
GRPS embankment under dynamic loading, the infinite element boundary is used to reduce
the influence of reflected stress waves from the artificial boundary on the simulation results.

Figure 10. Numerical model of the GRPS embankment.
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The contact behavior of pile–soil, embankment–cushion, and cushion–soil contacts
is simulated via interface elements, and the surface-to-surface contact algorithm for the
interface is used. The geogrid is embedded in the gravel cushion using “Embedded
region”. General contact is set between the pile and the soil; the tangential behavior of the
contact surface is hard contact; and normal behavior is defined as penalty contact. The
friction coefficient is taken as the tangent of the friction angle within the soil. The material
parameters of the pile, soil, embankment, cushion, and geogrid used in the analysis are
given in Tables 2 and 3, all of which are based on tests. To simulate the loading of static
loads, following the first step of in situ geostatic stress generation, a total of five levels
of loads are applied step by step to the embankment. The finite element dynamic load is
calculated using the same sinusoidal cyclic load as the test.

In the pile–soil cooperative work of the GRPS embankment, the soil is more likely to be
destroyed than the pile and the geogrid. Therefore, isotropic linear elastic material is used
to calculate the pile and the geogrid, and it is assumed that the pile will not be damaged
during the loading process. The interaction between pile and soil is simulated by using the
contact surface, and the friction coefficient is assumed to be constant during the simulation.
The embankment, cushion, and soil are modeled using a linearly elastic-perfectly plastic
model with the Mohr–Coulomb failure criterion, assuming that all soils are homogeneous.
The yield function of the model criterion can be expressed as:

F = Rmcq− p tan ϕ− c = 0 (1)

Rmc =
1√

3 cos ϕ
sin

(
θ +

π

3

)
+

1
3

cos
(

θ +
π

3

)
tan ϕ (2)

where q is the Mises equivalent stress; p is the equivalent pressure stress; ϕ is the friction
angle; c is the cohesion of the material; and θ is the deviatoric polar angle.

4.2. Settlement Analysis and Comparisons

To verify the correctness of the numerical analysis method, the settlement data from
the model tests were multiplied by a similar factor, and the variation law of the load–
settlement curve of the GRPS embankment was compared and analyzed as shown in
Figure 11. It should be noted that the numerical simulation results of load–settlement
under embankment loading are approximately the same as the trend obtained from the test;
both show an increase with the increase in embankment load. The settlement of the model
test is slightly higher than the numerical simulation results, and the maximum settlement
of the model test and numerical simulation is 8.10 mm and 7.43 mm; the error of both
is 8.14%, which shows that the numerical analysis model can reflect the actual situation
more realistically. Figure 11a demonstrates that the soil deformation from the middle of
the roadbed to the bottom in the dispersion gradually decreases, and the settlement at the
foot of the embankment is much smaller than the surface settlement, which shows that the
pulling film effect of the geogrid suppresses the deformation of the GRPS structure.

4.3. Parametric Study Results and Discussions
4.3.1. Effect of Embankment Height

To investigate the load transfer mechanism of the structure, GRPS embankments with
embankment heights of 2 m, 3 m, 4 m, and 5 m were established, and the stress distribution
curves obtained are shown in Figure 12. It can be seen that the stress at the top of the
pile cap increases significantly with the increase in buried depth. As the load increases,
the maximum stress of pile tops X1 and X3 is 181.7 kPa and 149.5 kPa, which is 409.68%
and 319.35% larger than the maximum stress of 35.65 kPa of X2. The synergistic action of
geogrid and gravel cushion makes the load transfer from the soil between piles to the top
of piles, and pile bearing capacity is given full play.
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Figure 11. Comparisons between testing and numerical results; (a) Displacement obtained from
numerical simulation. (b) Load-settlement curve. (c) Axial stress of P1 under 41 kPa. (d) Tension
distribution of the geogrid.

Figure 12. Stress distribution of GRPS embankment at different embankment heights; (a) The height
of the embankment is 2 m. (b) The height of the embankment is 3 m. (c) The height of the embankment
is 4 m. (d) The height of the embankment is 5 m.
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As presented in Figure 12, the stress distribution of X1 gradually increases with the
increase in embankment height. The slope of the stress curve of the embankment changes
with the increase in height. When the embankment height is higher than 3 m, the slope
increases significantly to about 1.5~2 m. At this point, the gap between the soil stress
at the top of the pile and the soil stress between the piles increases rapidly, and the soil
arch is formed. The reason for this is the differential settlement of the top plane of the
pile cap when subjected to pressure from the upper loads. Because the soil at the top of
the pile cap is blocked by the pile with greater stiffness, the settlement is much smaller
than the soil between piles. As the load continues to pass down, the soil at the top of the
pile is constantly squeezed at the pile cap, and the soil will develop into a soil arch when
squeezed. The soil arch effect will be influenced by the GRPS embankment under different
embankment heights, while the influence of the soil arch effect is limited, and the influence
of the soil arch effect on soil stress is small in a certain height range.

4.3.2. Effects of Pile Spacing

To study the influence of pile spacing on the mechanical behavior of GRPS embank-
ments, models with pile spacings of 1.6 m, 2 m, 2.5 m, and 3 m and embankment heights of
3 m were established, respectively. The numerically calculated stress distribution curves
are depicted in Figure 13. As can be seen from the figure, the bifurcation point of the stress
curve of X1/X2 continues to increase with the increase in pile spacing, the arch height
also increases, and the influence range of the soil arch effect also expands. Because the
arch foot is formed at the top of a pile, the distance between the arch foot and the pile
increases. However, the rise-span ratio of stable soil arch structure shows little variation;
that is, the arch height becomes higher when the arch foot spacing increases. A comparison
of the magnitude of the vault stresses shows that the vault stresses are higher when the
pile spacing is small and become smaller when the pile spacing increases. It can be seen
that increasing the pile spacing increases the height of the arch and extends the range of
influence of the arch effect, but the strength of the arch is weakened. On the contrary, when
the pile spacing is small, the height of the arch will be reduced, but the arch structure will
be more stable. The stress at the top of the pile is 240.2 kPa, 250.0 kPa, 219.4 kPa, and
216.5 kPa at pile spacings of 1.6 m, 2 m, 2.5 m, and 3 m, respectively. It is evident that when
the pile spacing is small, the transfer of inter-pile stresses to the top of the pile is more
noticeable, and the bearing performance of the pile can be effectively used.

4.3.3. Dynamic Stress Attenuation Coefficient

The attenuation coefficient of dynamic stress is the ratio of the maximum dynamic
stress inside and on the surface of the embankment, and the detailed data are shown in
Figure 14. The dynamic stress inside the embankment decreases continuously with the
increase in buried depth, and the attenuation amplitude of X5 is the largest. The dynamic
stress at the bottom of the embankment is about 0.2 times that at the top of the embankment.
The slope of the attenuation coefficient curves of X2 and X4 in the soil between piles is
similar, and the attenuation rate of X4 farther away from the middle line of the subgrade is
faster than that of X2. Additionally, the dynamic stress attenuation coefficient curves of the
soil at the top of the pile and the soil between the piles start separating at the top of the
arch, whereas the dynamic stress attenuation coefficient of the soil at the top of the pile first
decreases with an increase in burial depth before slowly rising. However, the influence of
the soil arch effect is considerably weakened compared to the static loading.

The formation of the soil arch foot and arch ring requires the wedge between soil
particles to keep the soil arch in a stable condition. And soil is a system composed of solid,
liquid, and gas in multi-phase. The applied dynamic load makes soil particles loose and
soil stability is reduced, which causes great interference to the formation of soil arch, so the
soil arch effect will be weakened under dynamic load.
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Figure 13. Stress distribution of GRPS embankment at different pile spacings; (a) The pile spacing of
the embankment is 1.6 m. (b) The pile spacing of the embankment is 2 m. (c) The pile spacing of the
embankment is 2.5 m. (d) The pile spacing of the embankment is 3 m.

Figure 14. Attenuation coefficient of dynamic stress in embankment.

5. Conclusions

In this paper, the bearing mechanisms of the GRPS embankment in loess under static
and dynamic loading were investigated through model tests and finite element analyses.
On this basis, several conclusions are proposed, as follows:

(1) In this paper, the pile–soil stress ratio under dynamic loading is reduced by about 2.3
compared to that under static loading, and the stress in the soil around piles increases
and the soil arch effect weakens under dynamic loading. The soil arch effect in the
GRPS embankment is obvious under static load, and the space arch effect is stronger
than the plane arch effect. Also, the stronger the soil arch effect under static loading,
the more weakened it is under dynamic loading. The stronger the action of the static
load–soil arch effect, the more weakened it is under dynamic loading. The dynamic
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change trend of soil between piles with vibration times is similar to that of the “N”
type, but the change trend of soil on top of piles is opposite.

(2) The GRPS embankment under dynamic loading is still affected by the tensile mem-
brane effect. The strengthening effect of geogrid under dynamic load is not as obvious
as under static load. Before forming a stable soil arch, the tension of the geogrid
changes rapidly, and when the stable soil arch is formed, the change in geogrid
tension tends to be stable.

(3) The embankment height influences the soil arch, but the influence range of the soil
arch is limited. The increase in pile spacing increases the height of the soil arch and
extends the area influenced by the soil arch effect. However, the strength of the soil
arch is weakened. On the contrary, when the pile spacing is small, the height of the
soil arch will be reduced, but the soil arch structure formed is more stable. When the
pile spacing is small, the bearing capacity of the pile can be more effectively utilized,
and the transfer of soil stress between piles to the top of the pile is more obvious,
which can better utilize the reinforcing effect of piles to improve the bearing capacity
of the GRPS embankment.

Only the cyclic loading method is used to simulate the traffic load in this paper, and
it is recommended to strengthen the monitoring of the data during the actual highway
operation in the loess section and to use the same waveform as the actual traffic load as
the dynamic loading method. Additionally, the commonly used M-C model is utilized to
simulate the soil in this study, and further comparisons of the different material models
are needed to compare the advantages, disadvantages, and applicability of the different
material models. Combined with the research results of GRPS embankment under static
and dynamic loading in this study, reasonable values of parameters such as the number of
layers of geogrid, pile cap size, pile spacing, etc., are investigated to optimize the design of
the GRPS embankment, taking into account the economic, technological, and environmental
protection aspects.
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