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Abstract: The mode of the reinforced embankment overlying voids was generated based on discrete
element software. By changing the vertical distance H and the horizontal distance L, the influence
of the void position on the bearing capacity characteristics, displacement field, stress field and its
reinforcement deformation law of the reinforced embankment was analyzed when a local overload
was applied. Numerical simulation results show that the vertical displacement of the geogrid is
symmetrical around the center of the loading plate, and the transverse displacement of the geogrid
shows a centrosymmetric trend around the center of the loading plate at different void locations.
In addition, the failure mode of the embankment at different void positions is proposed. Four
different failure modes exist for the reinforced embankments overlying voids under local overloading:
perforation failure, collapse perforation failure, void side failure and no impact failure. When L = 0,
as H increases, the embankment failure mode changes from perforation failure to collapse perforation
failure; and when L > 0, as L increases, the failure mode changes from void side failure to no
impact failure.

Keywords: failure modes; reinforced embankments; voids; discrete elements

1. Introduction

With the gradual laying of the traffic road network in recent years, the environment of
road construction has become more and more complex. Some voids are difficult to detect
during the survey process and are gradually enlarged by the self-weight of the embank-
ment or the traffic load during road operation, thus causing road collapse accidents [1–4].
Currently, the horizontal reinforcement method is widely used in engineering to prevent
the sudden settlement and instability of embankments caused by overlying voids [5,6].
Based on the demand of engineering applications, many experts have performed a lot of
research in the field of horizontal reinforcement method to prevent voids. The reason-
ableness of geosynthetic materials to prevent voids was verified via tests [7,8]. Kinney [9]
analyzed the deformation characteristics of reinforced bodies. The results demonstrated
that a geosynthetic material deflection curve did not completely fit a circular nor a parabolic
shape. Huang [10] revealed that the friction angle and particle size within the soil had
obvious influence on the deformation and tension of the reinforcement material with the
help of a trapdoor test model. Lu [11] analyzed the stress–strain characteristics of the
reinforced body and found that the peak tensile strain in the bottom layer of the geogrid
was at the edge of the void. Huckert [12] analyzed the effect of void span on soil displace-
ment and reinforced body deformation during traffic loading. Chevalier [13] analyzed
the load transfer mechanism and the slip surface shape of the upper part of the void.
Benmebarek [14] used PLAXIS to study the effect of reinforcement length and stiffness on
the settlement of reinforced embankments overlying voids. By means of finite element
combined with discrete element methods, the mechanism of force transfer between the soil
and reinforcement was investigated and revealed from a microscopic viewpoint [15,16].
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Li [17] compared and analyzed the deformation of the reinforced body under three types of
load distribution, and concluded that it was economical and reasonable to use the inverted
triangular distribution. Feng [18] considered the vertical deformation of the soil in the
anchorage area and proposed a method for calculating the deformation of the reinforced
body. Chen [19] considered the effect of soil cohesion in the design of the calculation
method. A more systematic study of reinforced embankments where the void has collapsed
below the reinforced body has been presented in the above literature.

In practical engineering, a portion of soil may exist between the void and the rein-
forcement material in the embankment. For such conditions, Das [20] investigated the
relationship between void depth and embankment bearing capacity. Wu [21] studied the
effect of eccentric load and load eccentricity on the bearing capacity characteristics of the
void embankment. Zhou [22] took a square void embankment as the object of study to
investigate the effect of the property of the fill and the relative position of the void on the
failure mechanism of the embankment. Lai [23] proposed a failure model for a reinforced
embankment overlying a void with a full load on the embankment surface. For rigid
pavements, this treatment is feasible.

In the case of flexible pavements, the vehicle traffic load is equivalent to a local
overload acting on the embankment under road operational conditions. The effects of
void depth, reinforced body stiffness and reinforced body burial depth on the bearing
capacity of embankments under strip loading have been studied [24,25], but the failure
mode of reinforced embankments overlying voids under local overload has not yet been
investigated. The discrete element simulation technique based on the mechanics of particles
can consider the discrete characteristics of soil particles, which can effectively reveal the
failure mode and microscopic mechanism of soil structure [26,27].

In this paper, we take the reinforced embankment overlying voids under local overload
as the research object, and establish a discrete element model based on a model test. We
analyze the influence of void location on the bearing capacity characteristics of reinforced
embankment, soil displacement field, contact force chain and the deformation law of the
reinforced body, and reveal the failure mode of reinforced embankment overlying voids
from a microscopic perspective.

2. Model Building
2.1. Test Profiles

Figure 1 shows a schematic diagram of the test model with dimensions of
600 mm × 300 mm. The width of the top surface of the embankment is 240 mm, the
slope ratio of the embankment slope is 1:1.5 and the length of the geogrid is 255 mm (solid
red line). The width of the embankment simulated in the test was 9.6 m and the height
of the embankment was 0.8 m. Considering that the embankment is an axisymmetric
structure, 1/2 of the embankment was taken for the test. The geometric ratio of 1:20 is used
to reduce the size of the embankment and the glass fiber geogrid. Due to conditions, this
test was not scaled down strictly based on similarity ratios, but the reinforced embankment
overlying voids test is still of some research value.

In order to better represent the relative position of the void in the embankment, the
vertical and horizontal positions of the void are expressed by H and L in the diagram,
respectively, where the vertical distance H represents the distance from the top of the void
to the bottom of the loading plate, and the horizontal distance L represents the distance
from the core of the void to the center of the loading plate. The width of the loading plate B
is 60 mm, the distance from the center of the loading plate to the wall at the edge of the
model box is 120 mm, and the depth of the reinforcement body h is 30 mm.



Appl. Sci. 2023, 13, 9270 3 of 17Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 17 
 

 
Figure 1. Test model (in mm). 

In order to beĴer represent the relative position of the void in the embankment, the 
vertical and horizontal positions of the void are expressed by H and L in the diagram, 
respectively, where the vertical distance H represents the distance from the top of the void 
to the boĴom of the loading plate, and the horizontal distance L represents the distance 
from the core of the void to the center of the loading plate. The width of the loading plate 
B is 60 mm, the distance from the center of the loading plate to the wall at the edge of the 
model box is 120 mm, and the depth of the reinforcement body h is 30 mm. 

The testing devices and materials mainly include the model box, loading and meas-
uring devices, the geogrid and water pumping equipment (Figure 2). The size of the model 
box is 600 mm × 400 mm × 300 mm (length × width × height, respectively), and the dynamic 
and static triaxial loading device developed by the company GCTS, U.S.A., is used to load 
the soil body (the starting load is 0 kPa, and the loading speed is 3 N/s), which can achieve 
the real-time collection of load and top displacement data. The size of the loading plate is 
288 mm × 60 mm × 30 mm (length × width × height, respectively), and the material of the 
loading plate is high-strength and low-density epoxy resin. The dynamic and static triax-
ial loading device is loaded in the center area of the loading plate, and geogrids are made 
of glass fiber material. The breaking strength of geogrids in the transverse and longitudi-
nal directions is 60 kN/m, and the elongation at the break of the geogrid in the longitudinal 
and transverse directions is 6%. In addition, a soft plastic hollow cylinder with a diameter 
of 60 mm is used to simulate the void. A plastic membrane is wrapped around the inner 
and outer sides of the soft plastic cylinder, so that on the one hand, water is pumped inside 
the inner membrane by means of water pumping equipment to form a void, and on the 
other hand, the outer film prevents water from leaking into the soil. 

 
(a) 

 
(b) 

Figure 1. Test model (in mm).

The testing devices and materials mainly include the model box, loading and mea-
suring devices, the geogrid and water pumping equipment (Figure 2). The size of the
model box is 600 mm × 400 mm × 300 mm (length × width × height, respectively), and
the dynamic and static triaxial loading device developed by the company GCTS, U.S.A.,
is used to load the soil body (the starting load is 0 kPa, and the loading speed is 3 N/s),
which can achieve the real-time collection of load and top displacement data. The size of
the loading plate is 288 mm × 60 mm × 30 mm (length × width × height, respectively),
and the material of the loading plate is high-strength and low-density epoxy resin. The
dynamic and static triaxial loading device is loaded in the center area of the loading plate,
and geogrids are made of glass fiber material. The breaking strength of geogrids in the
transverse and longitudinal directions is 60 kN/m, and the elongation at the break of the
geogrid in the longitudinal and transverse directions is 6%. In addition, a soft plastic hollow
cylinder with a diameter of 60 mm is used to simulate the void. A plastic membrane is
wrapped around the inner and outer sides of the soft plastic cylinder, so that on the one
hand, water is pumped inside the inner membrane by means of water pumping equipment
to form a void, and on the other hand, the outer film prevents water from leaking into
the soil.
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Figure 2. Schematic diagram of testing devices and materials: (a) model box; (b) loading and
measuring devices; (c) geogrid; (d) water pumping equipment.

This laboratory test uses Fujian standard sand as a filler. After the sieve ratio test, it is
determined that the particle size of the soil is mainly concentrated on the range of 0.5 to 2
mm. The gradation curve is shown in Figure 3 below, and the physical properties of the
sand soil are shown in Table 1.
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Table 1. Physical properties of sandy soils.

Property Value

Gravity, γ (kN/m3) 17.03
Specific gravity of particles, Gs 2.65

Porosity ratio, e 0.585
Water content, w (%) 0.15
Uniformity factor, Cu 1.39

Coefficient of curvature, Cc 0.94

2.2. Construction of Discrete Element Model

The PFC particle flow method decomposes the bulk system into discrete units, which
are used as the basic units to visually express the interaction states and motion properties
between the units at each moment in time. The software replaces the selection of the
constitutive model of the material itself by setting the contact between particles. Since the
discrete elements do not need to satisfy the deformation coordination relationship, it has a
greater advantage in simulating the large deformation of discontinuous media such as soil.
At present, the PFC software has become a recognized numerical simulation software and
has penetrated into almost all directions in the field of geotechnical engineering.
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Based on the above laboratory experiment dimensions, PFC2D software was used
to establish a computational model of the reinforced embankment overlying a void, by
generating spherical particles to simulate the sandy soil and the geogrid, and by creating
wall units to simulate the model boxes and loading plates. Figure 4 shows a schematic of
the numerical simulation model. In the model, blue particles represent soil particles, red
particles represent the geogrid and blue lines represent walls. The surrounding boundary
walls is fixed. The wall is a rigid body and does not produce deformation. The bottom
surface of the loading plate is set as the horizontal observation surface M. The position of
the observation surface M decreases as the loading plate decreases. The load P in the load–
settlement curve is obtained by dividing the loading plate contact force F monitored on
profile M by the loading plate width B. The settlement ratio S/B is obtained by dividing the
wall displacement S directly monitored by the loading plate width B in the Fish language
that comes with the PFC.
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Based on the computational resources of the hardware, the generation of particles
in discrete element software according to laboratory-tested soil particle grading curves
is difficult to realize; therefore, it is necessary to extend the radius of the soil particles.
When the radius multiplier is too small, the number of soil particles will be extensive while
improving the accuracy of the simulation, and thus, the calculation cannot be converged;
when the radius multiplier is too large, the simulation results of the discrete element will
have a large deviation from the actual situation. Based on the requirements of calculation
efficiency and simulation accuracy, this paper has made several attempts to enlarge the
particle size of the soil, so as to obtain reasonable enlargement results. After attempts, we
finally obtained a radius multiplier of 2, and the particle size of sandy soils in the simulation
ranged from 1 to 4 mm. The porosity of the sandy soil was 0.17 upon converting from
3D to 2D [28]. The contact model of sandy soil was chosen as a linear contact model, the
contact between particles of the geogrid was the parallel bonding model and the contact
between sandy soil and geogrid was the linear contact model. The particle size of the
geogrid was 1.5 mm. Based on the idea of inverse simulation, this paper has changed
the microscopic parameters of the model to carry out a large number of simulations on
sandy embankment, reinforced body tensile test and reinforced embankment load test,
respectively, and compared the simulation results with the laboratory test results through
the trial-and-error method, so as to finally obtain more reasonable microscopic parameters
of the discrete element model. The microscopic parameters of each part of the material for
the numerical simulation are shown in Table 2.
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Table 2. Microscopic parameters of each material for the PFC model.

Parameters Soils Geogrid Model Box

Normal contact stiffness of particles (N/m) 5.0 × 108 5.0 × 109 1.0 × 1011

Shear contact stiffness of particles (N/m) 5.0 × 108 5.0 × 109 1.0 × 1011

Normal stiffness of cementation (N/m3) — 6.5 × 108 —
Shear stiffness of cementation (N/m3) — 6.5 × 108 —

Normal strength of cementation (N/m2) — 1.0 × 1011 —
Shear strength of cementation (N/m2) — 1.0 × 1011 —

Friction coefficient 0.8 0.6 0.2

Based on the microscopic parameters in Table 2, sandy embankments, reinforced
bodies and reinforced embankments were built, and the discrete element simulation results
were compared to the laboratory tests by changing the location of the voids. In order to
better verify the accuracy of the model parameters, the following working conditions were
established to compare the simulation and test results, respectively, to finally verify the
rationality of the parameters; the specific working conditions are shown in Table 3.

Table 3. Comparison conditions.

Work Conditions Void Diameter (mm) Reinforced Layers H/B L/B

ZX1 0 0 — —
ZX2 60 0 2 0
ZX3 60 1 2 0
ZX4 60 1 2 1

Figure 5 shows the load–settlement curves of the embankment under the test and
simulation, and Figure 6 is the stress–strain relationship curve for the uniaxial tensile test
of the geogrid. From Figure 5, it can be seen that there is a certain gap between the discrete
element test and simulated load–settlement curves, but the general trend is consistent,
and the similarity between the two is high, and the peak bearing capacity remains at the
same level. Therefore, it can be concluded that the sandy embankment and the reinforced
embankment can be better simulated using the microscopic parameters in Table 2.
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It can be seen from Figure 6 that there is a gap between the discrete element test and the
simulated uniaxial tensile curves after loading for a certain period of time, which is due to
the fact that the tensile strength of the reinforcing body in the indoor test changes with the
increase in the strain of the reinforcing body, which is not taken into account in the discrete
element simulation, but the general trend between the two is consistent. In both laboratory
tests and simulations, the geogrid achieved a tensile strength of 60 kN/m at a strain of 6%.
Therefore, the above selection of microparameters for the geogrid is reasonable.

This paper mainly analyzed the effects of different void locations on reinforced em-
bankments under local overload conditions. To provide some basis for the design of
reinforced bodies in the embankments overlying voids in practical engineering, the effects
of vertical distance H or horizontal distance L on reinforced embankments overlying voids
were analyzed, and the failure modes of embankment was proposed. The same loading
speed was used for the models of different working conditions, and the specific simulation
test scheme is shown in Table 4. The failure criteria in this paper are based on the provisions
of the Engineering Geology Manual for foundation failure under shallow plate tests [29].

Table 4. Simulated operating conditions.

Work Conditions H/B L/B

A1 1 0
A2 2 0
A3 3 0
B2 2 1
C2 2 2
D2 2 3
E2 2 4

3. Results
3.1. Characterization of Load Bearing Capacity

Figure 7 shows the embankment load–settlement curves at different void locations.
Figure 7a shows the load–settlement curves at different H/B. The load–settlement curves of
each working condition basically overlap under the first 5 kPa load case. After 5 kPa, load
differences start to appear. When H increases from B to 3B, the bearing capacity increases
with the increase in the vertical distance H under the same foundation settlement. A3 and
A2 have an increase of 2.5 times and 1.5 times, respectively, in the ultimate bearing capacity
compared to A1. It can be seen from the above that the ultimate bearing capacity of the
embankment increases non-linearly with the increase in H.
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Figure 7. Load–settlement curves for different void locations: (a) at different H/B; (b) at different L/B.

From Figure 7b, it can be obtained that before the first 20 kPa load, the settlement
curves of each working condition basically overlap, after 20 kPa load, there is a difference.
When the horizontal distance L changes from 0 to 3B, the ultimate bearing capacity of the
embankment increases with the increase in L. When L ≥ 3B, the load–settlement curves
of D2 and E2 basically coincide, the change in L has a small effect on the ultimate bearing
capacity of the embankment at this point.

3.2. Analysis of Displacement Field

In order to analyze the effect of H/B on embankment soil displacement, three repre-
sentative regions, 1, 2 and 3, were intercepted in the embankment. Region 1 and 3 are at the
lower soil of the reinforced body, region 3 is further away from the loading plate compared
to region 1, and region 2 is at the upper part of the reinforced body further away from the
loading plate. Figure 8 shows a diagram of the relative positions of the regions (the solid
red line represents the reinforced body).
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Figure 9 shows the displacement vector diagram of the soil inside each region of the
embankment at different H/B. From the diagram, it can be obtained that when H = B
(Figure 9a), the soil displacements in regions 1 and 3 are generally in a downward direction.
The left part of region 2 is in a disorderly state, and other parts of region 2 is moving
downward as a whole because of gravity. When H = 2B (Figure 9b), soil displacements
are generally to the right in region 1 and generally downward in region 3. When H = 3B
(Figure 9c), soil displacements are generally to the right in regions 1 and 3. As H/B
increases, the soil in regions 1 and 3 is transformed from an overall downward vertical
displacement to a horizontal displacement to the right. This is because as H/B increases,
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the soils in regions 1 and 3 are subjected to more loads transferred from the embankment
surface. The transferred loads cause a tendency for the displacements to move horizontally
to the right. Comparing the soil displacement of region 2 at different H/B, it can be found
that when H/B is transformed from 1 to 2, there is a significant increase in the width of the
local slip surface in the upper part of the reinforced body, and when H/B is transformed
from 2 to 3, the increase in the width of the slip surface is not significant at this time.
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In order to analyze the effect of L/B on embankment soil displacement, the four
regions, 5, 6, 7 and 8, were intercepted in the embankment. The depth of the four regions
was the same, and the top of the region was equal to the road base surface. The distance
between the center of each region and the center of the loading plate was B, 2B, 3B and 4B,
respectively. Figure 10 shows a schematic diagram of the relative positions of the regions
(the solid red line represents the reinforced body).
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Figure 11 shows the soil displacement vectors in each region of the embankment at
different L/B. When L/B is 1, 2, 3 and 4, respectively, the void is located directly below
regions 5, 6, 7 and 8. When comparing the different L/B conditions, it can be found that
the width of the soil region dominated by horizontal displacements in the upper part of the
void gradually increases as L increases. When L/B < 4, the soil on the upper left side of the
void is displaced horizontally to the right, while the soil on the upper part of the void and
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the upper right side of the void is moved downward. This is due to the fact that the load
transmitted from the embankment surface acts on the upper left area of the void, which is
much greater than the self-weight of the soil, which causes the soil to have a tendency to
move horizontally to the right. When L changes, the soil displacement in region 8 is always
predominantly downward, which indicates that the change in L has less of an impact on
the soil in region 8.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 17 
 

regions 5, 6, 7 and 8. When comparing the different L/B conditions, it can be found that 
the width of the soil region dominated by horizontal displacements in the upper part of 
the void gradually increases as L increases. When L/B < 4, the soil on the upper left side 
of the void is displaced horizontally to the right, while the soil on the upper part of the 
void and the upper right side of the void is moved downward. This is due to the fact that 
the load transmiĴed from the embankment surface acts on the upper left area of the void, 
which is much greater than the self-weight of the soil, which causes the soil to have a 
tendency to move horizontally to the right. When L changes, the soil displacement in re-
gion 8 is always predominantly downward, which indicates that the change in L has less 
of an impact on the soil in region 8. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Soil displacement vectors of embankment at different L/B: (a) H = 2B, L = B; (b) H = 2B, L 
= 2B; (c) H = 2B, L = 3B; (d) H = 2B, L = 4B. 

3.3. Analysis of Contact Force Chain 
Figure 12 shows the contact force chain diagram of the embankment at different H/B, 

where the circular dashed line represents the position of the void and the red continuous 
particles represent the position of the reinforcement body. From the diagram, it can be 
seen that the contact force chain is columnar in the upper part of the reinforced body, and 
the contact force chain has a triangular blank area at the position above the void. The 
contact force chain extends from the embankment surface to both sides of the void. The 
contact force chain in the area below the void is thinner than in other areas at the same 
depth, due to the void preventing the transfer of load to the lower area of the void. When 
H/B = 1 (Figure 12a), the void is close to collapsing into the lower part of the reinforced 
body, and the contact force chain at the boĴom of the embankment is thicker at this time, 
which is due to the fact that the embankment is subjected to a smaller load, making the 
original contact force of the embankment soil relatively larger. As the vertical distance H 
increases, the contact force chain at the top of the void becomes denser and the number of 
thick chains increases, the embankment soil can withstand more load at this time. 

Figure 11. Soil displacement vectors of embankment at different L/B: (a) H = 2B, L = B; (b) H = 2B,
L = 2B; (c) H = 2B, L = 3B; (d) H = 2B, L = 4B.

3.3. Analysis of Contact Force Chain

Figure 12 shows the contact force chain diagram of the embankment at different H/B,
where the circular dashed line represents the position of the void and the red continuous
particles represent the position of the reinforcement body. From the diagram, it can be seen
that the contact force chain is columnar in the upper part of the reinforced body, and the
contact force chain has a triangular blank area at the position above the void. The contact
force chain extends from the embankment surface to both sides of the void. The contact
force chain in the area below the void is thinner than in other areas at the same depth, due
to the void preventing the transfer of load to the lower area of the void. When H/B = 1
(Figure 12a), the void is close to collapsing into the lower part of the reinforced body, and
the contact force chain at the bottom of the embankment is thicker at this time, which is due
to the fact that the embankment is subjected to a smaller load, making the original contact
force of the embankment soil relatively larger. As the vertical distance H increases, the
contact force chain at the top of the void becomes denser and the number of thick chains
increases, the embankment soil can withstand more load at this time.
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Figure 13 shows the contact force chain diagram of the embankment at different L/B.
From the diagram, it can be obtained that the contact force chain on the left side of the
void is significantly larger than that in the right side of the void in terms of coarseness and
density of distribution, which indicates that the existence of the void prevents the transfer
of the embankment surface load to the soil area on the right side of the void. By comparing
the contact force chains at different L/B, it can be seen that the range of action of the coarse
force chain gradually increases as L increases.
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3.4. Deformation Analysis of Reinforced Bodies

Figure 14 shows the geogrid displacement curves of the embankment of different H/B
at the time of failure. Figure 14a shows the vertical displacement curves of the geogrid at
different H/B. From Figure 14a, the maximum vertical settlement of the geogrid shows a
trend of increasing and then decreasing as H increases. The vertical displacement curve is
symmetrical around the center of the loading plate, and the vertical displacement of the
geogrid within a distance of 60 mm from the center of the loading plate is fitted with a
quadratic parabola. The vertical displacement of the reinforced body gradually decreases
with increasing distance from the center of the loading plate, and the vertical displacement
approaches zero at 60 mm from the center of the loading plate. The deformation of the
reinforcement body around 60 mm from the center of the loading plate shows a circular
segment, and the geogrid in this area has a certain negative deformation, caused by the
extrusion of the surrounding soil. Figure 14b shows the transverse displacement curves of
the geogrid at different H/B. From the figure, the transverse displacement of the geogrid is
centrosymmetric around the center of the loading plate (the direction of displacement of
the geogrid is positive to the right), and the transverse displacement at the center of the
loading plate increases and then decreases as H increases. The transverse displacement
of the geogrid 60 mm outside the center of the loading plate remains almost constant; the
transverse strain of the geogrid in this area is small.
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Figure 14. Geogrid displacement curves at different H/B: (a) vertical displacement; (b) transverse
displacement.

Figure 15 shows the geogrid displacement curves of the embankment at different L/B.
From Figure 15a, when L ≤ 3B, the maximum vertical displacement of the geogrid decreases
as L increases, when L ≥ 3B, the maximum vertical displacement of the geogrid roughly
overlaps. The vertical displacement curves of the geogrid at different L/B are symmetrical
around the center of the loading plate and decrease with increasing distance from the center.
This indicates that the deformation of the geogrid under ultimate load is mainly influenced
by the downward displacement of the loading plate and is less influenced by the horizontal
distance L.
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Figure 15. Geogrid displacement curves at different L/B: (a) vertical displacement; (b) transverse
displacement.

From Figure 15b, it can be seen that the displacement direction of the geogrid at the
center of the loading plate is to the right. The relative displacement of the reinforced soil
interface on the left side of the geogrid is greater than that on the right side, probably due
to the tendency of the soil at the lower right side of the geogrid to move toward the slope
during the loading process, which drives the overall movement of the geogrid to the right.
As L increases from 0 to 3B, the transverse strain rate of the geogrid at the edge of the
loading plate (located 30mm from the center of the loading plate) decreases significantly.
When L increases from 3B to 4B, the transverse strain rate of the geogrid at the edge of the
loading plate does not change significantly, indicating that when L ≥ 3B, the change of L
has a low effect on the transverse strain of the geogrid.

3.5. Analysis of Failure Modes

When the embankment is broken, the stress direction of the soil around the void is not
only affected by the relative displacement of the soil due to the void, but also by the upper
load transmitted by the embankment surface, which leads to more complex deflection of the
soil around the void. The main stress cross has obvious advantages in monitoring the stress
deflection of the soil [30–32], and 4 × 4 measurement circles are distributed in the area of
80 mm × 80 mm on the left and right side of the void, and 10 × 4 measurement circles are
distributed in the area of 220 mm × 60 mm in the upper part of the void. The radius of the
measuring circle is 15 mm. Figure 16 shows the distribution of the measurement circles
around the void.
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Figure 16. Schematic diagram of the measuring circle arrangement: (a) layout size chart; (b) measure-
ment circle simulation diagram.
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Taking L/B = 0 as an example, the failure modes of embankment at different H/B are
analyzed. Figure 17 shows the displacement vector field of the embankment during damage
at different H/B and the stress deflection distribution around its void (red continuous solid
line represents reinforced body; yellow border line represents the main stress measurement
area). The length and direction of the line segments on the top right indicate the magnitude
and direction of the principal stresses, with the long and short axes indicating the major
and minor principal stresses, respectively.
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From the displacement vector diagram in Figure 17, we can see that when H = B,
perforation failure occurs on the embankment, and the damage surface extends from the
embankment surface to the side walls above the left and right of the void. The surface of the
damage presents a basin type. The width at the top of the basin damage surface is greater
than the width of the loading plate; this is because the loading plate’s soil downward
pressure under the plate has a horizontal extrusion effect. At this time, because the depth
of the void is too small, the main stress direction above the void is mainly affected by the
vertical load transmitted by the loading plate, and the main stress deflection is small. When
H = 3B, a collapse perforation failure occurs on the embankment; the surface of damage
still extends from the embankment surface to the side walls above the left and right of the
void. It should be noted that at this time, the surface of damage in the lower side of the
reinforced body as a whole is bottle-shaped, and the width of the damage surface in the
reinforced body area has a significant narrowing. The main stress direction above the void
produces a large deflection due to the relative displacement of the soil body, where there is
a significant soil arching effect.

Taking H/B = 2 as an example, the failure modes of embankment at different L/B
are analyzed. Figure 18 shows the displacement vector field of the embankment during
damage at different L/B and the stress deflection distribution around its void. From the
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figure, the soil above the geogrid forms a local damage surface extending to the top of
the embankment under the action of the embankment surface load. The presence of the
geogrid prevents the surface of damage at the upper and lower interfaces of the reinforced
soil from being connected, and the width of the damage surface is narrowed in the area of
the geogrid.
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As shown in Figure 18a, when L = 0, at this time, the embankment is consistent with
the failure mode in Figure 17b, i.e., when the collapse perforation failure occurs. The main
stress of the soil around the void is deflected around the void, and the maximum stress area
is concentrated in the upper part of the void. As shown in Figure 18b, when L = 2B, the
damage surface extends from the embankment surface to the collapse area above the void
and the lower left area of the void, forming a void side failure. At the same time, the void
collapse causes less stress in the soil at the top of the void, and the transfer of embankment
load makes the stress maximum area concentrated on the left side of the void, and the main
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stress direction points to the void location. From Figure 18c, it is found that when L= 4B,
the damage surface of the lower part of the geogrid presents a semi-circular arc, but does
not extend to the void. At this time, the stress deflection around the void is mainly affected
by the void, the main stress around the void deflects around the void and the soil arch
effect is relatively obvious, forming a no impact failure.

4. Conclusions

(1) The ultimate bearing capacity of the embankment increases as H increases. When
L < 3B, the ultimate bearing capacity of the embankment increases as L increases.
When L ≥ 3B, the change of L has less influence on the ultimate bearing capacity.

(2) The existence of the void affects the embankment soil displacement. When 0 < L ≤ 3B
and H = 2B, the soil on the upper left side of the void is displaced horizontally to the
right, while the soil on the upper part of the void and the upper right side of the void
is moved downward.

(3) The void hinders the transfer of the load in the soil. When L = 0, the load is transferred
to both sides of the void, and the contact force chain of the soil below the void is
smaller. When L > 0, the load is mainly concentrated on the left side of the void, and
the contact force chain on the left side of the void is obviously larger than that on the
right side.

(4) The maximum vertical deformation of the geogrid increases and then decreases
with the increase in the vertical distance H. When L < 3B, the maximum vertical
deformation of the geogrid decreases with the increase in the horizontal distance
L, and when L ≥ 3B, the change of L has less influence on the maximum vertical
deformation of the geogrid. In summary, when the void is located directly below the
loading plate, the deformation of the reinforced body is the largest. In the design of
the reinforced body, it is safer to consider that the void is located directly below the
loading plate.

(5) When L = 0, as H increases, the failure mode of the embankment is transformed from
perforation failure to collapse perforation failure, and when L > 0, as L increases,
the failure mode of the embankment is transformed from void side failure to no
impact failure.
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