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explored stress transfer processes, including the arch-
ing effect within embankments, the membrane effect 
of geosynthetics, and settlement of the embankment 
and ground. However, these studies have been limited 
in their examination of cavity-opening processes. This 
paper uses the finite element method to analyze load 
transfer in geosynthetic-reinforced embankments over 
cavities, considering cavity opening processes and the 
effect of cyclic loading. The numerical model is built 
based on the experimental work of Villard and Brian-
çon (Can Geotech J 45: 196–209, 2008). The numeri-
cal results are validated against experimental results, 
confirming the reliability of the numerical modeling. 
The results also show that the gradual expansion of 
the cavities leads to an increase in surface deforma-
tion, geosynthetic deflection, and the formation of 
a conical stress distribution pattern. Increasing the 
number of cyclic loads induces a reduction in stress 
transfer within the embankment while increasing 
surface settlement and geosynthetic deflection. Addi-
tionally, a mathematical equation for the distribution 
of stress acting on the geosynthetic is proposed to 
enhance the accuracy of previous analytical methods.

Keywords  FEM · Geosynthetics · Soil arching · 
Cavity · Cyclic loading · Opening process

List of Symbols 
2D	� Two-dimensional
c	� Cohesion (kN/m2)
B	� Cavity width (m)

Abstract  During the construction of urban roads 
and infrastructure, factors such as groundwater, soil 
subsidence, and underground erosion can lead to 
the formation of cavities. Using geosynthetics to 
reinforce embankments over these cavities has dem-
onstrated technical and economic efficiency while 
reducing construction time. Previous studies have 
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D	� Downward opening
DEM	� Discrete element method
E	� Efficacy of load transfer (%)
E’	� Young’s modulus (kN/m2)
FEM	� Finite element method
GSY	� Geosynthetic reinforcement
H	� Embankment height (m)
J	� Geosynthetic stiffness (kN/m)
L	� Length of foundation soil (m)
LL	� Length of left side of cavity (m)
LR	� Length of right side of cavity (m)
N	� Number of load cycle
P	� Progressive opening
q	� Top load (kPa)
Q	� Load applied on the geosynthetic situated 

above cavity (kPa)
φ 	� Friction angle (°)
ψ	� Dilatancy angle of filling soil (°)
ν	� Poisson ratio
γ	� Unit weight (kN/m3)

1  Introduction

The presence of cavities or sinkholes causes sur-
face settlements and foundation damage, posing a 
high risk to the durability and stability of construc-
tions. Cavities typically form due to human activities 
including underground construction (Singh and Dhar 
1997) and groundwater exploitation, and natural pro-
cesses such as tectonic activity, washout, and weath-
ered phenomena (Gutiérrez et al. 2008; Serridge and 
Cooper 2023). It is challenging for engineers to deter-
mine the location and the probability of its occur-
rence (El Ganainy et  al. 2016; Brahmi et  al. 2023). 
When a cavity is detected, investigation, cause analy-
sis, and development forecasting must be conducted. 
Subsequent treatment solutions are proposed to pre-
vent cavity enlargement and reinforce the cavity top. 
This creates challenges in meeting technical require-
ments, extends processing times, increases costs, and 
may render the associated work unusable. Therefore, 
reinforcing the embankment to minimize the forma-
tion of cavities is considered a safe solution, reducing 
costs and not affecting the exploitation and operation 
of the construction.

Geosynthetics are synthetic materials character-
ized by high strength and low strain. It has been 
frequently employed for soil reinforcement. The 

solution of the geosynthetic reinforced embankment 
restricts the formation of localized cavities (Giroud 
et al. 1990; Villard et al. 2000; Blivet et al. 2002; Van 
Dyk and Jacobsz 2016). This method offers various 
advantages including simplicity, easy installation, 
and cost-effectiveness. Research has been conducted 
to clarify the load transfer mechanism and settle-
ment of an embankment above a cavity subjected to 
static load (Wang et al. 1996). Under the weight and 
applied loads, the soil-geosynthetic system induces 
two primary effects: bending of the soil layer and 
stretching of the geosynthetic reinforcement. The soil 
layer bending sets up the soil arching, which trans-
mits a portion of the applied load away from the void 
zone. The geosynthetic stretching forms a part of the 
strength of the geosynthetic due to the ‘tensioned 
membrane’. The tensioned membrane theory was first 
proposed by Giroud (1981) to evaluate the bridging 
load of a geosynthetic over a void. Subsequently, a 
design chart was developed based on tensioned mem-
brane theory. The chart has been used to define the 
load capacity of geosynthetics. Bonaparte and Berg 
(1987) have suggested that using the combination of 
arching and tensioned membrane theories enables 
the design approach more realistic. This way was fur-
ther developed by Giroud et al. (1988, 1990) for the 
investigation and design of a geosynthetic reinforced 
embankment over a void.

Previous researchers (Gabr and Hunter 1994; Bri-
ançon and Villard 2008; Huckert et  al. 2016; Pham 
et al. 2018a, 2022; Villard et al. 2016; Chalak et al. 
2019; Pham 2019) have identified that the expansion 
of filling material and the load transfer within the 
embankment are the primary complex mechanisms 
in a geosynthetic-reinforced embankment over cavi-
ties. The expansion coefficient is defined as the ratio 
between the final volume of the collapsed soil mass 
within the embankment above the cavity and its ini-
tial volume. The coefficient of expansion (Ce) of 
embankment fill characterizes the change in the vol-
ume of the deformation zone within the embankment, 
playing a crucial role in connecting geosynthetic 
deflection and surface settlement of the embankment. 
In existing design methods such as BS8006 (2010), 
RAFAEL (Blivet et al. 2002; Villard et al. 2000), and 
EBGEO (2010), geosynthetic deflection is initially 
assumed. Due to Ce, surface settlement is estimated. 
Thus, given the critical role of Ce, it is important 
to determine the precise volume of the deformation 
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zone within the embankment fill, which is determined 
from the shapes of the settlement surface and geo-
synthetic deflection. The geosynthetic deflection and 
the surface settlement have a critical relationship in 
estimating the maximum deformation above the cavi-
ties. There are various methods to estimate the shapes 
of geosynthetic deflection and surface settlement. 
In existing design methods such as BS8006 (2010), 
RAFAEL (Blivet et al. 2002; Villard et al. 2000), and 
EBGEO (2010), the shapes of geosynthetic deflection 
and surface settlement were assumed as a parabolic 
curve. However, the experimental results of Pham 
et  al. (2018a) and Silva and Elshafie (2021a) sug-
gested that a third-order polynomial function more 
accurately fits the geosynthetic deflection shape and 
the surface settlement.

The efficacy of load transfer within geosynthetic-
reinforced embankments has been evaluated by many 
authors (Terzaghi 1943; Hewlett and Randolph 1988; 
Girout et al. 2014; Pham and Dias 2021a; Rui et al. 
2022) using the efficacy coefficient, denoted by E. For 
a reinforced embankment over cavities, the efficacy 
coefficient is calculated using Eq.  (1), similar to the 
function proposed by Villard et al. (2016). This coef-
ficient depends on the difference between the applied 
load on the cavity area before and after the opening, 
with values ranging from 0 to 100%.

where E is the efficacy, Wi is the total load acting on 
the cavity (kN), including the weight of embankment 
material situated over the cavity area and surcharge 
placed above before cavity opening (kN), and Qg is 
the applied load on the geosynthetic above the cavity 
after the opening (kN).

Besides investigating the behavior of reinforced 
embankment over a cavity, the influences of various 
parameters such as the surcharge, the model’s geo-
metrical features, the filling material, and particu-
larly the cavity opening method have been studied 
(Agaiby and Jones 1996; Huckert et  al. 2016; Vil-
lard et  al. 2016; Pham et  al. 2022). Most previous 
research analyzed the influence of parameters on the 
load transfer mechanism, the surface settlement, and 
geosynthetic deflection. The analyses indicated that 
the embankment thickness with the geosynthetic is a 
significant parameter for the load transfer. The critical 

(1)E(%) =
Wi − Qg

Wi

height of the embankment, denoted as Hc , is another 
crucial parameter influencing the load distribution. It 
represents the threshold value of embankment height 
at which the full degree of soil arching is achieved. 
When the height of the embankment reaches the criti-
cal value or in other words, the cavity appears at a 
sufficiently deep position, the differential settlement 
between the subsided area and the remaining area 
can be neglected. This can be explained by the fact 
that when the distance between the cavity and the sur-
face is large enough, shear stress is mobilized in the 
embankment, allowing the weight of the fill above the 
cavity to be transferred by the arching effect. A wide 
range of ratios between the critical height of embank-
ment and cavity width, Hc /B has been reported in the 
relevant studies of Potts and Zdravkovic (2010); Vil-
lard et al. (2016); and Silva and Elshafie (2021b) with 
values ranging from 0.25 to 2.0.

The friction angle of the fill soil had a minor influ-
ence on surface settlement (Briançon and Villard 
2008). In addition, the softer the fill material is, the 
greater the surface settlement is, and the smaller the 
degree of arching is. The effect of the geosynthetic 
properties on the load transfer was not as important 
as the cavity diameter and the soil properties (Agaiby 
and Jones 1996). An increase in the surcharge load 
induced a negligible change in the efficacy, which 
varied from 52 to 56%. Both the surface deformation 
and the geosynthetic deflection developed when the 
surcharge load increased (Pham et al. 2022).

Regarding the influence of the cavity opening pro-
cess, laboratory experiments and numerical modeling 
of Huckert et al. (2016) and Villard et al. (2016) have 
been conducted for cavities with varying sinkhole 
diameters. The influence of the width of the cavity 
on the load transfer, geosynthetic deflection, and sur-
face settlement were made clear. Huckert et al. (2016) 
conducted full-scale experimental tests to study the 
mechanisms of load transfer within geosynthetic rein-
forced embankments over various voids. The experi-
mental results figured out the influence of fill material 
on the surface settlement, the tensile strength, and the 
shape of deflected geosynthetic. In the case of granu-
lar material, as the opening process widened, surface 
deformation progressively increased until collapse, 
during which the tensile strength of the geosynthetic 
increased, and the geosynthetic deflection exhibited a 
parabolic shape. Meanwhile, in the cohesive treated 
soil case, the surface settlement was insignificant, and 
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the soil collapsed as the surcharge was increasingly 
applied. The falling soil induced a horizontal shape of 
the geosynthetic at the cavity center, which reflected 
the non-uniform stress on the geosynthetic. Based 
on the experimental investigation of Huckert et  al. 
(2016), Villard et  al. (2016) conducted a numerical 
analysis of the geosynthetic-reinforced embankments 
overlying voids. The numerical outcomes demon-
strated that the cavity opening procedure had a signif-
icant impact on the stress distribution in the geosyn-
thetic reinforcement above the cavity and influenced 
the soil deformation mechanism. Furthermore, the 
soil expansion coefficient was not a constant within 
the embankment, it was strongly dependent on the 
cavity formation process.

In the literature, the influence of cyclic loading on 
the load transfer mechanism within a geosynthetic-
reinforced embankment has been considered by the 
experimental and numerical studies (Han et al. 2011, 
2015; Benmebarek et  al. 2015; Houda et  al. 2016, 
2019; Pham et al. 2018b; Pham and Dias 2021b). The 
studies showed that cyclic loading caused a decrease 
in the degree of soil arching and the cumulated set-
tlements. In fact, a certain number of loading cycles 
might limit the arching effect. Zhuang and Li (2015) 
carried out 3D numerical analyses to investigate a 
geosynthetic-reinforced embankment under cyclic 
loading, in which the Mohr–Coulomb model for 
embankment used and demonstrated a significant 
impact on the embankment settlement due to cyclic 
loads. However, most of these studies were developed 
with the problem of the embankments on rigid pile-
reinforced soft soil, either with or without the pres-
ence of geosynthetics. In terms of the behavior of a 
geosynthetic reinforced embankment above a cavity 
subjected to cyclic loading, there have not been many 

conducted studies. Huckert et  al. (2016) carried out 
the experimental model subjected to 10 load cycles. 
The final displacement values were stable after the 1st 
loading cycle.

While achieving notable results, it is clear that the 
impacts of both cavity opening methods and cyclic 
loadings have not been thoroughly assessed. To 
address this gap, this paper investigates the opening 
process and cyclic loading on the performance of a 
geosynthetic-reinforced embankment over cavities. 
Numerical modeling based on FEM is conducted. 
These numerical models are based on the experimen-
tal tests described by Villard and Briançon (2008). 
The numerical results are validated against the meas-
ured data of Villard and Briançon (2008) in terms of 
the load transfer, the surface settlement, the geosyn-
thetic stress distribution, and the geosynthetic deflec-
tion. In addition, the effects of embankment height 
and cyclic loading are anticipated to enhance the 
understanding of load transfer mechanisms.

2 � Description of Reference Case

The numerical analyses have been performed to 
model the full-scale experimental work on geo-
synthetic reinforced embankments over localized 
cavities by Villard and Briançon (2008), referred to 
as the reference case (see Fig.  1). The experiment 
was conducted on a rectangular trench measuring 
30  m × 2.5  m. A rectangular cavity, 2  m long and 
1 m wide, was arranged below the trench, filled with 
two balloons to simulate the cavity opening process 
by deflating the balloons. A geosynthetic reinforce-
ment with a stiffness of 1100 kN/m was spread evenly 
along the trench, extending 30  m longitudinally. 

Fig. 1   Schema of cavity experiment in the study of Villard and Briançon (2008)
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Compacted gravel, 0.5 m thick, was then placed over 
the geosynthetic. The cavity simulation was posi-
tioned on the left side of the experimental area. A 
limited-length cable-measuring device was used on 
the left side to measure the horizontal displacement 
of the geosynthetic. A detailed description of the site 
conditions, instrumentation, and monitoring devices 
was clearly presented in Villard and Briançon (2008). 
The testing procedure was carried out in three steps: 
(1) deflating the balloons to gradually create the cav-
ity; (2) removing the deflated balloons to ensure that 
the geosynthetic was correctly positioned over the 
void; and (3) applying surcharge loads to the soil sur-
face. During the tests, the horizontal displacement 
and strain of the geosynthetic were monitored.

3 � Numerical Modeling

3.1 � Description of Control Case

A 2D FEM model is developed to simulate the 
experimental work conducted by Villard and Brian-
çon (2008), known as the control case. Due to the 
fact that the rectangular cavity was considered in the 
experiment, a plane strain model was employed in 
the numerical calculation. The study was conducted 
under drained conditions. Figure 2 shows the geomet-
rical configuration of the model, where the overlying 
soil is modeled as a gravel layer and the surrounding 
soil has a length of 30 m, including 2.0 m in width 
of the cavity, 2.0-m length of the platform on the left 
side, and 26.0-m length on the right side. In the con-
trol case, the thickness of the gravel layer is 0.5  m, 

corresponding to an H/B ratio of 0.25. To investigate 
the influence of embankment height on the perfor-
mance, the thickness of the gravel layer was increased 
to 6.0  m in this study. The geosynthetic material is 
placed between the overlying and surrounding soil, 
spanning a length of 30.0 m. The geosynthetic (GSY) 
is modeled by the linear elastic model, with a stiffness 
(J) of 1100  kN/m. As the load on the geosynthetic 
increases, the strain in the geosynthetic (ε) increases, 
and the tensile force (T) is generated according to 
the equation T = J × ε. In the control case, the sud-
den opening process of the cavity is considered to 
simulate the process of sinkhole formation when 
inflating balloons. Other types of cavity openings are 
addressed in this study, which is presented in the test-
ing program. The mesh was structured using 15-node 
triangular elements. When the soil or geosynthetics in 
the model are modeled under large deformations, the 
shape and location of elements in the computational 
grid may change. The mesh was updated from phase 
1 to phase 4 to ensure continuous adjustment dur-
ing large deformation analysis. The relative element 
size factor is used as 1.0 as the element distribution 
is set at the medium level and its dimension is 1.802. 
Regarding boundary conditions, the vertical bounda-
ries were fixed in their normal directions. Meanwhile, 
the model bottom is fixed in both x and y directions, 
which means that no deformation is assumed below 
the surrounding soil. The coefficient of lateral earth 
pressure, K0, was determined using the formula: 
K0 = 1 − sin(φ) (Jaky 1944). Following the experi-
mental setup by Villard and Briançon (2008), a sur-
charge of 5.3 kPa is applied on the embankment top.

Fig. 2   Finite element mesh: Geometrical configuration (a); Numerical calculation (b)
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3.1.1 � Constitutive Models and Parameters

The complex system involves three different mate-
rials: surrounding soil, embankment (gravel fill), 
and geosynthetic. The soil materials were modeled 
as linear elastic-perfectly plastic materials, utilizing 
the Mohr–Coulomb failure criterion (MC model). 
The MC model was chosen due to its numerous 
advantages in achieving the research objectives 
(Pham and Dias 2021a; Pham et al. 2022; Vo et al. 
2022). A notable advantage of the elastic-perfect 
plastic model is its ability to represent soils using 
well-established parameters, as presented in the ref-
erenced study (Villard and Briançon 2008). Due to 
its simplicity and effectiveness in representing the 
plasticity law and failure criterion of soil, the MC 
model has been used to simulate soil behavior under 
cyclic loading in some scenarios.

For instance, Wang and Ma (2007) used the MC 
model to develop and validate a simple soil model 
capable of handling complex loadings, including 
cyclic loading conditions. Achmus et al. (2009) and 
Kou et  al. (2012) used the MC model to simulate 
the behavior of dense sand around monopile foun-
dations of offshore wind turbines under cyclic load-
ing. Kwon and Yoo (2020) also used the MC model 
to simulate the dynamic behavior of structures in 
liquefiable sand under cyclic loading conditions.

The geosynthetic material was modeled as a 
geogrid element, with isotropic linear elastic behav-
ior. The interfaces were also defined using the 
Mohr–Coulomb failure criterion. The material mod-
els and parameters are summarized in Table 1.

3.1.2 � Modeling Procedure

Cavities can form in several ways: (1) suddenly, 
when an underground cavity collapses; (2) gradually, 
through downward movement, subsidence, or sink-
ing; and (3) progressively, over time, due to the ero-
sion of soil or rock. To evaluate the effects of open-
ing processes, both downward movement (Process D) 
and progressive opening (Process P) are simulated in 
addition to the sudden opening process (Process S) 
described in the control case. These simulations aim 
to investigate the influence of the cavity opening pro-
cess on the reinforcement mechanism.

Concerning Process S (see Fig.  3a), the cavity is 
characterized by the sudden disappearance of the sub-
soil, which can occur in incidents involving under-
ground structures. In Process D (Fig. 3b), the entire 
subsoil mass collapses vertically, representing a fixed 
opening diameter or width as the sinkhole develops. 
Process P (Fig.  3c) involves progressive subsidence, 
with the width or diameter of the cavity gradually 
increasing from the center.

The FEM simulation is conducted in five calcula-
tion steps. First, the surrounding soil, including the 
yielding mass of the cavity, is activated. Then, the 
geosynthetic is placed above the surrounding soil. 
Next, the gravel layer is placed to set up the embank-
ment. The interfaces corresponding to the relevant 
materials are activated upon the appearance of these 
materials. With all components in place, the cavity 
is then induced to open using one of three processes. 
In Process S, the immediate disappearance of soil is 
modeled (see Fig. 3a). For Process D, the prescribed 
movement is applied for the opening process (see 
Fig. 3b). The movement continues until the deflected 

Table 1   Input parameters for FEM models

Parameters Symbol (unit) Embankment 
(gravel mate-
rial)

Surrounding soil Interface gravel/ GSY Interface GSY/
surrounding 
soil

Interface surrounding 
soil/surrounding soil

Material model Mohr–Coulomb Mohr–Coulomb Mohr–Coulomb Mohr–Coulomb Mohr–Coulomb

Unit weight γ (kN/m3) 17 17 17 17 1
Young modulus Ε’ (kN/m2) 20 × 103 22 × 103 20 × 103 22 × 103 1 × 103

Poisson’s ratio ν 0.2 0.3 0.2 0.3 0.3
Cohesion c (kN/m2) 1 × 10–3 10 1 × 10–3 10 1 × 10–1

Friction angle φ (°) 36 50 29 40 29
Dilatancy angle ψ (°) 6 20 0 10 0
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geosynthetic loses contact with the downward-mov-
ing part. In Process P, the opening method is simu-
lated by deactivating several soil polygons, with pro-
gressively increasing the cavity width (see Fig.  3c). 
For all three processes, the cavity dimensions remain 
consistent.

After the cavity opens, a load is applied above the 
embankment. A key goal of this study is to deter-
mine how different loading conditions affect the 
system’s behavior. The research involves applying a 
static load of 5.3 kPa on the embankment top, regard-
ing the experimental conditions of the selected refer-
ence case. In the FEM simulation program (PLAXIS 
2020), a harmonic signal is used to define the cyclic 
load, as presented in Eq. (2).

where M̂F̂ is the amplitude of cyclic load, � = 2�f  , 
with f  is the frequency (Hz), �0 is the initial phase 
angle (degrees). The effect of cyclic loading is stud-
ied at varying frequencies corresponding to N cycles 

(2)F = M̂F̂sin
(

𝜔t + 𝜑0

)

(1, 5, 10, 50, and 100). Similar cyclic loading config-
urations have been employed in studies conducted by 
Pham et al. (2018b), Pham and Dias (2021b), Houda 
et al. (2016), and Houda et al. (2019). Throughout the 
phase of cyclic loading, the amplitude value for the 
cyclic load remains constant at 5.3 kPa.

To simulate sinkhole occurrence, several inter-
faces are defined for interactions between differ-
ent materials. The primary interfaces are Gravel/
GSY, Surrounding soil/GSY, and Surrounding soil/
Surrounding soil. The interface characteristics are 
based on the fill material, using a shear strength 
reduction ratio of 0.8 (φinterface = 0.8 × φsoil) as sug-
gested by previous studies (Villard et  al. 2016; 
Pham 2019; Pham and Dias 2021a). Concerning 
Process D, the "Surrounding soil/Surrounding soil" 
interface is assigned very low stiffness to allow 
movement between the yielding mass and adjoining 
mass of the surrounding soil. Different interfaces 
are used for the various cavity opening methods, as 
shown in Fig.  4a for Process S and P, and Fig.  4b 
for Process D.

Fig. 3   Cavities open in 
different methods: a Process 
S–Sudden opening, b Pro-
cess D–Downward opening, 
c Process P–Progressive 
opening
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3.2 � Validation of FEM Simulation

The full-scale experiment conducted by Villard and 
Briançon (2008) served as the basis for validating 
the FEM model developed to analyze geosynthetic-
reinforced embankments subjected to localized cav-
ities. In addition to their experimental work, Villard 
and Briançon (2008) performed numerical simula-
tions to replicate the experimental findings. To vali-
date the current model, the geosynthetic deflection 
calculated by FEM analysis was compared with 
both field measurements and the numerical results 
reported by Villard and Briançon (2008).

Figure 5 illustrates the comparison between geo-
synthetic deflection obtained from current FEM 
analysis, referenced numerical results, and field 
measurements. The FEM results show geosynthetic 
deflection consistent with the field-measured data. 
The observed geosynthetic deflection was approxi-
mately 0.23 m, compared to 0.24 m obtained from 
the simulation. Furthermore, as shown in Fig.  5, 
the FEM results closely align with the numerical 
results presented by Villard and Briançon (2008). 
A third-order polynomial function was used to fit 
the geosynthetic deflection, with coefficients of 
determination (R2) of 0.999, 1, and 0.997 for FEM, 
referenced numerical, and experimental methods, 

Fig. 4   Interfaces used in the numerical models: a Processes S and P, b Process D

Fig. 5   Geosynthetic deflec-
tion obtained by experiment 
and numerical modeling
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respectively. The nearly perfect R2 values indicate 
a very high degree of fit between the numerical 
models and the experimental data. This demon-
strates that a third-order polynomial function can 
accurately capture the complex deflection patterns 
of geosynthetics, offering significant benefits for 
both numerical modeling and the optimization of 
current design methods. These findings are in good 
agreement with the conclusion from Pham et  al. 
(2018a), where the polynomial curve was con-
firmed to fit well the geosynthetic deflection shape 
in a physical experiment.

Moreover, the similarity between the numerical 
and experimental results highlights the reliability 
of FEM models in analyzing and designing geosyn-
thetic reinforcement systems. This is particularly 
important in practical applications where the accu-
rate prediction of material behavior is essential to 
ensure safety and economic efficiency. Overall, 
these findings validate the accuracy of the current 
FEM model and suggest that numerical methods 
can be widely and effectively applied in geosyn-
thetic-related research and applications.

4 � Results and Discussion

4.1 � Deformation Analyses Under Different Cavity 
Opening Processes

In the field study conducted by Villard and Briançon 
(2008), the cavity opening process was simulated 
by inflating balloons, though the exact speed of this 
process was not specified. As a result, the simulated 
cavity opening process differed from natural cavity 
formation, introducing certain limitations. The defor-
mation mechanism within the reinforced system is 
significantly influenced by the nature of the cavity-
opening process. To better understand the deforma-
tion within the geosynthetic-reinforced embankment 
under different opening procedures, three types of 
process (Process D, Process P, and Process S) are 
studied.

Figure 6 presents the numerical results of vertical 
deformation including surface settlement and geosyn-
thetic deflection, in geosynthetic reinforced embank-
ment over a cavity. The surface settlement and geo-
synthetic deflection exhibit a parabolic shape, with 
the maximum values occurring along the centerline. 
As previously discussed, the geosynthetic deflec-
tion in Process S closely matches the measured data 

Fig. 6   Vertical deformation within embankment under different cavity opening
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from the full-scale experiment in the control case. In 
addition, the vertical deformation is different with 
the different opening methods. In Process P, both the 
surface settlement and the geosynthetic deflection 
reach critical values due to the cavity opening. Spe-
cifically, settlement in Process P is 19% greater than 
in Process D and 27% greater than in Process S. Con-
cerning the geosynthetic deflection, Process P shows 
a 13% increase compared to Process D and a 23% 
increase compared to Process S. The key difference 
between the three opening procedures, as revealed by 
the numerical analyses, lies in the rate of cavity for-
mation. The results clearly indicate that the opening 
process is crucial for accurately defining both surface 
settlement and geosynthetic deflection.

The dependence of the deformation mechanism on 
the cavity opening process has been realized by Vil-
lard et al. (2016) and Pham et al. (2018a). To focus on 
the most critical scenarios in the reinforcement sys-
tem while optimizing calculation time, the numeri-
cal analyses focus on the two primary cavity opening 
processes: Process P and Process D.

4.2 � Geosynthetic Deflection

While geosynthetic tensile stiffness is a critical 
property, its value in the control case is already 
sufficiently high, meaning that further increases 
have a minimal impact on reducing settlement 
(Benmebarek et al. 2015). Therefore, in the results 

presented below, the geosynthetic strength value is 
maintained as set in the control case.

Figure  7 illustrates the maximum geosynthetic 
deflection under two different cavity opening pro-
cesses, considering both static and cyclic load-
ing effects. The results clearly indicate that cyclic 
loading leads to geosynthetic deflection compared 
to static loading. Notably, while both Process P 
and Process D result in increased deflection under 
cyclic loads, Process P consistently leads to greater 
deformation. The difference in geosynthetic deflec-
tion between static and cyclic loads is more pro-
nounced in Process P, with a maximum difference 
of 7%, compared to 4% in Process D. Additionally, 
in Process P, a threshold is observed at 10 cycles, 
beyond which the increase in geosynthetic deflec-
tion becomes more gradual. As the cycle number 
reaches 200, the changes in deflection become neg-
ligible, indicating a stabilization in geosynthetic 
deformation.

As shown in Fig. 7, for a single load cycle (N = 1), 
the difference between responses to static and cyclic 
loads is minimal. This difference can be attributed 
to numerical effects and the inherent differences in 
how static and cyclic loads apply stress to the system. 
Even during the first load cycle, the nature of the load 
application can induce different initial responses in 
the material or structure being analyzed. A similar 
finding was also observed in the study by Houda et al. 
(2016).

Fig. 7   Maximum geo-
synthetic deflection under 
different load types
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The obtained shapes of geosynthetic deflection 
under static and cyclic loads (with N = 50) using the 
two numerical opening processes are presented in 
Fig.  8. As can be seen in the figure, the black dot-
ted curves represent third-order polynomial func-
tions that fit the numerical results for the geosynthetic 
deflection under different loading conditions. These 
curves provide a mathematical representation of the 
relationship between the distance to the cavity center 
and the geosynthetic deflection for both cyclic and 
static loads under processes P and D. The high R2 
values (0.98 and 0.99) confirm the strong fit of the 
polynomial functions. It is interesting to note that the 
loading condition has no effect on the shape of the 
geosynthetic deflection. The difference between the 
shapes of geosynthetic deflection under the two open-
ing processes is relevant to the distributed load on the 
geosynthetic over cavity, which is analyzed in the fol-
lowing sections.

Considering a given cavity width, the influence 
of embankment height is also considered to affect 

the behavior of geosynthetics, as indicated in Fig. 9. 
Numerical results show that the effect of embank-
ment height on settlement is different with the cavity 
opening process and the loading condition. In fact, for 
each ratio of H/B, the geosynthetic deforms more in 
the case of Process P with both loading conditions. 
The effect of cyclic loading causes more deflection in 
geosynthetics with all the embankment heights. How-
ever, the difference in deformation between cyclic 
and static loads is clearly noted in the case of cavity 
opening in Process P. Especially, in the case of H/B of 
0.5, the vertical deformation of geosynthetic reaches 
the maximum value in the case of Process P, and the 
cyclic loading causes deformation 16% larger than 
static loading. The differential influence on geosyn-
thetic deformation between cyclic and static loading 
seems to remain in the case of Process D, meanwhile, 
it has a slight fluctuation with embankment height in 
the case of Process P.

A consistent trend across H/B ratios can be seen 
in Fig.  9. For both processes, the geosynthetic 

Fig. 8   Shape of geosynthetic deflection under static and cyclic loads (N = 50)
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deflections remain relatively stable under static and 
cyclic loads, suggesting that embankment height does 
not significantly influence deformation in these sce-
narios. Similar results were observed in the experi-
mental study by Pham et al. (2018a) and the numeri-
cal study by Pham et  al. (2022). This stability can 
be attributed to the variation in load distribution on 
the geosynthetic surface with different embankment 
heights, which is discussed in the following section.

4.3 � Surface Settlement

The surface soil settlement obtained from numerical 
results is shown in Fig. 10 under two types of load-
ing conditions. Cyclic loading results in larger set-
tlements compared to static loading across the cavity 
opening processes. However, the difference between 
loading conditions can be noticed in the cases of 
Process P and Process D. In fact, cyclic loading 
increases the surface settlement by a maximum of 9% 
compared to static loading in the case of Process P, 
which is only 3% in the case of Process D. Further-
more, under cyclic loading, the number of load cycles 

appears to have minimal impact on the overall settle-
ment of the embankment.

The shapes of the surface settlement in the cavity 
range obtained from numerical simulation are pre-
sented in Fig. 11. The numerical results indicate that 
similar settlement profiles are observed across the 
two loading types and cavity opening processes. A 
4th-order polynomial function is fitted to the obtained 
shapes with the determination coefficient of 1.0. It 
should be noted that cyclic loading (with a considered 
N of 50) has no effect on the deformation shape of the 
embankment surface compared to static loading.

Figure  12 presents the influence of embankment 
height on the surface settlement under different load-
ing types. The influence of cyclic loading compared 
to static loading is more significant in Process P than 
in Process D. Significant settlements are obtained 
when the embankment height (H/B ratio) increases. 
It is interesting to note that, under the two types of 
opening processes and the two loading conditions, the 
threshold height of the embankment, as indicated by 
the relevant H/B ratio of 2.0, is reached. The varia-
tions of settlement are present in Table 2. As the H/B 

Fig. 9   Influences of embankment height on geosynthetics deflection under static and cyclic loads (N = 50)
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Fig. 10   Maximum surface 
settlement under different 
load types

Fig. 11   Shape of surface settlement under under static and cyclic loads (N = 50)
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ratios are less than 2.0, the maximum decrease in set-
tlement is very large, with an increase of 57%. On the 
contrary, as the H/B ratio is larger than 2.0, the maxi-
mum change in settlements is rather small, with an 
increase of 22%. This confirms the critical embank-
ment height, which is related to the load transfer 
efficacy.

Figure  12 also compares the numerical results 
with analytical predictions from BS 8006 (2010) 
and EBGEO (2010). BS 8006 demonstrated a sig-
nificant underestimation of surface settlement, due to 
the fact that the method was proposed from simpli-
fied assumptions including no soil arching and a con-
stant volume of depression soil within the embank-
ment. Meanwhile, EBGEO (2010) showed a linear 

correlation between the calculated settlement and 
the embankment height. As the H/B ratio is less than 
2.5, EBGEO (2010) predicts a larger settlement than 
the numerical simulation. However, for the case of 
H/B of 3.0, the analytical results are lower than the 
numerical ones. It should be noted that these design 
methods suggest using constants in the design process 
and do not take into account the influence of loading 
conditions and the process of cavity opening.

4.4 � Load Transfer Analysis

Regarding the effects of static loading and cyclic 
loading number, the numerical results of load transfer 
efficacies are computed following Eq. 1 for the differ-
ent cavity opening processes. The load transfers more 
efficiently in the case of Process P than in Process 
D. This is observed for both cyclic and static load-
ing cases. Comparing the two loading types, it can 
be concluded that the cyclic load causes less effec-
tive load transfer. However, this influence is minimal 
for load cycles of fewer than 10. This finding is con-
sistent with the effect of a number of load cycles on 
geosynthetic deflection, as presented in Fig. 7. In fact, 
larger load cycles decrease the load transfer efficacies, 

Fig. 12   Influences of 
embankment height on sur-
face settlement under static 
and cyclic loads (N = 50)

Table 2   Settlement variation under different testing conditions

Testing conditions Low embank-
ments

Heigh 
embank-
ments

Process P + Static loading 57% 22%
Process P + Cyclic loading 56% 20%
Process D + Static loading 46% 17%
Process D + Cyclic loading 43% 14%
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and this allows more load to exist on the cavity area 
and causes large geosynthetic deflection.

The distributed stress developed from the 
embankment fill applied along geosynthetic rein-
forcement under different loading conditions is 
computed in both opening processes. The applied 
stress above the geosynthetic is determined from 
the stress values along the upper interfaces of the 
geosynthetic on the cavity area. The numerical 
results are presented in Fig. 13a and b for cases of 
Process P and Process D, respectively. The stress 
applied to the anchorage areas is significantly larger 
than that applied to the cavity areas in both opening 
processes. This confirms that the load transfer phe-
nomenon is reproduced well in the numerical mod-
els. In Process P, the stress distribution assumes a 

cone-like shape, with higher stress concentrated at 
the cavity center compared to the surrounding areas 
(Fig.  13a). On the other hand, the shape of stress 
distribution is like a parabola as the distributed 
stress at the cavity center reaches the lowest value 
in Process D (Fig.  13b). There is no difference in 
every loading condition, between the static load 
and the cyclic load including the difference in the 
number of cyclic loads affecting the shape of dis-
tributed stress. The difference in shape due to open-
ing processes can be explained that during the cav-
ity opening, the load transfer mechanism is changed 
followed by a continual increase of cavity width 
(Process P) and the downward movement of the 
opening process (Process D) seems not to affect the 
load distribution.

Fig. 13   Shape of distributed stress over cavity: a Process P, b Process D
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This finding also explains the influence of cavity 
opening on the geosynthetic deflection, as presented 
in Fig.  8, whereas the load transfer efficacy in the 
case of Process P is greater than that of Process D 
(Fig. 14). In fact, the load at the cavity center in the 
case of Process P is greater than that of Process D, 
in which the load is transferred close to the cavity 
edge.

Regarding two loading conditions, Fig.  15 pre-
sents that load transfer efficacy increases with higher 
embankment under two different cavity opening pro-
cesses. The shear resistance of filling soil in the high 
embankments is mobilized more than that in low 
embankments. This mobilization enhances soil arch-
ing within the embankment, leading to more efficient 
load transfer to the anchorage area as embankment 

Fig. 14   Load transfer 
efficacies under different 
load types

Fig. 15   Influences of 
embankment height on 
efficacy of load transfer 
under static and cyclic loads 
(N = 50)
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height increases, rather than increasing stress on the 
geosynthetic material. This efficient load transfer 
mechanism explains why an increase in embankment 
height does not result in a corresponding increase 
in the deflection of the geosynthetic, as presented 
in Fig.  9. The critical height of the embankment is 
noticed corresponding to the value of H/B equal to 
2.0. In fact, with a H/B ratio larger than 2, the efficacy 
variation is less than 13%, meanwhile, it is over 90% 
for low embankments. These results are compatible 
with the settlement analysis results under the influ-
ence of embankment height in Fig. 12. To conclude, 
the critical embankment height in numerical analyses 
is just greater than 2 times the cavity width. This find-
ing is slightly smaller than the value of 2.5 found in 
the study conducted by Terzaghi (1943). Note that, 
the nonexistence of geosynthetic reinforcement in 
that study resulted in the high critical height.

4.5 � Estimation of Load Transfer Efficacy Based on 
FEM Simulations

The current numerical investigation estimates load 
transfer efficacy by considering the impact of the H/B 
ratio. As illustrated in Fig.  16, the computed load 
transfer efficacies are shown for various load types 
and cavity opening methods, in which the variation of 
the H/B ratio is considered. The formula for calculat-
ing load transfer efficacy is expressed by the power 
function in Eq.  3. The determination coefficient for 

the proposed equation is 0.92. It should be noted that 
in the numerical analyses, a cavity width of 2 m was 
used.

In order to verify the proposed load transfer effi-
cacy equation, the two previous experiments are 
selected. Based on the full-scale experiment, Villard 
et  al. (2016) conducted a numerical study to con-
sider a circular sinkhole with a diameter of 2.2  m. 
Pham et  al. (2018a) conducted a small-scale experi-
ment considering a circular cavity with a diameter of 
0.5 m. Both studies were focused on the load transfer 
mechanism within the reinforced fill material over the 
cavity area considering influences of the cavity open-
ing process. Typical cases are selected for the valida-
tion, including one test with a H/B ratio of 2.5 used 
by Villard et al., (2016) and a H/B ratio of 0.5 chosen 
by Pham et  al. (2018a), and the corresponding load 
transfer efficacy values are 87% and 23%, respec-
tively. Figure  16 shows that the load transfer effi-
cacy calculated by the proposed equation differs by 
14% from the value reported by Villard et al. (2016). 
Meanwhile, the experiment results conducted by 
Pham et al. (2018a) are in close agreement with those 
predicted by the proposed equation, with a difference 
of 1%. It is evident that the predicted results by the 

(3)E = 37.92
(

H

B

)0.74

Fig. 16   Modification of 
efficacy of load transfer 
based on the numerical 
results
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proposed equation fit well with the referenced effi-
cacy values. Hence, the proposed equation provides a 
dependable means of assessing load transfer efficacy 
within the reinforced embankment over the cavity. 
This finding suggests that the proposed equation can 
accurately estimate vertical stress on geosynthetics in 
the cavity area.

5 � Conclusions

In this study, a series of finite element models were 
developed to investigate the load transfer mechanisms 
in granular embankments reinforced by geosynthet-
ics over cavities, considering the influences of differ-
ent cavity opening methods and cyclic loadings. The 
numerical results led to the following conclusions:

–	 The numerical results for geosynthetic deflection 
were well-validated against experimental data and 
referenced numerical results from Villard and Bri-
ançon (2008).

–	 The cavity opening process had a significant 
impact on the surface settlement, the geosynthetic 
deflection, and the stress distribution. Progres-
sive opening caused the highest deformations and 
the most effective load transfer, while increasing-
width cavity formation led to substantial surface 
deformation and geosynthetic deflection, produc-
ing a cone-shaped stress distribution. In contrast, 
downward movement resulted in a parabolic stress 
distribution.

–	 Cyclic loading increased both surface settlement 
and geosynthetic deflection while reducing the 
overall load transfer efficacy.

–	 The critical embankment height corresponds to 
an H/B ratio of 2.0, it is not unaffected by loading 
conditions.

–	 The load transfer efficacy for geosynthetic-rein-
forced embankments over cavities is described 
using a power function. To validate the proposed 
function, efficacy shows a difference in the range 
of 1.0%–14.0% in relevant studies.

Future research should focus on developing three-
dimensional numerical models for circular cavities, 
exploring various constitutive models for fill materi-
als, and examining the effects of higher surcharges 
and cyclic load amplitudes. Practical experiments are 

recommended to further validate the proposed func-
tion for estimating load transfer efficacy.
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