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Abstract  Geosynthetic-reinforced inclusion-

supported embankments are increasingly adopted for 

infrastructure projects on soft soils due to their ability to 

minimize settlement and accelerate construction. This 

study employs a three-dimensional finite element method 

(3D FEM) using PLAXIS 3D to investigate the behavior of 

such embankments under static and cyclic loading, 

validated against centrifuge test data. The analysis focuses 

on vertical stress distribution, geosynthetic deflection, and 

load transfer efficiency, considering key parameters: 

embankment height (1.0-5.0 m), inclusion modulus (80 

MPa - 21 GPa), geosynthetic stiffness (1000-8000 kN/m), 

and cyclic loading (5 and 50 cycles). Results show that 

higher embankment heights enhance load transfer 

efficiency through improved soil arching, reaching 100% 

at 0.2 m tray movement for a 5.0 m height. Stiffer 

inclusions (21 GPa) reduce geosynthetic deflection 

compared to 80 MPa, improving load transfer. Increased 

geosynthetic stiffness (8000 kN/m) reduces deflection and 

achieves 100% efficiency at 0.15 m tray movement, 

enhancing stability via the tensioned membrane effect. 

Cyclic loading reduces load transfer efficiency by up to 

60% compared to static loading, with deflections 

increasing by 7-11% for 5 and 50 cycles, respectively, due 

to reduced tensile force mobilization. These findings 

underscore the importance of optimizing embankment 

height, inclusion, and geosynthetic stiffness for enhanced 

stability, particularly under seismic conditions. The 

validated 3D FEM model provides a robust tool for 

designing geosynthetic-reinforced embankments, offering 

critical insights into load transfer mechanisms and seismic 

performance for soft soil applications. 

Keywords  Geosynthetic Reinforcement, Inclusion-

Supported Embankment, 3D Finite Element Method, 

Cyclic Load, Load Transfer Efficiency 

1. Introduction

Constructing infrastructure on soft ground is challenging 

due to its natural characteristics, such as weak shear 

strength, high compressibility, and long consolidation 

times, which can greatly delay project schedules. 

Traditional ground improvement techniques, such as 

preloading, the installation of vertical drains, or complete 

soil replacement, are commonly employed to address these 
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issues. However, these approaches often take a long time 

to build, require high-quality materials, and may not fully 

manage differential settlement, which can harm the 

structure's long-term stability and performance. To address 

these shortcomings, the geosynthetic-reinforced pile-

supported embankment system has emerged as a highly 

effective solution. This solution combines rigid piles, a 

base geosynthetic reinforcement layer, and granular fill to 

effectively transfer loads from the embankment to deeper, 

stronger soil layers, thereby reducing settlement problems 

and accelerating construction. 

The geosynthetic-reinforced inclusion-supported 

embankment system offers several advantages, including a 

significant reduction in both total and differential 

settlement, shorter construction timelines, and improved 

stability under a range of loading conditions, including 

static and dynamic environments. This mobilizes tensile 

forces that further enhance load redistribution, providing 

additional support and stability to the embankment. These 

combined benefits make the system especially suitable for 

challenging soil conditions, such as those found in coastal 

or swampy areas where soft soils are prevalent. 

Although increasingly used, the behavior of 

geosynthetic-reinforced pile-supported embankments 

remains complex due to the complicated interactions 

between their components, which are influenced by factors 

such as embankment height, pile spacing, soil stiffness, and 

the properties of the geosynthetic material. While many 

analytical models and two-dimensional simulations have 

been created to examine these systems, they often fail to 

fully capture the complex three-dimensional interactions, 

such as the spatial spread of stresses and deformations 

across the pile network and geosynthetic layer. To address 

this gap, this study employs PLAXIS 3D, a state-of-the-art 

three-dimensional finite element method (3D FEM) 

platform, to conduct a detailed numerical analysis. The 

research builds upon experimental work, utilizing 

centrifuge test data for model validation and incorporating 

a comprehensive parametric study to evaluate the impact of 

key design variables, including embankment height, 

inclusion modulus, and geosynthetic stiffness. 

This study advances the field by incorporating cyclic 

loading in a full 3D FEM framework, addressing a critical 

gap in understanding load transfer efficiency and 

geosynthetic deflection under dynamic conditions, which 

remains underexplored in prior research. Using sinusoidal 

cyclic loads with 5 and 50 cycles, the simulations evaluate 

the reinforced system’s response to repeated traffic loads. 

These dynamic analyses enhance the numerical model’s 

accuracy, providing valuable insights into cyclic loading 

effects on load transfer and geosynthetic deformation. This 

approach strengthens the design of geosynthetic-reinforced 

pile-supported embankments, ensuring reliability across 

diverse soil and loading conditions. 

2. Background 

2.1. Soil Arching and Load Transfer Mechanisms 

In geosynthetic-reinforced inclusion-supported 

embankments, the vertical load transfer is primarily 

governed by the soil arching effect and the membrane 

behavior of geosynthetic reinforcement. Soil arching 

occurs when differential settlement takes place between the 

stiffer inclusion caps and the surrounding soft subsoil, 

resulting in stress redistribution. Most of the vertical stress 

is transferred to the inclusions, which reduces stress on the 

subsoil. 

The geosynthetic layer between the inclusions deforms 

downward when loaded. This deflection mobilizes tensile 

forces that contribute to load transfer from the embankment 

to the inclusions. The combination of arching and 

membrane action minimizes settlement and enhances 

embankment stability over soft soils. 

2.2. Load Distribution Definitions 

The total vertical load applied to an embankment 

supported by geosynthetic-reinforced inclusions is 

typically classified into three types: 

- Load type A: Transfer to inclusions caused by soil 

arching 

- Load type B: Transfer to inclusions through a 

geosynthetic membrane 

- Load type C: Residual load supported by the subsoil 

Since the loads are transferred to the inclusion head 

through soil arching (𝑃𝐴) and geosynthetic membrane (𝑃𝐵) 

that are determined, the parameter 𝐸𝑡 is used to evaluate 

the total load transfer efficiency: 

𝐸𝑡 =
𝐴+𝐵

𝐴+𝐵+𝐶
=

𝑃𝐴+𝑃𝐵

(𝛾𝐻+𝑞)×𝐴
             (1) 

Where H denotes the height of the granular platform, A 

is the contributing area of the pile, q is a surcharge, and is 

the unit weight of the granular material. 

These parameters are essential for both design validation 

and comparative studies. Van Eekelen et al. [1] proposed 

equations for estimating total load transfer efficiency based 

on simplified load transfer models, while Carlsson [2] 

provided analytical relationships between arch height, 

inclusion spacing, and embankment thickness. 

2.3. Analytical Design Approaches 

Multiple analytical models have been proposed to 

predict load transfer and subsoil behavior in geosynthetic-

reinforced inclusion-supported granular platforms. Early 

efforts include Terzaghi’s trapdoor analogy, which 

conceptualized soil arching above an opening [3]. This 

foundational model influenced later studies on stress 

redistribution over voids and inclusion gaps. 
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Guido et al. [4] introduced a design method based on 

load spread angles and equivalent soil wedges, considering 

inclusion spacing and reinforcement stiffness. Low et al. [5] 

developed a two-layer model that treats the embankment 

and subsoil as separate domains with distinct stiffness 

properties, leading to improved predictions of geosynthetic 

tension and settlement. Naughton [6] refined this approach 

by incorporating nonlinear stiffness distribution in the 

subsoil. 

Despite their differences, these methods provide 

essential design tools for estimating key responses, such as 

the inclusion stress ratio, reinforcement strain, and subsoil 

reaction force under varying conditions. However, most of 

them depend on simplifications that limit their applicability 

to irregular geometries or dynamic load conditions. 

2.4. Centrifuge and Numerical Modeling Studies 

Centrifuge model tests have been crucial in validating 

load transfer mechanisms in geosynthetic-reinforced 

inclusion-supported granular platforms [7-9]. Girout et al. 

[10] conducted centrifuge experiments using a mobile tray 

system to simulate soft subsoil settlement beneath a 

reinforced embankment. Their study demonstrated the 

development of soil arching and the role of geosynthetic 

tension in load redistribution. These findings were closely 

aligned with 3D finite element analyses using both Mohr-

Coulomb and Hardening Soil models. 

Pham et al. [11] conducted further centrifuge testing to 

evaluate the performance of geosynthetic-reinforced soil 

over voids. Their findings confirmed the accuracy of 

numerical predictions, particularly regarding geosynthetic 

deflection and load redistribution. In parallel, Pham et al. 

[12] utilized 3D Discrete Element Modeling (DEM) to 

capture the interaction between granular fill and geogrid 

reinforcement, highlighting the significance of 

comprehensive 3D modeling beyond unit cell 

simplifications. 

2.5. Recent Developments and Advanced Applications 

Many analytical and numerical studies have enhanced 

the understanding of load transfer in geosynthetic-

reinforced inclusion-supported granular platforms [2, 13, 

14]. These efforts differentiated between two primary 

mechanisms: (1) soil arching, which redistributes vertical 

loads to inclusion heads, and (2) membrane action from 

horizontal reinforcement, which further contributes to load 

transfer [15]. 

To enhance and validate these concepts, experimental 

programs such as 3D laboratory model tests [16] and full-

scale field tests [17-19] were conducted. These studies 

confirmed that geosynthetic reinforcement improves load 

transfer efficiency, although its direct contribution to 

arching is limited. However, the high cost and complexity 

of such experiments have constrained their repetition 

across varying configurations. 

To overcome these challenges, advanced numerical 

simulations utilizing the finite element method (FEM) and 

finite difference method (FDM) are now widely adopted 

due to their flexibility and efficiency in modeling complex 

geometries and loading conditions [20-24]. Compared to 

2D or unit-cell models, full 3D analyses provide enhanced 

accuracy and have become the preferred choice for 

geosynthetic-reinforced inclusion-supported research and 

design [25]. 

Recent studies continue to build on these methods, Vo et 

al. [26] conducted extensive FEM analyses to evaluate the 

impacts of inclusion spacing, reinforcement stiffness, and 

embankment height. Pham et al. [27] investigated vertical 

inclusions in embankments, emphasizing their contribution 

to improving stress redistribution. However, the complex 

behavior of geosynthetic-reinforced inclusion-supported 

granular platforms, particularly under seismic conditions, 

is not addressed in these studies. 

3. Numerical Modeling 

3.1. Reference Case 

Girout et al. [10] conducted an experimental and 

numerical investigation to understand the load transfer 

mechanisms in geosynthetic-reinforced inclusion-

supported embankments. The study focused on validating 

numerical models through centrifuge tests, specifically 

using a mobile-tray device to simulate the settlement of soft 

soil. 

In the physical model, a mattress used as a granular 

embankment, with or without geosynthetic reinforcement, 

was placed over a grid of rigid inclusions. The inclusions 

are spaced 2.0 m apart and have a diameter of 0.5 m. The 

settlement of soft soil was simulated by lowering a mobile 

tray beneath the mattress, and the load transfer to the 

inclusions was measured using embedded load cells. The 

centrifuge testing allowed for the simulation of realistic 

stress conditions by scaling gravity equal to 20 times the 

normal Earth gravity acceleration. The schematic of the 

centrifuge test is presented in Figure 1. 

 

Figure 1.  Cross-section of the geosynthetic-reinforced inclusion-

supported granular platforms adapted from the centrifuge test of Girout et 

al. [10] 
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To support the experiments, FEM simulations were 

conducted using both axisymmetric and 3D models. Two 

constitutive models were considered for the granular 

mattress: the Hardening Soil (HS) model and the 

Hypoplastic (HYP) model. These models were calibrated 

using triaxial test data. The results indicated that both 

numerical models reasonably matched the experimental 

outcomes, although the HYP model captured the influence 

of density changes within the mattress more effectively. 

Parametric studies indicated that increasing mattress 

thickness and decreasing inclusion spacing significantly 

enhanced load transfer to the inclusions. The geosynthetic 

reinforcement facilitated the mobilization of tensile forces, 

which further aided in redistributing vertical loads through 

membrane effects. The arching ratio and geosynthetic 

deflection were recognized as key indicators of system 

performance. 

One notable limitation of the study is its focus on static 

loading conditions, achieved by applying a surcharge to the 

mattress. The effects of dynamic or cyclic loading, such as 

those induced by seismic activity or repeated traffic loads, 

were not considered. Consequently, the performance of 

geosynthetic-reinforced inclusion-supported granular 

platforms under real-world working conditions was not 

fully considered. 

3.2. Description of the 3D Inclusion Network Model 

A three-dimensional FEM of a geosynthetic-reinforced 

inclusion-supported embankment was developed to 

simulate the physical test conducted by Girout et al. [10]. 

The model comprises four main components: a granular 

platform (represented by a mattress), rigid inclusions, 

geosynthetic reinforcement, and subsoil layers. The 

primary objective of this simulation is to examine the soil-

structure interaction and load transfer mechanisms in a 

complete 3D context, with a particular emphasis on stress 

distribution and the soil arching effect. 

Unlike previous studies, which often employed a unit 

cell approach to represent a single inclusion [10, 12], this 

research adopts a complete inclusion network model to 

better reflect system behavior. The simulations were 

performed using PLAXIS 3D, a well-established FEM 

platform widely used in geotechnical engineering. This 

modeling strategy enables more comprehensive parametric 

investigations and provides improved insight into the 

performance of the geosynthetic-reinforced inclusion-

supported granular platforms under various conditions. 

Figure 2 shows the 3D model of the geosynthetic-

reinforced inclusion-supported granular platforms. The 

base configuration features a square inclusion grid with a 

center-to-center spacing of 2.0 m. Each rigid inclusion has 

a diameter of 0.5 m. A mattress with a height of 1.0 m is 

positioned above the inclusion network, carrying a uniform 

surface surcharge of 80 kN/m². The movement of the tray 

is facilitated by implementing the prescribed movement in 

the numerical model. 

The numerical simulation comprises nine inclusions 

arranged in a 3 × 3 configuration. Boundary conditions 

feature fixed displacements in the horizontal (x and y) 

directions and at the base in the vertical direction. The 

model mesh utilizes ten-node elements with medium 

refinement to strike a balance between computational 

efficiency and accuracy. 

 

Figure 2.  3D mesh of the numerical model of an inclusion network 
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The construction sequence includes five stages: (1) 

initial stress generation in the subsoil using the K0 

procedure, (2) installation of rigid inclusions, (3) 

placement of the geosynthetic and activation of the 

interface, (4) filling the mattress, and (5) application of the 

surcharge (static or dynamic loads). In this study, the 

interface elements are used to simulate interactions 

between the geosynthetic and the mattress. 

3.3. Constitutive Models and Material Parameters 

The system comprises multiple geotechnical materials: 

subsoil, mattress, geosynthetic reinforcement, and rigid 

inclusions. To simulate their behavior, the mattress is 

modeled using the Hardening Soil (HS) model, and the 

Mohr-Coulomb (MC) model represents the subsoil. The 

HS model is a nonlinear, elasto-plastic formulation capable 

of simulating both shear hardening and volumetric 

behavior. It accounts for effective stress, stiffness variation 

with confining pressure, and the stress-dependent nature of 

soil behavior. This makes it suitable for capturing the 

realistic response of granular materials under load. 

The MC model, in contrast, assumes linear elastic 

behavior up to a failure envelope defined by shear strength 

parameters, after which perfectly plastic behavior occurs. 

While simplified, it adequately models the underlying 

subsoil where detailed cyclic or strain-softening behavior 

is not the focus. 

Rigid inclusions are modeled as linear elastic elements 

with a Young’s modulus of 21 GPa and a Poisson’s ratio of 

0.18, as suggested by Girout et al. [10]. Because of the high 

stiffness of the inclusions compared to the surrounding soil, 

the interaction between the soil and the inclusion does not 

significantly affect global displacements. 

The geosynthetic layer is modeled as an isotropic, linear 

elastic structural element with a tensile stiffness of 4000 

kN/m. Although simplifications exist, this representation 

effectively captures the reinforcement’s membrane action 

during loading. 

The mattress is modeled using the HS model due to its 

ability to capture the nonlinear stress-strain behavior 

observed in granular materials. The HS model uses a 

hyperbolic stress-strain relationship and incorporates both 

deviatoric and volumetric hardening rules. It is well-suited 

for simulating dense or loose sand, clays, and mixed soils 

under various saturation and stress states. 

The soil parameters for the mattress were calibrated 

using triaxial test results at confining pressures of 50, 100, 

and 200 kPa, and these parameters were subsequently 

applied in the centrifuge tests conducted by Girout et al. 

[10]. The initial void ratio (e0 = 0.65) and dry unit weight 

(ρd = 1.61 g/cm³) were maintained for consistency. A list of 

model parameters is provided in Table 1. Due to the 

challenges in accurately assessing the interface 

characteristics under cyclic loading in this study, the 

interface between the granular mattress and the 

geosynthetic is defined based on the characteristics of the 

mattress material, with cohesion reduced by 20%. This 

approach is consistent with the methodology adopted by 

previous studies [11, 27, 29]. 

Table 1.  Parameters for mattress used in FEM modeling 

Parameters Unit Value 

ρd g/cm³ 1.61 

E50 MPa 21 

Eoed MPa 24 

Eur MPa 120 

φm ° 38 

c kPa 0 

ψ ° 5 

m - 0.6 

ν - 0.2 

emax - 0.85 

emin - 0.53 

e0 - 0.65 

3.4. Cyclic Loading 

While numerous studies have focused on geosynthetic-

reinforced inclusion-supported granular platforms under 

static conditions, the effects of dynamic loads, such as 

traffic or seismic influences, have received comparatively 

less attention. To gain a better understanding of load 

transfer within a piled embankment under cyclic loading, 

seismic loading is modeled in the FEM simulation. 

Considering the traffic loading, seismic loading is 

simulated using a sinusoidal cyclic load [28-30] that is 

applied above the mattress. In the FEM simulation [31], 

sinusoidal cyclic loading is expressed in Equation (2): 

𝐹 =  𝑀̂𝐹̂sin (𝜔𝑡 + 𝜑0)           (2) 

Where 𝑀̂  is the loading amplitude, 𝐹̂  is the loading 

value, 𝜔 = 2𝜋𝑓with 𝑓 is the frequency, and 𝜑0 is the 

initial phase angle. The loading amplitude was used 

similarly to the surcharge (80 kPa). In this study, seismic 

loading with different numbers of load cycles (5 and 50) is 

considered to compare its effect with that of static load. The 

time-history curve of the different cyclic loadings for 

varying loading cycles (N) is shown in Figure 3. 

3.5. Validation of Numerical Model 

Figure 4 presents a comparison of the distributed vertical 

stress obtained from the 3D FEM with the experimental 

data from the centrifuge tests conducted by Girout et al. 

[10]. The numerical results demonstrate close agreement 

with the measured stress distribution across the mattress, 

especially in capturing the stress concentration above the 

inclusion heads and the reduced stress on the subsoil due to 

soil arching. Minor differences are noted in areas with 
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complex soil-geosynthetic interactions, likely occurring 

from simplifications in the constitutive models. Overall, 

the consistency between the numerical and experimental 

stress profiles confirms the accuracy of the 3D FEM in 

simulating load transfer mechanisms in the geosynthetic-

reinforced inclusion-supported granular platforms. 

Figure 5 compares the geosynthetic deflection predicted 

by the 3D FEM with measurements from the centrifuge 

tests conducted by Girout et al. [10]. The numerical model 

effectively captures the deflection pattern of the 

geosynthetic layer, with maximum deflection occurring 

between inclusion heads due to the tensioned membrane 

effect. The simulated deflection values align well with the 

experimental data, confirming the model’s capability to 

replicate the geosynthetic behavior under load. These 

results demonstrate the reliability of the 3D FEM in 

modeling geosynthetic deformation and its role in load 

redistribution. 

 

Figure 3.  Sinusoidal curves for different cycle numbers of loadings 

 

Figure 4.  Comparison between numerical results and measured data for the distributed stress 
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Figure 5.  Comparison between numerical results and measured data for geosynthetic deflection 

The comparison between the 3D FEM and the centrifuge 

test results from Girout et al. [10], as shown in Figures 4 

and 5, confirms the numerical model's ability to simulate 

the behavior of the geosynthetic-reinforced inclusion-

supported granular platforms. The model accurately 

reproduces the vertical stress distribution and the deflection 

of the geosynthetic. These results validate the reliability of 

the 3D FEM for analyzing complex soil-structure 

interactions in reinforced systems, providing a solid 

foundation for further parametric studies and design 

optimization. 

In the parametric study, key parameters are varied, such 

as mattress heights, inclusion moduli, geosynthetic tensile 

stiffness, and loading cycle. The values selected based on 

insights from prior research [3, 12, 14, 18, 21-22, 26-27, 29] 

to ensure relevance to practical engineering applications 

and to investigate their impact on load transfer efficiency 

and geosynthetic deflection: 

- Mattress heights: 1.0, 3,75, and 5.0 m 

- Inclusion modulus: 80 MPa, 1000 MPa, and 21 GPa 

- Geosynthetic tensile stiffness: 1000 kN/m, 4000 

kN/m, and 8000 kN/m 

- Number of load cycles: 5 and 50 cycles 

4. Results and Discussions 

4.1. Influence of Mattress Height 

Figure 6 illustrates the effects of mattress height (H = 1.0 

m, 3.75 m, and 5.0 m) on total load transfer efficiency (Eₜ) 

under tray movement. The total load transfer efficiency (Eₜ) 

increases with both tray movement and mattress height. 

When the tray movement reaches 0.2 m, it indicates that 

the tray is entirely removed from beneath the geosynthetic, 

ceasing to support the load. At this point, the entire load of 

the mattress is borne by the inclusions and the geosynthetic, 

explaining why Eₜ reaches 100% for H = 5.0 m. Comparing 

the mattress heights, it is evident that as the height increases, 

Eₜ rises more significantly with tray displacement, 

reflecting improved load transfer to the inclusions due to 

enhanced soil arching and geosynthetic support. This trend 

aligns with the study’s finding that higher mattresses 

amplify soil arching, redistributing more load to the 

inclusions. 

Figure 7 presents the deformed shape of the geosynthetic 

between inclusions for different mattress heights. The 

geosynthetic exhibits a parabolic deflection, with the 

maximum displacement occurring at the midpoint between 

the inclusions. Overall, geosynthetic deflection remains 

relatively consistent across varying mattress heights. This 

is consistent with the load transfer efficiency results in 

Figure 6, where Eₜ values are similar when the tray is in 

complete contact with the geosynthetic. 

4.2. Influence of Inclusion Modulus 

Figure 8 illustrates the total load transfer efficiency (Eₜ) 

as a function of tray movement for inclusions with varying 

stiffness values: 80 MPa, 1000 MPa, and 21 GPa (control 

case). Generally, greater inclusion stiffness results in 

higher Eₜ. As the tray movement increases, the contact area 

between the tray and the geotextile diminishes, leading to 

a reduction of applied load on the tray and an increase in 

the inclusion, which accounts for the rise in Eₜ with 
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increasing tray movement. However, the variation in Eₜ is 

not uniform when reducing the inclusion stiffness from 21 

GPa to 1000 MPa, with Eₜ reaching 100% at 0.2 m of tray 

movement. A more noticeable difference is observed with 

inclusions at 80 MPa, where Eₜ stabilizes around 90% at the 

maximum movement of the tray, indicating less effective 

load transfer. The Eₜ value when the tray begins to move is 

also significantly smaller for low-stiffness inclusions. 

Utilizing inclusions with lower stiffness also results in 

more load transfer to the tray, leading to greater 

geosynthetic deflection. This explains why the tray leaves 

the geosynthetic at 0.45 m, which exceeds the movement 

seen with stiffer inclusions (1000 MPa and 21 GPa), where 

tray movement is limited to 0.2 m. 

 

Figure 6.  Load transfer efficiency between inclusions for different mattress heights 

 

Figure 7.  Deformed shape of geosynthetic between inclusions for different mattress heights 
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Figure 8.  Load transfer efficiency between inclusions for different inclusion moduli 

Figure 9 illustrates the vertical displacement profile of 

the geosynthetic layer between inclusions with varying 

stiffnesses. The deformation profiles reveal that inclusion 

stiffness affects the geosynthetic deflection under load, 

providing insight into load transfer mechanisms. The 

maximum displacement occurs at the midpoint between the 

inclusions. For E = 80 MPa, the maximum vertical 

displacement is approximately -0.43 m, which is 2.4 times 

larger than the control case. For E = 1000 MPa, the 

deflection decreases to about -0.19 m, which is 6% higher 

than the control case. This suggests that greater inclusion 

stiffness limits geosynthetic deformation, changing the 

load-bearing behavior. 

The deflection patterns in Figure 9 correlate with the 

trends of total load transfer efficiency (Eₜ) shown in Figure 

8. For E = 1000 MPa, moderate deflection aligns with a 

high yet slightly delayed Eₜ (100% at 0.2 m), indicating 

balanced load redistribution. In contrast, the significant 

deflection observed at E = 80 MPa corresponds to a 

maximum of 90% at 0.45 m. This occurs as the soft 

inclusions transfer more load to the tray, causing a delay in 

achieving full efficiency. The increased tray movement 

(0.45 m) required to leave the geosynthetic at 80 MPa, in 

comparison to 0.2 m for the stiffer cases, reflects this 

heightened deflection and load dependency on the tray. 

4.3. Influence of Geosynthetic Stiffness 

Figure 10 illustrates the total load transfer efficiency (Eₜ) 

as a function of tray movement for different geosynthetic 

stiffness values: 1000 kN/m (control case), 4000 kN/m, and 

8000 kN/m. The results indicate that Eₜ increases with both 

tray movement and geosynthetic stiffness. For the control 

case (J = 1000 kN/m), Eₜ rises from 10% to approximately 

100% at 0.35 m of tray movement. For higher stiffness (J 

= 8000 kN/m), Eₜ approaches 100% at 0.15 m, 

demonstrating optimal efficiency, as the stiffer 

geosynthetic better supports the load through the tensioned 

membrane effect. The increase in Eₜ with geosynthetic 

stiffness is attributed to the enhanced ability of the 

geosynthetic to mobilize tensile forces. As tray movement 

increases, the reduced contact area between the tray and the 

geosynthetic causes a greater load to be transferred to the 

inclusions and the reinforcement layer, thereby increasing 

Eₜ. 

Figure 11 illustrates the deformed shape (vertical 

displacement) of the geosynthetic layer between inclusions 

across various stiffness values: 1000 kN/m, 4000 kN/m, 

and 8000 kN/m. A parabolic shape is also evident, with the 

geosynthetic deflection increasing from the heads toward 

the center between inclusions. The vertical displacement 

profiles depict the degree of geosynthetic deflection under 

load, which is influenced by its stiffness. For J = 1000 

kN/m, the maximum vertical displacement reaches 

approximately -0.30 m, reflecting a 75% increase 

compared to the scenario with a geosynthetic stiffness of 

4000 kN/m, as seen in the control case. This indicates 

significant deflection due to lower tensile resistance. 

Conversely, for J = 8000 kN/m, the deflection decreases to 

about -0.14 m, representing a 22% reduction compared to 

the control cases. This highlights the effectiveness of the 

stiffest geosynthetic in limiting deflection. 

The observed decrease in geosynthetic deflection with 

increasing stiffness correlates directly with the load 

transfer efficiency (Eₜ) as shown in Figure 10. Higher 

stiffness (8000 kN/m) reduces deflection, allowing the 

geosynthetic to mobilize greater tensile forces, which 

enhances load redistribution to the inclusions. As tray 
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movement increases, the reduced contact area between the 

tray and geosynthetic shifts more load to the inclusions and 

reinforcement, boosting Eₜ. The stiffer geosynthetic 

maintains a shallower deflection profile, supporting a more 

effective tensioned membrane effect that complements soil 

arching and aligns with the study’s validation against 

Girout et al. [10]. 

The results confirm that increasing geosynthetic stiffness 

reduces deflection and improves load transfer efficiency, 

with the 8000 kN/m case providing the best performance. 

This indicates that choosing a higher stiffness geosynthetic 

enhances the stability of geosynthetic-reinforced inclusion-

supported granular platforms by optimizing the 

relationship between deflection and load redistribution. 

 

Figure 9.  Deformed shape of geosythetic between inclusions for different inclusion moduli 

 

Figure 10.  Load transfer efficiency between inclusions for different geosynthetic stiffnesses 
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Figure 11.  Deformed shape of geosynthetic between inclusions for different geosynthetic stiffnesses 

4.4. Influence of Cyclic Loading 

Figure 12 presents the load transfer efficiency under the 

effects of cyclic loading. The numerical results provide 

valuable insights into the load transfer behavior under 

different loading conditions, specifically comparing cyclic 

loading with two cycles (5 cycles and 50 cycles) and static 

loading. As the tray displacement increases, the trend of 

enhanced load transfer efficiency under cyclic loading 

aligns closely with that observed under static loading. This 

indicates that a greater proportion of the load is transferred 

to the inclusions as the tray's supporting capacity 

diminishes. However, the load transfer efficiency under 

cyclic loads is markedly lower than that under static loads, 

with a difference of up to 60%. Furthermore, no significant 

variation in load transfer efficiency is noted with changes 

in the load cycle, suggesting that the frequency of cyclic 

loading has a negligible impact on this parameter. 

Figure 13 presents the geosynthetic deflection (vertical 

displacement) under three loading conditions: static 

loading, cyclic loadings with 5 cycles, and 50 cycles. A 

progressive increase in deflection is observed, with the 

geosynthetic experiencing greater deformation from the 

static state toward the center under cyclic loads. The 

vertical displacement profiles highlight the extent of 

geosynthetic deflection under each condition, influenced 

by the dynamic nature of the applied loads. For static 

loading, the maximum vertical displacement is 

approximately -0.18 m, serving as the baseline. Under 

cyclic loading with 5 cycles, the deflection rises to about -

0.19 m, indicating a 7% increase compared to the static 

case, reflecting the initial impact of cyclic stress. 

Conversely, with 50 cycles, the deflection escalates to 

approximately -0.20 m, representing an 11% increase over 

the static loading scenario, underscoring the amplified 

deformation due to higher loading cycles. 

The observed increase in geosynthetic deflection with 

cyclic loading correlates directly with the load transfer 

efficiency trends presented in Figure 12. Higher deflection 

under cyclic loads, particularly with 50 cycles, reduces the 

geosynthetic’s ability to mobilize tensile forces effectively, 

leading to a lower Eₜ compared to static loading, with a 

difference of up to 60%. The results indicate that cyclic 

loading significantly increases geosynthetic deflection 

compared to static loading. Numerical studies have 

highlighted that cyclic loading reduces the performance of 

the inclusion due to the reduced efficiency of load transfer 

and increases the deflection of the geosynthetic. 
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Figure 12.  Load transfer efficiency under effects of cyclic loading 

 

Figure 13.  Deformed shape of geosynthetic between inclusions under effects of cyclic loading 

5. Conclusions 

This study conducted a comprehensive three-

dimensional finite element analysis to investigate the 

behavior of geosynthetic-reinforced inclusion-supported 

embankments under both static and cyclic loading 

conditions, validating the results against centrifuge test 

data. The findings demonstrate that increasing mattress 

height enhances load transfer efficiency due to improved 

soil arching, with efficiency reaching 100% at a tray 

movement of 0.2 m. Higher inclusion stiffness significantly 

improves load transfer, reducing geosynthetic deflection. 

Increasing geosynthetic stiffness from 1000 kN/m to 

8000 kN/m reduces deflection by up to 22% and enhances 

load transfer efficiency, achieving 100% at a tray 

movement of 0.15 m. Cyclic loading, simulated with 5 and 

50 cycles, results in up to 60% lower load transfer 

efficiency compared to static loading, accompanied by 

increased geosynthetic deflection. These results highlight 

the critical role of stiffer geosynthetics and inclusions in 

optimizing embankment stability, particularly under 

dynamic conditions. The validated 3D FEM model 
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provides a reliable tool for designing geosynthetic-

reinforced inclusion-supported embankments, offering 

insights into load transfer mechanisms and seismic 

performance for practical applications in soft soil 

environments. 

By extending the analysis to include cyclic loading in a 

full 3D FEM framework, this study provides a novel 

contribution to optimizing embankment design under 

traffic loading, addressing a significant gap in existing 

research. Future studies could explore seismic responses 

from earthquakes to enhance understanding of dynamic 

behavior. Using advanced constitutive models, such as the 

Hardening Soil model with small-strain stiffness (HSsmall), 

would improve simulations of cyclic and seismic responses. 
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