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ABSTRACT 21 

Understanding the load transfer mechanism can support engineers having more economical 22 

design of geosynthetic reinforced piled embankments. This study aims to investigate the load 23 

transfer mechanisms by two different numerical methods including the Discrete Element 24 

Method (DEM) and the Finite Difference Method (FDM). The DEM model adopts (a) 25 

discrete particles to simulate the micro-structure of the granular materials and (b) coupled 26 

discrete element – finite element method (DEM-FEM) to capture the interaction between 27 

granular materials and geotextiles. On the other hand, the FDM model uses an advanced 28 

constitutive soil model considering the hardening and softening behaviour of the granular 29 

materials. The numerical results show that the geotextiles can only contribute to the vertical 30 

loading resistance in cases where the soils between piles are soft enough. In terms of design, 31 

an optimum value of the geotextile tensile stiffness can be found considering the load, the soft 32 

soil stiffness and the thickness of the embankment. Both the DEM and the FDM show that a 33 

high geotextile tensile stifness is not required since an extra stiffness will slightly contribute 34 

to the efficiency of the geosynthetic reinforced piled embankments. Nevertheless, both 35 

models are useful to optimize the design of geosynthetic reinforced piled embankments. 36 

KEYWORDS: Discrete Element Method; Finite Difference Method; soil arching; load 37 

transfer, reinforced piled embankment; granular embankment; softening behaviour. 38 

  39 



 

 

INTRODUCTION 40 

Embankment constructions on soft soils are challenging due to potential significant settle-41 

ments. Geosynthetic reinforced piled embankments are efficient to reduce soft soil settlements 42 

and the construction time compared to other soft soil improvements. To be able to do an eco-43 

nomical design of geosynthetic reinforced piled embankments, it is required to understand the 44 

load transfer mechanisms of granular materials. However, these mechanisms are complex.  45 

Several analytical solutions were developed in former studies to quantify the reinforcement 46 

efficacy (proportion of the embankment loading onto piles) including frictional models 47 

(Terzaghi, 1943), fixed-arch models (Carlsson, 1987; Chevalier, et al., 2010) or equilibrium 48 

models (Gourc & Villard, 2000; Briancon & Villard, 2008; Huckert, et al., 2016) with differ-49 

ent interpretations of the stress distribution on the granular embankment including the Hewlett 50 

and Randolph model (1988), Zaeske model (Zarske, 2001) or Van Eekelen model (2013; 51 

2015).  52 

To investigate these complex soil mechanisms, numerical models are suitable. Continuum 53 

models such as the Finite Difference Method (FDM) (Jenck, et al., 2007; Nunez, et al., 2013; 54 

Tran, et al., 2019; Briancon, et al., 2015) or Finite Element Method (FEM) (Hassen, et al., 55 

2009; Okyay & Dias, 2010; Villard, et al., 1999) are commonly used to explore the load trans-56 

fer mechanisms. The continuum models are more accessible for engineering practice and 57 

permit to easily do a full-scale simulation of geosynthetic reinforced piled embankments. 58 

However, continuum approaches rely on soil constitutive models to capture the soil mechani-59 

cal properties of the granular materials. On the other hand, Discrete Element Method (DEM) 60 

can naturally capture the complex mechanical properties of granular materials. Although often 61 

limited to academic works, DEM is also well adapted to investigate the load transfer mecha-62 

nisms (Chevalier, et al., 2008; Chevalier, et al., 2012; Rui, et al., 2016).  63 



 

 

Although both continuum models and DEM models are extensively used to investigate the 64 

load transfer mechanisms in geosynthetic piled embankments, the major differences between 65 

the numerical performance of these models are not often presented. This research aims to in-66 

vestigate the load transfer mechanism using both the DEM and FDM models. By using ade-67 

quate micro-parameters and assemblies of particles of various shapes, the DEM can naturally 68 

capture the density dependence, pressure dependence and the shear strength degradation. 69 

These parameters play a crucial role in the load transfer evolution. In FDM, the soil behaviour 70 

is restored by using a constitutive model able to simulate the soil hardening and softening. For 71 

the DEM model, to better capture the interaction between the granular material and geotextile, 72 

a coupled DEM-FEM model (Le Hello & Villard, 2009; Villard, et al., 2009) was developed 73 

in which the granular materials (particles in DEM) interact with geotextiles (finite elements 74 

which can only sustain tensile forces). In this study, three types of soil are considered includ-75 

ing low, medium and dense granular materials. To allow the comparison between the two 76 

numerical models, the macro-parameters of the continuum model were calibrated using triaxi-77 

al test results in order to reproduce the DEM ones. The numerical results reveal the insight of 78 

the load transfer mechanism and highlight the advantages and limitations of both numerical 79 

models. 80 

NUMERICAL MODEL OF REINFORCED PILED EMBANKMENT 81 

Geometry of the numerical model 82 

The continuum model (FDM) is performed using the software FLAC3D (2011). The geosyn-83 

thetic reinforced piled embankments in both FDM and DEM models include (1) piles and pile 84 

caps installed into the soft soil, (2) the granular embankment and (3) the geotextiles. We focus 85 

on investigating the load transfer mechanism in the embankment, therefore, the soft soil and 86 

the piles (0.6m diameter) are modelled by an elastic model with a distance between piles of 87 



 

 

3m (s=3m). Due to the symmetry, only a quarter of the geosynthetic reinforced piled em-88 

bankment is modelled (see Figure 1). The height of the embankment is variable for the para-89 

metric studies. To optimize the time of numerical calculation, the soft soil thickness was only 90 

1m in the FDM model while elastic springs were used in the DEM model.  The DEM and 91 

FDM models are respectively shown in Figure 2 and  Figure 3. 92 

Figure 1 Schematic geometry of the numerical model 93 

 Figure 2 DEM model of geosynthetic reinforced piles embankment  94 

 Figure 3 FDM model of geosynthetic reinforced piles embankment  95 

Numerical model of the geosynthetic reinforced granular embankments  96 

DEM parameters for the granular materials 97 

To investigate the influence of the granular materials porosity on the load transfer mechanism, 98 

three different types of soils materials are considered, denoted as loose granular (L), medium 99 

granular (M) and dense granular soils (D) (see the parameters in Table 1). Kozicki et al. 100 

(2014) showed that clustering particles (overlapped clumped spheres) can mimic realistic 101 

grain shapes and replicate the mechanical behaviours of granular materials. In this study, the 102 

angularity (distance between centroid of two clumped spheres) is taken as 0.8D (where D is 103 

the diameter of a single sphere) with the diameter of the spheres distributed from 0.01m to 104 

0.04m. The DEM particles can move freely in all directions (3 degrees of freedom in transla-105 

tion) and in rotations (3 degrees of freedom in rotation). The DEM model was validated with 106 

experimental results (Salot, et al., 2009). They succeeded to replicate the real behaviour of 107 

granular materials considering triaxial tests. They showed that the influence of DEM particle 108 

in macroscopic behavior is slight if the number of particles is higher than 8000. Moreover, 109 

Sibille et al. (2019) showed that DEM, calibrated on the base of triaxial results, can well re-110 

produce the numerical behavior of granular material under complex load paths such as geo-111 

synthetics piled embankment. Therefore, we performed series of triaxial tests with the DEM 112 



 

 

micro parameters under three different confining pressures (10kPa, 20kPa and 30kPa). The 113 

triaxial test sample (8000 particles) is generated using the radius expansion with decrease of 114 

friction process (Chareyre and Villard, 2005). To calibrate the macro-parameter from micro-115 

parameter, we applied the Mohr Coulomb circle method to obtain the peak and critical state 116 

friction angle from the triaxial test. The pressure dependent parameter m, is obtained in the 117 

graph log(E) – log(σ� p���⁄ ) ( see Figure 4) where E is the initial Young modulus, σ� is the 118 

confining pressure in a triaxial test and p��� = 100 kPa is the reference pressure. Table 2 119 

gives the values of the macro-parameters deduced from the DEM triaxial tests. The static 120 

equilibrium of the DEM simulations is reached when the ratio between the unbalance forces 121 

and the sum of contact forces is less than 0.001. (the unbalanced force is, due to dynamic ef-122 

fects, the difference between the load applied and the load transmitted) 123 

The DEM geosynthetics piled embankment model was validated with the full-scale experi-124 

ment (Le Hello & Villard, 2009; Villard, et al., 2016; Chalak, et al., 2019). It is not necessary 125 

to consider a numerical particles size equal to the experimental one. Indeed, based on the val-126 

idated DEM model, a sufficient number of particles was selected to replicate the mechanical 127 

behavior of granular materials. In the present study, the number of particles increase propor-128 

tionally with the embankment height which is respectively equal to 0.75m, 1.5m, 2.25m and 129 

3m. It corresponds to 16000, 32000, 48000 and 64000 clumps. The number of particles by 130 

unit of volume remains the same in all simulations. 131 

Table 1. Micro-parameters in the DEM model for granular materials 132 

Figure 4. Calibration of the pressure dependent parameter m 133 

Table 2. Interpretation of the macro-parameters from the DEM triaxial tests  134 

Constitutive parameters for the granular material 135 

While the DEM model can capture mechanical properties of the granular materials (soil hard-136 

ening, shear strength degradation (softening), critical state, pressure dependent) by using a 137 



 

 

limited number of parameters, the FDM model requires an advanced constitutive model to be 138 

able to replicate a similar behaviour. The Cap Yield model (CY soil) is was developed to 139 

simulate the granular soils behaviour in the software FLAC3D (2011). This constitutive mod-140 

el consists of a Mohr-Coulomb yield surface incorporating a cap yield surface. The hardening 141 

law was implemented for both the Mohr Coulomb shear failure criteria and cap yield surface 142 

to capture the non-linear behaviour and pressure dependent. Furthermore, the shear strength 143 

degradation (softening) wasis considered by a linear softening law coupled with the Rowe 144 

stress dilatancy formula to control the volume changes under shearing. A detailed description 145 

of the model can be found in Tran et al. (Tran, et al., 2019).  146 

Table 3. Macro-parameters for the FDM model  147 

 

Figure 5. Stress–strain response with the 

confining pressure of 20kPa for the 

Loose, Medium, and Dense materials  

 

Figure 6. Volumetric response with the 

confining pressure of 20kPa for the 

Loose, Medium, and Dense materials 

 148 

Table 3 presents the numerical parameters for the FDM model which were calibrated on the 149 

base of the DEM triaxial test results.  150 

Figure 6 show the stress-strain and volumetric responses of both DEM and FDM model for 151 

the triaxial tests with a confining pressure of 20 kPa. This research is mainly focused on the 152 

load transfer mechanisms. Therefore, the parameters calibration is based on the stress-strain 153 

behaviour rather than on the volumetric behaviour. Jenck et al. (Jenck, et al., 2005) showed 154 

that the volumetric behaviour has a low influence in the load transfer mechanisms. The differ-155 

ences in the volumetric response can be due to the different ways used to describe the shear 156 

dilatancy. The DEM model considered the natural interlocking between particles while the 157 

FDM model is based on the Rowe stress-dilatancy formula. The elongated particle shapes in 158 

the DEM model might overestimate the soil expansion compared with the FDM model (using 159 

Rowe stress dilatancy formula) and experiment (Salot, et al., 2009). 160 



 

 

Soft soil and pile constitutive models 161 

In the FDM model, the stiffness of the soft soil and piles are represented by an elastic model 162 

with an elastic modulus (Edef) and a Poisson’s ratio (v). Similarly in the DEM model, the piles 163 

and soft soil layers were modeled by using elastic springs with an oedometric modulus (Eoed). 164 

Because of the different types of definition, the elastic modulus and the oedometric modulus 165 

are correlated by using Poisson’s ratio by: 166 

 

E��� =
E���

β
 (1) 

 

β = 1 −
2v�

1 − v
 (2) 

For the sensitivity analysis, differents values of the oedometric modulus were considered 167 

(from 0.05 MPa to 1 MPa). Han et al. (2002) showed that if the pile stiffness is 1000 times 168 

higher than the soft soil one, the pile stiffness will not have an effect on the settlement and on 169 

the load transfer. Therefore, the oedometric modulus was fixed to 2000 MPa to eliminate the 170 

pile stiffness effect. 171 

Geotextiles in the DEM model: coupling between FEM (geotextiles) x DEM (granular mate-172 

rials) 173 

In the DEM model, geotextiles are modelled by triple-node triangular elements (Villard & 174 

Giraud, 1998) jointed together to form a plane continuous sheet. The geosynthetic model was 175 

validated in simple cases (Villard & Giraud, 1998) and by comparison with experimental re-176 

sults of laboratory tests and full-scale experiments (Villard, et al., 2000; Gourc & Villard, 177 

2000).  178 

For each triple-node finite element, the nodal forces are calculated from the nodal displace-179 

ments as follows: 180 



 

 

 �F��� = �K���u��! + �F������� (3) 

where: �F��� are forces acting on the nodes; �K�� the elementary matrix of rigidity, �F������� the cor-181 

rective vector force resulting from the large displacement formulation and �u��! the nodal dis-182 

placements. The elementary matrix of rigidity permits to considers of the fibrous nature of the 183 

geotextile as for example the reinforcement yarns (no isotropic linear elastic material). In this 184 

paper, two perpendicular fibre directions were considered to mimic the nature of the geotex-185 

tiles used in piled reinforced embankments. In the coupled DEM-FEM model, the geotextile 186 

can shear on pile but is tied to the boundary limit due to symmetry. Therefore, the friction an-187 

gle between geotextile and the pile is equal to 31.5o and it allows horizontal relative dis-188 

placements between piles and the geosynthetic sheet. It is thus possible to model large dis-189 

placements and stretching of geosynthetic without any flexional resistance. The interaction 190 

between the particles of the granular embankment and the finite elements of the geotextile is 191 

respectively controlled by the normal and tangent forces �F#������ and �F$�����. The contact laws are 192 

defined as follow: 193 

 �F#������ = k#%�U#������ (4) 

 d(F$����)

dU$�����
= k$% with |F$����| ≤ |F#�����|tg(δ) 

(5) 

where k#% and k$% are the interface normal and tangential stiffnesses respectively and δ the in-194 

terface friction angle. U#����� and U$����� are respectively the normal overlap and the tangential rela-195 

tive displacement between two elements. 196 

Figure 7 Interaction between the geotextile finite elements and soil discrete particles (the 197 

simulations only use the clump of 2 particles, Villard et al. 2009) 198 



 

 

Geotextile in the FDM model  199 

In FLAC3D, the geotextile is modelled by an isotropic linear elastic material with E is the 200 

Young’s modulus and t is the thickness of the geotextile. A Poisson’s ratio equal to 0.3, simi-201 

lar to the studies of Han and Gabr (2002), Liu et al. (2007), (Tano, et al., 2016; Tano, et al., 202 

2017; Girout, et al., 2014) and Pham et al. (2018) is considered. For comparison, two types of 203 

elements (‘liner’ and ‘geogrid’ elements) are compared in this study. Both elements are used 204 

to model the geotextiles. They contain a soil-structure interface on both sides. The main dif-205 

ference is that the liner element has both bending and tensile resistance while the geogrid el-206 

ement has only tensile resistance. The model is performed in the large strain formulation in 207 

the FLAC3D.  208 

The mechanical behavior of the FDM geotextile elements was calibrated based on the DEM 209 

model which was validated with analytical equations and full-scale experiments (Villard, et 210 

al., 2000; Gourc & Villard, 2000). In the FDM model, the thickness of the liner is fixed at 211 

0.01m and Young’s modulus was varied to match with the deflection of geotextile in the 212 

DEM model. The calibration shows that Young’s modulus of geotextile elements (liner and 213 

geogrid elements) are linearly proportionally to the geotextile tensile stiffness in the DEM 214 

model (see Table 4). Commonly, it is expected that the multiplication of Young’s modulus E 215 

and geotextile thickness t is equal to the geotextile tensile stiffness J. However, values of 0.6 216 

x E x t = J were found to be the more appropriate in the FDM model to obtain results in good 217 

agreement with the DEM ones as presented in the next section. 218 

Table 4. Numerical calibration of geotextile in DEM and FDM model 219 

Comparison of the geotextile between DEM and FDM models 220 

In both DEM and FDM models, the geotextile tensile stiffness is the same in both directions. 221 

The deflections of the geotextiles are compared for a simple case (only an uniform vertical 222 



 

 

stress was applied to the geotextiles). To calibrate the geotextile properties between the DEM 223 

and the FDM models, a sensitivity analysis was performed.  224 

First, the geotextile tensile stiffness is fixed to 3000kN/m and the vertical forces are varied. 225 

Both the deflections of the liner and the geogrid elements match well with the DEM results 226 

(see Figure 8). However, the tensile strain in the FDM models are slightly higher than the 227 

DEM model (See Figure 9) due to a singularity in the corner of the pile in the FDM model 228 

(Tran, et al., 2019). The small difference of tensile strain of geotextile between the ‘liner’ and 229 

the ‘geogrid’ elements may be due to the small bending resistance of the ‘liner’ element. For 230 

the same deflection, the ‘geogrid’ element has only the tensile resistance while the ‘liner’ el-231 

ement has both tensile and bending resistance. Therefore, the tensile strain of the ‘liner’ ele-232 

ment is slightly higher. Secondly, we study the influence of the geotextile tensile stiffness in 233 

the deflection. Both the DEM and the FDM models show a good agreement in terms of the 234 

geotextile’s deflection for different tensile stiffness with a surcharge of 1000 kN/m². (see Fig-235 

ure 10, Figure 11 and Figure 12). In the following section, we compared only the ‘liner’ ele-236 

ment in the FDM model with the DEM model to highlight the influence of the bending re-237 

sistance in the numerical results of the continuum model. 238 

Figure 8 Deflection of geotextile (J = 

3000kN/m) with variation of vertical forc-

es 

Figure 9 tensile strain of geotextile (J = 

3000kN/m) with variation of vertical forc-

es 

Figure 10 Deflection of geotextile (J = 2000kN/m, q=1000 kN/m²) 

Figure 11 Deflection of geotextile (J = 

3000kN/m, q=1000 kN/m²) 

Figure 12 Deflection of geotextile (J = 

6000kN/m, q=1000 kN/m²) 

NUMERICAL RESULTS 239 

To investigate the load transfer mechanisms, a sensitivity analysis is performed. The micro-240 

parameters are given in Table 2 for the DEM model and the macro-parameters are given in 241 

Table 3 for the FDM model. The comparison between the DEM model and the FDM model 242 



 

 

will be concentrated on the efficacy changes and the vertical displacements of the geotextiles. 243 

In this study, the efficacy E is defined as the proportion of the embankment weight carried by 244 

the pile caps as follows: 245 

 
E =

P
s�γh4

100% (6) 

where P is the forces transmitted to the pile cap, s denotes the pile centers spacing, γ denotes 246 

the unit weight of embankment materials, and hm denotes the embankment height. To quantify 247 

a dimensionless vertical displacement rate, we defined the shearing ratio, denoted as ds, as the 248 

ratio between the maximum vertical displacement of the embankment (ys max) and the em-249 

bankment height as follows: 250 

 d6 =
y6 489

h4
 

(7

) 

Effect of the porosity state of materials 251 

The porosity represents the initial state of the materials. We consider three different types of 252 

granular materials (loos, medium, dense) in this study. Figure 13 and Figure 14 show the ef-253 

fect of the porosity on the maximum efficacy in the DEM and the FDM simulations. The soft 254 

soil stiffness is varied to get the maximum value of the efficacy obtained at the end of the 255 

numerical simulations. . The notations n34, n38 and n41 refer to the numerical simulations of 256 

dense, medium, and loose granular materials without geosynthetic reinforcement. The nota-257 

tion n34/J3000, n38/J3000 and n41/J3000 refers to dense, medium and loose granular materi-258 

als respectively but reinforced by geotextiles (tensile stiffness of 3000kN/m). We showed that 259 

maximum efficacy is higher for denser materials (see Figure 13 and Figure 14). This confirms 260 

that materials with a higher shear resistance exhibit a higher efficacy embankment. Without 261 

geotextiles, the maximum efficacy increases with the increase of the embankment height. In 262 

contrast with geotextiles of 3000kN/m, the maximum efficacy is lower for higher embank-263 



 

 

ment. It means that when the embankment height is low (no significant load transfer within 264 

the granular soil layer), the major of the load is transferred to the pile caps through the geotex-265 

tiles and negligible load is transferred to the soft soil. However, for higher embankment, a 266 

part of the loading is partially transferred to the soft soil. Hence, the proportion of the load on-267 

to piles (efficacy) reduces in the range from 70% to 90% for different granular materials.  268 

Regarding the shearing ratio, without geotextiles, both the DEM and FDM predict shearing 269 

ratio from 0.1 to 0.2 in order to reach the maximum efficacy (see Figure 15). In contrast, with 270 

the geotextiles, the value of the shearing ratio reduces with the increase of the embankment 271 

height (see Figure 16). Furthermore, the FDM model predicts higher shearing ratio than the 272 

DEM model. Overall, the DEM and the FDM models predict a similar trend of efficacy 273 

change for the considered soil porosity variation and embankment heights. 274 

Figure 13 Maximum efficacy for different 

soil porosities in DEM model 

Figure 14 Maximum efficacy for differ-

ent soil porosities in FDM model (liner 

element) 

Figure 15 Shearing ratio at maximum effi-

cacy without geosynthetic reinforcement 

Figure 16 Shearing ratio at maximum ef-

ficacy with geosynthetic reinforcement 

(liner element) 

Although the shearing ratio at maximum efficacy is similar between loose and dense granular 275 

materials, the efficacy of the dense granular is much higher than the loose granular materials. 276 

This could be explained through the force chains distribution in the DEM model. In the dense 277 

granular materials, the force chain directions act to towards the pile caps (see Figure 17) while 278 

in the loose granular materials, the force chain directions are more fluctuated (see Figure 18).  279 

Figure 17 Force chain in the dense granu-

lar material (porosity of 0.34) 

Figure 18 Force chain in the loose granu-

lar material (porosity of 0.41) 



 

 

Effect of the embankment height and soft soil stiffness 280 

Four embankment heights are considered (0.75 m, 1.5 m, 2.25 m, and 3 m) and for subsoil 281 

stiffness ranging from 0 to 1MPa. The numerical results for two different materials n34 (dense 282 

granular material with porosity of 0.34) and n40 (loose granular material with porosity of 0.4) 283 

are presented in this section.  284 

Dense granular materials (n34) 285 

For dense granular materials, the peak friction angle φ: is equal to 46o for the FDM models 286 

corresponding to porosity of 0.34 in the DEM models. The notations H0.75m, H1.5m, 287 

H2.25m and H3.0m denotes different embankment heights including 0.75m, 1.5m, 2.25m and 288 

3m respectively. Without geotextiles, the efficacy is significantly reduced for low soft soil 289 

stiffness values for both models (see Figure 19 and Figure 20). In these cases, the load is 290 

transferred to the soft soil leading to significant settlements. In contrast, with the geotextiles, 291 

the efficacy is significantly high even for very soft soils (see Figure 21 and Figure 22). This 292 

demonstrated that geotextiles play an important role to transfer the load onto the piles instead 293 

of onto the soft soils. In both cases with and without geotextiles, the DEM and FDM models 294 

predict in a similar way that higher embankments will induce a higher efficacy in both the 295 

DEM and FDM models.  296 

Figure 19 Efficacy of dense materials 

without geotextile reinforcement in the 

DEM model 

Figure 20 Efficacy of dense materials 

without geotextile reinforcement in the 

FDM model (liner element) 

Figure 21 Efficacy of dense materials with 

geotextiles (J=3000kN/m) in the DEM 

model  

Figure 22 Efficacy of dense materials with 

geotextiles (J=3000kN/m) in the FDM 

model (liner element) 

To highlight the role of geotextiles, the efficacy ratio is then calculated as: 297 

 
E�8$%� =

E;<�===

E;<=
 (8) 



 

 

The efficacy ratio indicates the efficiency of the geosynthetic reinforcement in the piled em-298 

bankment system. In the DEM model (see Figure 23), when the soft soil stiffness is higher 299 

than 0.2MPa, the efficacy ratio is close to 1. It means that the geotextiles do not contribute to 300 

the vertical loading resistance because settlements of the soft soil are too small to induce ten-301 

sile forces of the geotextiles. However, when the soft soil stiffness is lower than 0.2MPa, the 302 

efficacy ratio increases significantly. Similarly, in the FDM model (see Figure 24), high val-303 

ues of the efficacy ratio are observed for the soft soil stiffness lower than 0.2MPa.  304 

Figure 23 Geosynthetic efficacy ratio of 

dense materials in the DEM model  

Figure 24 Geosynthetic efficacy ratio of 

dense materials in the FDM model (liner 

element) 

In contrast, while the DEM model predicts an efficacy ratio being approximately 1 for high 305 

soft soil stiffnesses, the FDM model shows different results (efficacy ratio higher than one). 306 

This discrepancy is investigated for loose granular materials in the next section. 307 

 Regarding the surface settlement, the DEM model (see Figure 25) predicts slightly higher 308 

than the FDM model (see Figure 26). Overall, both models show higher surface settlements 309 

with the increase of the embankment height and the decrease of the soft soil stiffness. 310 

Figure 25 Surface settlement of dense ma-

terials in DEM model  

Figure 26 Surface settlement of dense ma-

terials in FDM model (liner element) 

Loose granular materials (n41) 311 

For loose granular materials, the peak friction angle φ: is equal to 34o for the FDM models 312 

corresponding to the porosity of 0.41 in the DEM models. There is a discrepancy between the 313 

DEM and FDM models (see Figure 27 and Figure 28). While there is a slight reduction of the 314 

efficacy in the low soft soil stiffness (as obtained for dense granular material) in the DEM 315 

model, there is no efficacy decline in the FDM model. The granular materials can dilate or 316 

densify under shearing in the DEM model and it results of soil densification. Therefore, the 317 

DEM granular materials gradually exhibit the softening behaviour leading to the reduction of 318 



 

 

the efficacy. In contrast, for the FDM model, the materials depend on the constitutive soil 319 

model which does not considers the variation of the porosity, then, no efficacy reduction is 320 

obtained. 321 

Figure 27 Efficacy of loose materials 

without geosynthetic reinforcement in 

the DEM model  

Figure 28 Efficacy of loose materials 

without geosynthetic reinforcement in the 

FDM model (liner element) 

Figure 29 Efficacy of loose materials with 

geotextiles (J=3000kN/m) in the DEM 

model  

Figure 30 Efficacy of loose materials with 

geotextiles (J=3000kN/m) in the FDM 

model (liner element) 

When the soft soil stiffness is low, the efficacy values for loose or dense granular materials 322 

are very high (see Figure 29 and Figure 30). It again confirms the important role of the geo-323 

textiles in the load transfer mechanisms as the geotextiles considerably increase the efficacy 324 

of the piled embankments.  325 

Figure 31 Geosynthetic efficacy ratio of 

loose materials in the DEM model  

Figure 32 Geosynthetic efficacy ratio of 

loose materials in the FDM model (liner 

element) 

Similar values of efficacy ratio for the loose and the dense granular materials are obtained 326 

(see Figure 31 and Figure 32). In the DEM model, the efficacy ratio is approximately one 327 

while in the FDM model, the efficacy ratio ranged from 1 to 2 for high soft soil stiffnesses. In 328 

both dense and loose granular materials, the difference of the efficacy ratio between the DEM 329 

and FDM model may be due to the difference of the geotextile mechanical model. Regarding 330 

the surface settlement, the DEM model (see Figure 25) predicts slightly higher than the FDM 331 

model (see Figure 26). Overall, both models show higher surface settlements with the increase 332 

of the embankment height and the decrease of the soft soil stiffness. 333 

In the DEM model, the geotextiles are modelled as finite element membranes able to capture 334 

the membrane effects for large displacements. The geotextiles are only involved tensile forces 335 

due to the vertical loading when their deflection is large. Therefore, a small geotextile deflec-336 



 

 

tion induced negligible efficacy ratio changes. In contrast, a small geotextile deflection can 337 

induce a small vertical loading resistance which may stem from the bending resistance of the 338 

‘liner’ element in the FDM model, leading to the increase of the efficacy ratio. Regarding the 339 

surface settlement, both DEM and FDM model (see Figure 33 and Figure 34) show higher 340 

surface settlements of the loose material with the increase of the embankment height and the 341 

decrease of the soft soil stiffness in a similar way to the dense material. Furthermore, the set-342 

tlement of the loose material is higher than the dense material in the same loading condition. 343 

Because the DEM model can capture the evolution of the porosity, there are higher settle-344 

ments of the DEM model than the FDM model. 345 

Figure 33 Surface settlement of loose ma-

terials in DEM model 

Figure 34 Surface settlement of loose ma-

terials in FDM model (liner element) 

Effect of the geotextile tensile stiffness and element type in the FDM model 346 

To investigate the influence of the geotextile tensile stiffness, we performed simulations with 347 

different geotextile tensile stiffness (0 to 6000kN/m) for the loose and dense granular materi-348 

als. Because the geotextiles are efficient when the soft soil is lower than 0.2kPa, the soft soil 349 

stiffness is fixed to 0.1MPa in all simulations to mobilize maximum efficiency of the geotex-350 

tiles. The FDM elements (liner or geogrid element) used to simulate the geotextile are com-351 

pared with each other. 352 

Dense granular materials (n34) 353 

Both DEM and FDM models predict a quite similar trend for dense granular materials (see 354 

Figure 35-31). The higher embankments have more efficacy for the same geotextile tensile 355 

stiffness. The efficacy increases significantly when the geotextile tensile stiffness ranges from 356 

0 to 1000kN/m. When the geotextile tensile stiffness is higher than 1000 kN/m, the extra ten-357 



 

 

sile stiffness contributes negligibly to the efficiency of the geosynthetic reinforced piled em-358 

bankment in terms of vertical loading resistance.  359 

Figure 35 Effect of geotextiles tensile stiff-

ness in the DEM model for dense granular 

materials 

Figure 36 Effect of geotextiles tensile 

stiffness in the FDM model (liner ele-

ment) for dense granular materials 

Figure 37 Effect of geotextiles tensile stiffness in FDM model (geogrid element) for dense 360 

granular materials 361 

Figure 38 Efficacy versus shearing ratio in 

the DEM model for dense granular mate-

rials  

Figure 39 Efficacy versus shearing ratio in 

the FDM model (liner element) for dense 

granular materials  

Figure 40 Efficacy versus shearing ratio in FDM model (geogrid element) for dense 362 

granular materials  363 

Figure 38-34 show the relation between the efficacy and the shearing ratio, computed from 364 

equation (7), for different geotextile tensile stiffnesses.  In both models, increasing the geotex-365 

tile tensile stiffness induce a higher efficacy and a lower geotextile deflection. In the DEM 366 

model, the efficacy increases linearly with the decrease of the shearing ratio in the same way 367 

regardless all studied embankment heights. A similar trend was observed for the ‘geogrid’ el-368 

ement in the FDM model. In contrast, for the ‘liner’ element in the FDM model, the efficacy 369 

increases exponentially with the increase of the shearing ratio. The increase of the efficacy 370 

may be due to the extra bending resistance of the ‘liner’ element in the FDM model apart 371 

from the tension resistance of the geosynthetics elements. 372 

Loose granular materials (n41) 373 

Apart from the dense granular materials, the influence of the geotextile tensile stiffness on the 374 

transfer mechanisms of loose granular materials is also investigated. Figure 41-37 show the 375 

influence of the geotextile tensile stiffness for different embankment heights. A similar trend 376 

in the relation between the efficacy and the geotextile tensile stiffness is observed for the 377 

loose and the dense granular materials. The efficacy increases dramatically when the geotex-378 

tile tensile stiffness rises until 1000kN/m and then gradually increases for geotextile tensile 379 



 

 

stiffnesses higher than 1000 kN/m. The relation between the efficacy and the shearing ratio is 380 

also similar between the loose and dense granular materials.   381 

There is a linear increase of the efficacy with the decrease of the shearing ratio in the DEM 382 

model in Figure 44 (relative similar inclination between dense and loose materials) and for the 383 

‘geogrid’ element in the FDM model (see Figure 45). In contrast, there is an exponential in-384 

crease of the efficacy with the decrease of the shearing ration for the ‘liner’ element in the 385 

FDM model (see Figure 46). This observation demonstrated that the influence trend of the 386 

geotextile tensile stiffness is independent of the porosity state of the granular materials. 387 

Figure 41 Effect of geotextiles tensile 

stiffness in the DEM model for loose 

granular materials  

Figure 42 Effect of geotextiles tensile 

stiffness in the FDM model (liner element) 

for loose granular materials  

Figure 43  Effect of geotextiles tensile stiffness (geogrid element) in FDM model for loose 388 

granular materials 389 

Figure 44 Efficacy versus shearing ratio 

in the DEM model for loose granular ma-

terials  

Figure 45 Efficacy versus shearing ratio 

in the FDM model (liner element) for 

loose granular materials  

Figure 46 Efficacy versus shearing ratio in FDM model (geogrid element) for loose 390 

granular materials 391 

The differences between the liner and geogrid elements in the FDM model may stem from the 392 

mechanical model of the geotextile. As mentioned previously, in a high tensile stiffnesses, the 393 

‘liner’ elements transferstransfer more load to the piles due to the bending resistance under 394 

large deformation while the ‘geogrid’ elements and finite elements in the DEM model do not 395 

have bending resistance. Overall, the sensitivity analysis can contribute to determine the effi-396 

ciency zone of the use of geotextiles (see Figure 47). In the cases study, it was demonstrated 397 

that the soil between piles should be soft enough (lower than 0.2MPa) to mobilize the vertical 398 

loading resistance of the geotextiles. This is a valuable information for engineers to design the 399 

piled embankment economically. 400 



 

 

Figure 47 Efficacy zone of the geotextiles 401 

CONCLUSIONS 402 

Geotextiles are effective to reinforce piled embankment systems. The load transfer mecha-403 

nism plays an important role in the system efficiency. This efficiency can be given by the 404 

proportion of the load transferred onto the piles (efficacy) and the geotextile deflection. In this 405 

study, this phenomenon is investigated by two different approaches including DEM and FDM 406 

models. The DEM model adopted a granular assembly for the granular embankment and a 407 

coupled DEM-FEM for considering the geosynthetic behaviour and the interaction between 408 

the granular material and the geotextile. The conventional FDM model uses (a) an advanced 409 

constitutive soil model capable of capturing the shear strength degradation and (b) liner ele-410 

ment or geogrid element to model the mechanical behaviour of the geotextiles. After calibra-411 

tion of the ‘liner’ and ‘geogrid’ element stiffness, both the DEM model and FDM models 412 

have demonstrated the capability to have better understanding of the load transfer mechanism 413 

in order to design the geosynthetic reinforced piled embankment more economically. The 414 

numerical results show that the continuum model (FDM) can overestimate the efficacy due to 415 

the extra bending resistance of the geotextiles for the ‘liner’ element. Consequently, the ‘ge-416 

ogrid’ element is preferable for the analysis of the geosynthetic reinforced pile embankments 417 

when the membrane effect is presented. On the other hand, the DEM model also appeared 418 

preferable as the geotextile element only considers the membrane effects with tensile strength. 419 

The efficiency of the geosynthetic reinforcement piled embankments is investigated. The geo-420 

textiles can only contribute to the vertical loading resistance when the geotextile deflection is 421 

large enough corresponding to low values of the soft soil stiffness (see Figure 47). According 422 

to numerical analyses in both DEM and FDM, the numerical optimal value of the geotextile 423 

tensile stiffness is approximately 1000kN/m for the chosen pile network geometry. An extra 424 



 

 

tensile stiffness contributes very slightly to the efficiency of the geosynthetic reinforced piled 425 

embankments in both numerical models. 426 
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Figure 1 Schematic of the numerical model 1 

 Figure 2 DEM model of geosynthetic reinforced piled embankment 2 

Geotextiles 

Soft soil 

Rigid pile 

Granular em-

bankment 



 Figure 3 FDM model of geosynthetic reinforced piled embankment 3 

Figure 4. Calibration of pressure dependent parameter m 4 

Figure 5. Stress–strain response for the 

Loose, Medium, and Dense granular ma-

terials  

Figure 6. Volumetric response for the 

Loose, Medium, and Dense granular ma-

terials 

Granular embankment 

Rigid pile 

Soft soil 

Geotextiles 



 5 

Figure 7 Interaction between the geotextile finite elements and soil discrete particles (the 6 

simulations only use the clump of 2 particles, Villard et al. 2009) 7 

Figure 8 Deflection of geotextile (J = 

3000kN/m) with variation of vertical forces 

Figure 9 tensile strain of geotextile (J = 

3000kN/m) with variation of vertical 

forces 

 

Figure 10 Deflection of geotextile (J = 2000kN/m, q=1000 kN/m²)  



Figure 11 Deflection of geotextile (J = 

3000kN/m, q=1000 kN/m²) 

Figure 12 Deflection of geotextile (J = 

6000kN/m, q=1000 kN/m²)  

 Figure 13 Maximum efficacy for different 

porosity in DEM model 

Figure 14 Maximum efficacy for different po-

rosity in FDM model (liner element) 

Figure 15 Shearing ratio at maximum efficacy 

without geosynthetic reinforcement 

Figure 16 Shearing ratio at maximum effi-

cacy with geosynthetic reinforcement 



 

Figure 17 Force chain in the dense granular ma-

terial (porosity of 0.34) 

 

Figure 18 Force chain in the loose granular 

material (porosity of 0.41) 

Figure 19 Efficacy of dense materials without ge-

otextiles reinforcement in DEM model 

Figure 20 Efficacy of dense materials with-

out geotextiles reinforcement in FDM model 

(liner element) 



Figure 21 Efficacy of dense materials with geo-

textiles (J=3000kN/m) in DEM model  

Figure 22 Efficacy of dense materials with 

geotextiles (J=3000kN/m) in FDM model 

(liner element) 

Figure 23 Efficacy ratio of dense materials in 

DEM model  

 

Figure 24 Efficacy ratio of dense materials 

in FDM model (liner element) 

Figure 25 Surface settlement of dense materials 

in DEM model  

Figure 26 Surface settlement of dense mate-

rials in FDM model (liner element) 

 



Figure 27 Efficacy of loose materials without 

geosynthetic reinforcement in DEM model  

Figure 28 Efficacy of loose materials without 

geosynthetic reinforcement in FDM model 

(liner element) 

Figure 29 Efficacy of loose materials with 

geosynthetic reinforcement in DEM model  

Figure 30 Efficacy of loose materials with 

geosynthetic reinforcement in FDM model 

(liner element) 

Figure 31 Efficacy ratio of loose materials in 

DEM model  

Figure 32 Efficacy ratio of loose materials in 

FDM model (liner element) 



Figure 33 Surface settlement of loose materi-

als in DEM model 

Figure 34 Surface settlement of loose ma-

terials in FDM model (liner element) 

Figure 35 Effect of geotextiles tensile stiff-

ness in DEM model for dense granular ma-

terials 

Figure 36 Effect of geotextiles tensile stiff-

ness in FDM model (liner element) for 

dense granular materials 

Figure 37 Effect of geotextiles tensile stiffness in FDM model (geogrid element) for dense 8 

granular materials 9 



Figure 38 Efficacy versus shearing ratio 

in DEM model for dense granular materi-

als  

Figure 39 Efficacy versus shearing ratio in 

FDM model (liner element) for dense gran-

ular materials  

Figure 40 Efficacy versus shearing ratio in FDM model (geogrid element) for dense 10 

granular materials 11 

Figure 41 Effect of geotextiles tensile stiff-

ness in DEM model for loose granular 

materials  

Figure 42 Effect of geotextiles tensile stiff-

ness in FDM model (liner element) for 

loose granular materials  



Figure 43  Effect of geotextiles tensile stiffness (geogrid element) in FDM model for loose 12 

granular materials 13 

Figure 44 Efficacy versus shearing ratio 

in DEM model for loose granular materi-

als 

Figure 45 Efficacy versus shearing ratio 

in FDM model (liner element) for loose 

granular materials 

Figure 46 Efficacy versus shearing ratio in FDM model (geogrid element) for loose gran-14 

ular materials 15 



Figure 47 Efficacy zone of geotextiles 16 



Table 1. Micro-parameters in the DEM model for granular materials 1 

Samples Numerical Porosity Kn (MN/m2) kn/kt φ 

Loose (L) 0.41 10 1 40o 

Medium (M) 0.38 10 1 40o 

Dense (D)  0.34 10 1 40o 

 2 

Table 2. Interpretation of macro-parameters from the DEM model 3 

Sample φ
�
(degrees) φ

��
(degrees) m 

Loose (L) 34 o 26 o 0.36 

Medium (M) 40 o 26 o 0.36 

Dense (D) 46 o 26 o 0.36 

 4 

  5 



Table 3. Macro-parameters in the FDM model  6 

Sam-

ple 

����
�  

(MN/m2)

���� 

(	
�)
υ m 

φ
�
 

(degree) 

φ
��

 

(degree) 
� β 

�φ 

(de-

gree) 

eo 
Volumetric 

weight (kg/m3) 

Loose 100 100 0.20.36 34 o 26 o 0.9 0.12 250 o 0.7 1470 

Me-

dium 
120 100 0.20.36 40 o 26 o 0.9 0.12 250 o 0.61 1550 

Dense 160 100 0.20.36 46 o 26 o 0.9 0.12 250 o 0.51 1650 

����
�  Reference Young’s modulus φcs Critical state friction angle 

���� Reference mean stress �� Failure ratio constant 

 υ Poisson’s ratio β Calibration factor 

m Stress dependence constant hφ Softening friction angle 

φp Peak friction angle eo Initial void ratio 
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Table 4. Numerical calibration of geotextile in discrete and continuum model 8 

DEM FDM 

J (kN/m) 
thickness 

t (m) 

Young’s modulus 

E(MN/m2) 

50 0.01 8.33 

100 0.01 16.66 

200 0.01 33.33 

500 0.01 83.33 

1000 0.01 166.66 

2000 0.01 333.33 

3000 0.01 500 

4000 0.01 666.66 

6000 0.01 1000 

 9 




