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Abstract: In this paper, we present the results of a simulation of the evolution 

of stresses and deformations in a road embankment using unsaturated low-

swelling soil under hydro-mechanical pressures, modeled with the finite 

element code Code_Bright. We assume that this embankment, which 

supports asphalt, follows the Barcelona Thermo-Elasto-Plastic model (BBM-

TEP). This model describes the Thermo-Hydro-Mechanical (THM) behavior 

of unsaturated fine soils based on variations in net stress and suction. 

Through this simulation, the analysis focuses on the collapse of road 
structures, which is generally due to the poor quality of materials used but 

also to natural phenomena such as capillary rise and anthropogenic factors 

such as overloading. It was found that capillary rise leads to an increase in 

the degree of saturation by more than 50% at the edges of the structure and 

deformations of up to one centimeter when additional loads are applied to the 

embankment surface. The behavior of unsaturated soils is also highlighted, 

such as the decrease in void ratio with increasing effective stress or suction 

and the increase in suction with effective stress. 

 

Keywords: Low-Swelling Soil, Road Fill, Capillary Rise, Overloading, 

Collapses 

 

Introduction  

The structure of a road typically comprises the 

earthwork portion, which includes the embankment and 

subgrade, and the pavement, which consists of base and 

surface layers. The embankment and subgrade must be 

constructed to meet both short-term requirements (ensuring 

the mobility of construction vehicles, enabling the 

compaction of upper layers, meeting leveling requirements, 

and protecting the subgrade while awaiting pavement 

construction) and long-term requirements (homogenizing 

the bearing capacity of the underlying soil, protecting the 

pavement from fluctuations in the moisture content of the 

supporting soil, ensuring thermal protection of the 
supporting soil, and contributing to pavement drainage) 

(GTR, 2023). In fact, an embankment should maintain a 

stable geometry after construction. However, using poor-

quality materials compromises its internal stability, 

increasing the risk of failure. In such cases, plastic 

deformations are likely to occur due to differential 

settlements that are incompatible with the desired level of 

service (Morsy et al., 2023; Mridakh et al., 2022). 

In Burkina Faso, as well as in the Sahelian regions in 

general, the most common soil types are sandy-silty soils 

(72.5% of the total area), followed by sandy-clayey soils 

(15.5%), silty soils (9.3%), and sandy-clayey soils (12%) 

(Alvar-Beltrán et al., 2021). These soils, often swelling or 

slightly swelling, are not suitable for use in the 

foundations of road construction projects. Roads are 

subjected to various mechanical (traffic load), thermal 

(sun exposure), and hydric (capillary rise, climatic events 

such as floods or droughts, and human activities nearby, 

such as excessive irrigation or water pipe leaks) stresses. 

These phenomena have become critical in developing 

countries today. Such stresses can significantly alter soil 

properties, threatening the stability and durability of 

infrastructure. (Morsy et al., 2023; Mridakh et al., 2022), 

especially when these materials are used for constructing 

platforms. In response to these challenges, large quantities 

of coarse soil, often lateritic, are commonly brought in 

from borrow areas, which are becoming increasingly 

scarce and distant from construction sites. In addition to 

the scarcity of this resource, transportation and extraction 



Soumaïla Gandema et al. / American Journal of Applied Sciences 2025, Volume 22: 10.19 

DOI: 10.3844/ajassp.2025.10.19 

 

11 

operations have negative environmental impacts 

(pollution due to machinery emissions, increased aerosols 

in the environment, etc.) as well as social repercussions, 

including the loss of potential agricultural land for local 

populations. To reduce the systematic use of coarse 

materials, the use of locally available materials close to 

construction sites is emerging as a viable alternative 

(Grossegger et al., 2024; Hudaykulov & Aralov, 2024; 

Hudaykulov, Rashidbek et al., 2024; Rahla et al., 2021; 

Tulebekova et al., 2024), especially in the context of the 

call to build a circular economy that protects the 

environment (Pereira & Vieira, 2022). However, the reuse 

of these local soils in road embankments is only feasible 

after appropriate treatment that enables them to achieve 

the required performance to withstand the mechanical and 

environmental stresses to which they will be subjected. 

Previous studies have focused on the use of fine soils 

in embankments (Droniuc, 2013; Ghosh et al., 2021; 

Pallav et al., 2023; Sadeghabadi et al., 2021; Showkat et 

al., 2022). Many of these studies have simulated the 

hydro-mechanical and thermo-hydro-mechanical 

behavior of compacted fine soils in unsaturated conditions 

(Ali et al., 2021; Droniuc, 2013; Kayadelen et al., 2022; 

Prajapati, Vikas & Das, Arghya, 2023) and their 
stabilization through lime/cement treatment or hydraulic 

binders (Bakaiyang et al., 2022; Chaiyaput et al., 2022; 

Khemissa & Mahamedi, 2014; Kired et al., 2023; 

Vukićević et al., 2019). 

In this paper, a numerical simulation of a road 

embankment with imposed boundary conditions was 

performed using the finite element calculation program 

CODE_BRIGHT, which employs the Barcelona thermo-

elasto-plastic model BBM-TEP (Olivella et al., 2024). 

The pre- and post-processing graphical interface GiD was 

used to input the data for the calculation, the geometry of 

the structure, and the initial and boundary conditions. The 

results obtained allowed us to analyze the collapse of road 

structures due to natural phenomena such as capillary rise 

and anthropogenic factors such as overloading. Through 

the results of this simulation, the general behavior of 

unsaturated soils subjected to thermo-hydro-mechanical 

stresses was also analyzed.   

Materials and Methods 

Barcelona Thermo-Elasto-Plastic Model (BBM-

TEP) for Unsaturated Low-Swelling Soils 

The Barcelona Basic Model (BBM) - 

Thermoelastoplastic (TEP), a Thermo-Hydro-

Mechanical Behavior of Expansive Clays model 

presented in the CODE_BRIGHT user’s guide by 

Olivella et al. (2024), is used for modeling the behavior 

of the road embankment. The database on the numerical 

modeling of embankments on compressible soils 

conducted by Mestat (2001) identifies this model as the 

most advanced and widely used to capture the 

fundamental characteristics of the behavior of low-

swelling soils (sands, silts, sandy clays, and low-

plasticity clays) in unsaturated conditions. It is based on 
the theory of elasto-plasticity and formulated for 

isotropic and triaxial stress states (Olivella et al., 2024). 

Formulation of Balance Equations 

The following formulation is a deduced version from 

that presented by (Gens & Sánchez, 2014). Isothermal 

conditions are considered in constitutive equations, so 

phenomena such as vapour transport are neglected. Only 

the equilibrium balances of water, gas, solid and 

momentum are taken into account. 

Mass Balance of Water 

 
𝜕

𝜕𝑡
(𝜃𝑙

𝑤𝑆𝑙𝜙 + 𝜃𝑔
𝑤𝑆𝑔𝜙)+ 𝛻 ⋅ (𝑗𝑙

𝑤 + 𝑗𝑔
𝑤) = 𝑓𝑤  (1) 

 

In this equation, 𝜃𝑙
𝑤  and 𝜃𝑔

𝑤  are volumetric water 

content of liquid and gas phase respectively; 𝜙 , the soil  

porosity and 𝑆𝛼  (𝛼 = 𝑙, 𝑔 ), The proportion of the pore 

volume that is occupied by the alpha phase. Ji and Jg are 

the overall mass fluxes of water in the liquid and gas 

phases, respectively. 𝑓𝑤  represents the external mass 

influx of water per unit volume within the soil. 

Mass Balance of Air 
 
𝜕

𝜕𝑡
(𝜃𝑙

𝑎𝑆𝑙𝜙 + 𝜃𝑔
𝑎𝑆𝑔𝜙)+ 𝛻 ⋅ (𝑗𝑙

𝑎 + 𝑗𝑔
𝑎) = 𝑓𝑎 (2) 

 

For air (denoted a in exponent) and in the liquid 

(indexed l) and gas (indexed g) phases,𝜃𝑙
𝑎 and 𝜃𝑔

𝑎 are the 

mass concentration; 𝑗𝑙
𝑎  and 𝑗𝑔

𝑎 , the overall mass fluxes 

and 𝑓𝑎, the external mass influx.  

Mass Balance of Solid 

The variation in porosity, as a function of changes in 

solid density and the volumetric deformation of the solid 

framework, is derived from the following solid mass 

balance equation:  

 
𝜕

𝜕𝑡
(𝜌𝑡(1 − 𝜙)) + 𝛻 ⋅ (𝜌𝑡(1− 𝜙)𝑢̇) = 0 (3) 

 

𝑢̇ denotes the velocity vector of the solid.  

Momentum Balance for the Medium 

 

𝛻 ⋅ 𝜎𝑡 + 𝑏 = 0 (4) 

 

Where 𝜎𝑡  represents the total stress tensor and 𝑏  the 

vector of body forces. Inertial terms have not been taken into 

ccount in this equation. Low velocities and accelerations of 
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the medium allow to neglect inertial terms in comparison 

with stress terms. A low strain rate is therefore assumed. 

Constitutive Equations of BBM-TEP 

The constitutive equations presented in this section are 

organized into two categories: hydrodynamic and 

mechanical aspects.  

Hydrodynamic Considerations 

Generalized Darcy’s law as used for fluid phase 

advective flux into the medium:  

 

𝑞𝛼 = −𝐾𝛼(𝛻𝑃𝛼 − 𝜌𝛼𝑔) 𝛼 = 𝑙, 𝑔 (5) 
 

In this equation, 𝑃𝛼  is the pressure of 𝛼 phase in the 

medium. 𝐾𝛼 is the permeability tensor of 𝛼 phase in the 

medium, expressed as follows: 
 

𝐾𝛼 = 𝑘
𝑘𝑟𝛼

𝜇𝛼
 𝛼 = 𝑙, 𝑔 (6) 

 
𝑘 is the intrinsic permeability tensor; 𝜇𝛼, the dynamic 

viscosity of the 𝛼  phase; 𝑘𝑟𝛼 , the 𝛼  phase relative 

permeability written generally in terms of the phase 

degree of saturation 𝑆𝑒 . In this study, for the liquid phase, 

we use the following relationship with 𝐴 and 𝜆 as model 

fitting parameters: 

 

𝑘𝑟𝑙 = 𝐴𝑆𝑒
𝜆 (7) 

 

The popular van Genuchten model (1980) is used to 

describe the effective degree of saturation 𝑆𝑒 (-) as a 

function of soil suction s:  
 

𝑆𝑒 =
𝑆𝑙−𝑆𝑟𝑙

𝑆𝑙𝑠−𝑆𝑟𝑙
= (1 + (

𝑠

𝑃
)

1

1−𝜆
)

−𝜆

 (8) 

 
Where 𝑆𝑙 (-) is the degree of saturation of the liquid 

phase; 𝑆𝑟𝑙(-) is the residual liquid saturation; 𝑆𝑙𝑠 (-) is the 

maximum saturation; and P (MPa) and λ (-) are the model 

parameters. 

The Kozeny model (1927) is adopted to describe the 

intrinsic permeability of the material. This model assumes 
that the intrinsic permeability tensor k of a porous material 

undergoing volumetric deformations is a function of its 

porosity (Olivella et al., 2024): 
 

𝑘 = 𝑘0
𝜙3

(1−𝜙)2

(1−𝜙0)
2

𝜙0
3  (9) 

 
Where  is the porosity, 0 is the reference porosity, 

and k0 is the intrinsic permeability corresponding to 0. 

Mechanical Behaviors 

The mechanical behavior of the material can be 

expressed in an incremental form to relate stress and strain 

variations (Olivella et al., 2024):  

𝑑𝜎 ′ = 𝐷𝑒𝑑𝜀 − 𝜉𝐷𝑒
𝜕𝐺𝑝

𝜕𝜎′
−𝐷𝑒ℎ𝑒𝐼𝑑𝑠 (10) 

 

Where 𝑑𝜎 ′ which is described as the increment of the 

effective stress tensor; 𝑑𝜀 = 𝑑𝜀𝑒 + 𝑑𝜀𝑝 is the sum of the 

increments of elastic and plastic strains, 𝜉(−) > 0 is the 

plastic multiplier, 𝐺𝑝(-) is the plastic potential, 𝐼 is the 

identity tensor and ds represents the increment of suction. 

In this model, the elastic matrix De represents the stiffness 

matrix or constitutive matrix of the material within the 

framework of elastic deformations. This matrix describes 
the linear relationship between the applied stresses and the 

induced strains in the material under the assumption of 

reversible elastic behavior. Specifically, the matrix De is 

used to define the elastic behavior of unsaturated soil, 

incorporating the bulk modulus K (MPa) and the shear 

modulus G (MPa), which are functions of the hydric 

conditions and suction in the material. This matrix is 

essential for determining how the material responds to 

mechanical loading in the elastic phase before plastic 

deformations occur. De is given by: 

 

𝐷𝑒 =

(

 
 
 
 
 

𝐾 +
4

3
𝐺 𝐾 −

2

3
𝐺 𝐾 −

2

3
𝐺 0 0 0

𝐾 −
2

3
𝐺 𝐾 +

4

3
𝐺 𝐾 −

2

3
𝐺 0 0 0

𝐾 −
2

3
𝐺 𝐾 −

2

3
𝐺 𝐾 +

4

3
𝐺 0 0 0

0
0
0

0
0
0

0
0
0

𝐺
0
0

0
𝐺
0

0
0
𝐺)

 
 
 
 
 

 (11) 

 

The term he (-) is a vector that accounts for the effect 

of suction changes on elastic deformations and is defined 

by ℎ𝑒 = 𝐷𝑒
−1𝐹𝑒, with Fe given by: 

 

𝐹𝑒 =

(

 
 
 
 
 

𝐾 (
𝜅𝑠

1+𝑒
) (

1

𝑠+𝑝𝑎𝑡𝑚
)

𝐾 (
𝜅𝑠

1+𝑒
) (

1

𝑠+𝑝𝑎𝑡𝑚
)

𝐾 (
𝜅𝑠

1+𝑒
) (

1

𝑠+𝑝𝑎𝑡𝑚
)

0
0
0 )

 
 
 
 
 

 (12) 

 

Where 𝜅𝑠  (-) is the compressibility coefficient for 

suction increments in the elastic domain, 𝑠 = 𝑢𝑎 − 𝑢𝑤  is 

the suction, e(-) the void ratio and 𝑝𝑎𝑡𝑚  (MPa) the 

atmospheric pressure. 

In this model, Olivella et al. (2024) introduced an 

elastoplastic constitutive framework characterized by a 

generalized yield surface that incorporates both stress and 

suction effects. For convenience, the isothermal saturated 

reference constitutive behavior has been represented 

using a variant of the classical Modified Cam-Clay model 

(Olivella et al., 2024).  
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𝐹𝐿𝐶(𝑝∗, 𝑞, 𝑠) = 𝑞2 −𝑀2(𝑝∗ + 𝑝𝑠(𝑠))(𝑝0(𝑠) − 𝑝
∗) = 0

 (13) 

 

𝑞 = 𝜎1 − 𝜎3 is the deviatoric stress, 𝑝′ =
1

3
(𝜎1

′ + 𝜎2
′ +

𝜎3
′ ) = 𝑝 −𝑚𝑎𝑥(𝑢𝑎 − 𝑢𝑤) is the mean net stress; M (-) is 

the critical state line slope, taken constant in this study. 

𝑝0(𝑠) and 𝑝𝑠(𝑠) are function of soil suction and define by: 

 

𝑝0(𝑠) = 𝑝𝑐 (
𝑝0
∗

𝑝𝑐
)

𝜆(0)−𝜅𝑖0
𝜆(𝑠)−𝜅𝑖0    𝑝𝑠(𝑠) = 𝑘𝑠 (14) 

 

Where 𝜆(𝑠) = 𝜆(0)[𝑟 + (1 − 𝑟) 𝑒𝑥𝑝(−𝛽𝑠)]  is the 

slope of the virgin compression curve at suction 𝑠 ;𝑝0
∗ 

represents the saturated preconsolidation stress; 𝑝𝑐  is a 

reference stress; 𝑘  controls the increase in the tensile 

strength with suction; 𝑟 and 𝛽 control the rate of increase 

of soil stiffness with suction; 𝜅𝑖0  is the initial (𝑠 = 0) 

elastic slope for specific volume-mean stress relationship. 

The elastic volumetric strain is given by:  

 

𝑑𝜀𝑣
𝑒 =

𝜅𝑖0

1+𝑒

𝑑𝑝′

𝑝′
+

𝜅𝑠0

(1+𝑒)

𝑑𝑠

(𝑠+𝑝𝑎𝑡𝑚)
 (15) 

 

Where 𝜅𝑠0  is the initial ( 𝑠 = 0 ) elastic slope for 

specific volume-suction relationship. 

Hardening corresponds to the evolution of yield curve 

LC (Eq. 13) in the isotropic 𝑝′ − 𝑠 plane, and depends on 

plastic volumetric strain according to: 

 
𝑑𝑝0

∗

𝑝0
∗ =

1+𝑒

𝜆(0)−𝜅
𝑑𝜀𝑣

𝑝
  16) 

 

Where   denotes the elastic stiffness parameter 

associated with variations in the net mean stress. 

The plastic potential in (Eq.17) is associated to the 

hardening rule and it is defined by: 

 

𝐺𝑝 = 𝛼𝑞2 −𝑀2(𝑝∗ + 𝑝𝑠(𝑠))(𝑝0(𝑠) − 𝑝
∗) (17) 

 

Where: 

 

𝛼 =
𝑀(𝑀−9)(𝑀−3)

9(6−𝑀)
[

1

1−
𝜅

𝜆(0)

] 18) 

 

Is a non-asociativity parameter. 

Figure 1 illustrates the general configuration of the 

yield surface within the in 𝑝 − 𝑞 − 𝑠 space, highlighting 
the key characteristics of the BBM, including The Loading-

Collapse (LC) and Suction-Increase (SI) yield curves. 

Material and Characteristics 

In this article, we consider a 2-meter-high 

embankment intended to support asphalt, similar to the 

one in the Fig. 2 that was considered. 

The embankment is constructed from low-

deformability fine materials and is assumed to have an 

elastoplastic behavior. It will be subjected to hydro-

mechanical stresses to evaluate the overall behavior of 

fine lateritic soils encountered in Sub-Saharan Africa for 
reuse in the construction of road infrastructure. The 

embankment is constructed in layers under unsaturated  

 

 
 
Fig. 1: 3D-view of yield surface in 𝑝 − 𝑞 − 𝑠  stress space, 

(Ramon et al., 2014) 

 

 
 
Fig. 2:  Embankment of the level crossing at the Kossodo 

roundabout (Ouagadougou) 
 

Allows to known the state of stresses, the distribution 

of water content, porosity, and plastic parameters after 

construction stage.  

Refinement for Simulation 

In this paper, a purely numerical study of a road 

embankment is presented. The Barcelona thermo-

elastoplastic model has been used for this purpose. This 

model is derived from the Barcelona Base Model (BBM) 

and is designed to analyze the thermo-hydromechanical 

behavior of slightly deformable, water-unsaturated soils. 

This model is implemented in a numerical finite 

element code called CODE_BRIGHT (Olivella et al., 

2024). It is freely available and uses GiD graphical 

interface relatively easy-to-use. CODE_BRIGHT has 

been validated internationally by experimental studies 
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(Duan et al., 2024; Nguyen-Tuan, 2014; Ramon et al., 

2014; Yubero et al., 2021). 

Figure 3 shows the dike geometry. The construction 

process is described by Aviles et al., (2024). It is carried 

out in 0.25m layers under unsaturated conditions. Initial 
material, saturated at construction, is assumed to be 40%. 

To take account of local weather conditions, which induce 

significant water evaporation during construction, a water 

pressure of -20 MPa is set at the upper limit of the 

constructed layer. Finally, we assume that infiltration 

phenomena at the top of the structure and along the slope 

are negligible when construction finished. The base of the 

structure undergoes no horizontal or vertical 

displacement. The geometry mesh comprises 1,287 

quadratic tetrahedral elements with 1,392 nodes. To 

assess the long-term response of the structure to 
hydromechanical loads, the following boundary 

conditions were imposed: 
 
 to take account of the effects of overloading by heavy 

vehicles on the structure, a load of 1 MPa (10 

kg.cm⁻²) is applied to the upper surface. This value 

takes into account the maximum inflation pressure of 

0.9 MPa for truck tires 

 Burkina Faso is characterized by a long dry season 

and a relatively short winter season marked by heavy 

rain (Gbohoui et al., 2021). Abundant rainfall during 

the wet season causes the water table to rise, soaking 

earthen structures through capillary action. This 

phenomenon is taken into account by imposing a 

constant water flow of 2.314×10⁻⁴ kg.m⁻².s⁻¹ at the 
base of the structure 

 

Table 1 summarizes the values of the parameters used. 

They are defined in CODE_BRIGHT user’s guide 

(Olivella et al., 2024). They were determined by Arnedo 

et al. (2005) on a silt-clay textured soil, similar to the one 

studied in our research project. Elasto-plastic parameters 

are obtained from oedometer and triaxial tests. Hydraulic 

parameters are derived from the water retention curve and 

a saturation permeability test. 
 

 
 
Fig. 3: Geometry, Mesh, and Boundary Conditions of the 

Embankment 

 
Table 1: Values of parameters used for the simulation (Arnedo et al., 2005) 

Elastic parameters  

      
0.01 0 10 0.35 0 0.01 

Plastic parameters 

  (-)    (-)  
0.075 0.75 35 0.1 0.01 0.1 

  (-)  (-)  (-)   

0.1 1.1 0.99 0.59 0.1  

Hydrodynamic parameters  

      
1 0.072 0.5 0 1.0 0.35 

      

10-14 10-14 10-14    

 

Results and Discussion 

The following sections present the simulation results 

illustrating the stress and deformation evolution within 

the constructed road embankment.  

Evolution of the Degree of Saturation 

The saturation state of the embankment at the end of 
construction is shown in Fig. 4. It shows a low (less than 

10%) and almost uniform saturation inside the structure, 
except at the edges, which are gradually drying. After 

construction, the structure is subjected to water stresses at 
the base due to capillary rise and mechanical loads at the 

top for 265 days, completing the construction phase in one 

year. The saturation state of the structure in this case is 
presented in Fig. 5. A relatively significant increase in the 

embankment's saturation is observed compared to the end 
of the 90 days of construction. This increase is more 

pronounced at the slopes, gradually rising towards the 
upper edges. This variation is highlighted in Fig. 6, which 

represents saturation profiles at different positions of the 
embankment: from the base of the structure (h = 0 m) to 

its upper surface (h = 2 m). From the end of construction 
at 90 days, we observe an increase of more than 60% in 

the degree of saturation at the base after one year and 
about 30% at the surface. These results demonstrate the 

sensitivity of the material to capillary rise phenomena 
induced by the structures near the groundwater table. This 
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moistening process has more remarkable effects for soils 
with higher initial suction values (Sadeghabadi et al., 

2021). However, as shown in Fig. 1, the elastic domain 
extends more along suction (s) than along the other 

variables (p and q), so large variations in suction (s) are 
possible without hardening. 

 

 

 
Fig. 4: Saturation state of the embankment at the end of 

construction (90 days mark) 

 

 

 
Fig. 5: Saturation state of the embankment 275 days after the end 

of construction (365 days mark) 

 

 

 
Fig. 6: Saturation degree profiles of the embankment at the end 

of construction (90 days) and 275 days post-construction 
(365 days) 

 

 

 
Fig. 7: Deformation state initialized to zero at the end of 

construction (90 days mark) 

Deformations Experienced by the Embankment  

During the construction phase, plastic deformations 

occur but are corrected by the addition of materials to 

achieve the desired configuration. To accurately assess 

the long-term deformations experienced by the structure, 

the post-construction state is considered intact with zero 

initial deformations. Fig. 7 illustrates this initial 

deformation state set to zero.  

At the end of the construction phase, the structure 

was subjected to hydro-mechanical loading to evaluate 

the induced deformations, as shown in Fig. 8. Fig. 8(a) 

presents the recorded vertical deformations, which are 

more pronounced at the upper edges and in the middle 

of the embankment. These vertical deformations 

indicate settlement of the structure resulting from creep 

deformations. The horizontal deformations, shown in 

Fig. 8(b), reveal that the central part of the structure is 

less affected compared to the slopes, indicating lateral 

stretching of the embankment under the effect of 

mechanical loads. By overlaying the two types of 

deformations (Fig. 8(c)), we can identify the regions of 

the structure undergoing significant deformations and 

their orientations (Fig. 8(d)). Under these conditions, 

instability of the embankment slopes is observed when 

subjected to hydro-mechanical stresses at the base 

(water pressure) and at the upper surface (mechanical 

load). 

Figure 9 illustrates the deformations along a vertical 

line at the center of the structure, from the base to the 

surface. A settlement of approximately 0.8 cm is recorded 

after 265 days of applied loading. These deformations 

confirm a collapse phenomenon in the road structure 

induced by wetting (Prajapati & Das, 2023), which could 

lead to surface layer degradation within a few years of 

service. 

Evolution of Plastic Volumetric Deformation 

The plasticity of fine soils, under the influence of 

their own weight and external loads, is characterized by 

a progressive transfer of these loads from the pore fluid 

pressure to the solid skeleton. This transfer occurs 

according to the spatial and temporal boundary 

conditions of the material, providing the soil with a 

certain level of resistance that makes it less deformable 

over time. 

This state is illustrated in Fig. 10, which displays an 

increase in plastic volumetric deformation. This figure 

shows that plastic volumetric deformation intensifies over 

time and becomes more pronounced closer to the surface, 

which is primarily attributed to the effect of surface loads 

on soil plasticity. A plastic deformation of approximately 

0.15% compared to the initial state (at the end of 

construction) is observed after 265 days of applied loads. 
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Study of Embankment Behavior Under Unsaturated 
Conditions Subjected to Hydraulic and Mechanical 

Loading 

The evolution of the void ratio as a function of the 

applied vertical stress allows the evaluation of the 

material’s compressibility through the compressibility 

curve presented in Fig. 11 for our case study. This 

curve helps determine the yield limit of the material, 

given by the pre-consolidation stress corresponding to 

the intersection of lines (D₁) and (D₂), which is. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 8: Deformations experienced by the embankment 275 days 

after the end of construction (365 days mark): (a) Vertical 
deformations (b) Horizontal deformations (c) Combined 
vertical and horizontal deformations (d) Direction of 
deformations 

 

𝑝0
∗ = 70 kPa. Any mechanical load beyond this value 

will induce plastic deformations in the soil. Other 

compressibility characteristics, such as the compression 

index Cc and the swelling index Cs, can also be derived 

from this curve. These are the slopes of lines (D₁) and 

(D₂), respectively. For the material used in our 

embankment, the values of Cc and Cs are 0.12 and 0.009, 

respectively.  

 

 

 
Fig. 9: Settlement profiles of the embankment recorded after 

265 days of applied loading 

 

 
 
Fig. 10: Evolution of plastic volumetric deformation of the 

embankment 

 

 

 

Fig. 11: Soil compressibility curve 
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We present in Fig. 12 the LC (Loading Collapse) 

curve, one of the boundary branches of the material’s 

elasticity domain shown in Fig. 1. This curve illustrates 

the reduction in pre-consolidation pressure during soil 

wetting at the base. From this, we deduce a pre-

consolidation pressure in the saturated state of the soil of 

𝑝0
∗ = 2 kPa. The analysis of this LC curve, which 

delineates the elastic and plastic deformation domains, 

reveals three behavior zones identified experimentally by 

Ouguemat et al. (2015); Gandema et al. (2020). 

Specifically, for all applied effective stresses 𝑝′ such that 

𝑝′ < 𝑝0
∗, the behavior is solely elastic swelling during a 

reduction in suction. 

 

 
 
Fig. 12: LC Loading Surface 

 

 

 
Fig. 13: Evolution of the void ratio during soil rewetting by 

capillary rise 

 

An effective stress𝑝′ , such that 𝑝′ > 𝑝0
∗  and located 

within the elastic domain, will, during rewetting, first 

induce elastic swelling and then plastic collapse upon 

crossing the LC curve. Conversely, an effective stress 
outside the elastic domain results solely in plastic collapse 

during wetting. This plasticity alters (increases) the value 

of 𝑝0
∗, making it the current stress, thus shifting the entire 

LC curve and expanding the elastic domain, a 

phenomenon known as hardening, observed in Fig. 11. 

The curve in Fig. 13 represents the volumetric 

response of the embankment as suction decreases due to 

wetting caused by capillary rise. The observed increase in 

the void ratio implies softening of the material, reflected 

by a reduction in the compression index and pre-

consolidation pressure. This softening also affects shear 

strength through a reduction in cohesion. However, 
Khalilnejad et al. (2013) demonstrated that the friction 

angle remains independent of suction but appears to be 

related to soil properties such as density, water content, 

and plasticity index. 

Conclusion 

In this article, the long-term behavior of a 2-meter-high 
road embankment composed of compacted, unsaturated silty 

clay soil was analyzed using the Barcelona Basic Model for 

Thermo-Hydro-Mechanical Behavior of Expansive Clays 

(BBM-TEP) implemented in the finite element software 

CODE_BRIGHT. The study considered the effects of heavy 

vehicle loads and embankment wetting due to capillary rise. 

The main findings show that after 265 days of hydro-

mechanical loading: 

 

 There is a significant increase in saturation at the 

base of the embankment, from 10% at the end of 

construction to 72%. However, the considered 
capillary rise does not lead to full saturation of the 

embankment 

 Deformations are particularly pronounced at the 

upper edges and slopes, indicating slope instability. 

A settlement of 0.8 cm was recorded at the center of 

the embankment 

 Although the plasticity of the material was corrected 

by adding additional material during construction, a 

plastic volumetric deformation of 0.15% due to creep 

was observed 

 The behavior of the embankment under unsaturated 
conditions was analyzed through the compressibility 

curve and LC loading surface, confirming the BBM-

TEP model's capability to reliably reproduce the 

observed behaviors under environmental variables 
 

Further studies could examine the impact of wetting-

drying cycles, soil compositions, and initial compaction 

conditions on the long-term stability and hydro-
mechanical response of embankments to optimize 

construction practices and reduce degradation risks. 
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