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Abstract

Expansive soils undergo volumetric changes due to moisture variations as a result of soil-atmosphere
interaction. In this study, the moisture-induced volumetric changes in unsaturated expansive soil under
wetting-drying cycles were modeled. The variations in moisture content during wetting and drying cycles
were analyzed for a specific type of expansive soil using one-dimensional coupled hydro-mechanical
analysis within the framework of the Barcelona Expansive Model for expansive soils (BExM). The
modeling was performed utilizing the finite element method in CODE_BRIGHT. The volume changes in
the soil due to wetting and drying cycles, associated with changes in moisture and suction in the unsaturated
zone, led to repetitive swelling and shrinkage deformations in the expansive soil. The effects of these
variations were significantly more pronounced in the initial cycles, and after several cycles, the cyclic
behavior within a specified range persisted for the same defined range of suction changes. However, this
trend shifted towards more elastic behavior at lower rates of suction changes. Furthermore, the effect of
surcharge on the volumetric behavior of swelling soil during wetting and drying cycles was investigated.
As the surcharge increased, the magnitudes of cyclic deformation decreased. By comparing soil
deformation under two different surcharge, elastic behavior was observed in the first three initial cycles
for higher surcharge, followed by irreversible deformations. For lower surcharge, irreversible
deformations were observed after the first cycle until equilibrium was reached after several wetting and
drying cycles.

Keywords: Numerical modeling, BExM constitutive model, Volumetric behavior, Unsaturated
expansive soil, Wetting-drying cycles.

1. Introduction

Expansive soils naturally undergo volume changes due to alterations in climatic conditions,
experiencing cycles of wetting and drying. Generally, the stress and strain pathways during these cycles deviate
from a simple uniform process (Alonso et al., 2005). These soils predominantly contain montmorillonite
minerals, highly sensitive to moisture variations, displaying noticeable swelling and shrinkage deformations.
Some swelling soils have exhibited a volume increase of up to 30% or more due to increased moisture (Qi and
Vanapalli, 2015). Due to soil-atmosphere interaction in real conditions, expansive soils are exposed to solar
radiation and temperature changes, changing soil moisture during evaporation or rainfalls. Consequently, these
soils are highly susceptible to cracking during the desiccation process, extending both in surface and depth and
changing soil moisture and temperature distribution (Jabbarzadeh et al., 2023). In addition, they tend to swell
during rainfall, which can lead to geohazards such as slope instabilities (Sadeghi et al., 2023).

The extent of swelling deformation intensifies with rising water content or diminishing suction, while
shrinkage deformation magnifies with decreasing water content or increasing suction. Initially, in the wetting-
drying cycles, the contrast between swelling and shrinkage deformations peaks during the first cycle and
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subsequently diminishes as the cycles progress. Before attaining equilibrium, the accumulated deformation
(whether swelling or shrinkage) depends on soil characteristics, initial hydromechanical conditions, vertical
stress, or confining pressure. Eventually, soil deformation stabilizes after a specific number of wetting-drying
cycles, reaching an equilibrium state (Zhao et al., 2018). The initial structure of swelling soils changes after
the first or second cycle, and repeated wetting and drying cycles cause re-aggregation and rearrangement of
the soil mass structure. All experiments concerning wetting and drying cycles indicate that after several cycles,
the soil reaches equilibrium and exhibits elastic behavior, which can be attributed to the reconstruction of its
structure (Estabragh et al., 2014). Micro and macrostructure behavior of expansive soils under wetting-drying
cycles were also investigated through numerous experimental and numerical studies (Ghandilou et al., 2023;
Wen et al., 2022; Xu et al., 2022). They concluded that these two structural levels have opposite behavior
during wetting and drying.

In this study the impact of wetting and drying cycles on the volumetric behavior of unsaturated
expansive soils was investigated through numerical modeling using the finite element method, employing the
CODE_BRIGHT program (Olivella et al., 1996). The Barcelona Expansive model (BExM) was utilized to
assess the elastoplastic behavior of soil during suction changes.

2.  Theoretical framework of elastoplastic Barcelona Expansive Model (BExM)

Alonso et al. (1990) introduced the Barcelona Basic Model (BBM) to examine the behavior of
unsaturated soils within the framework of hardening plasticity using two independent sets of stress variables:
the excess of total stress over air pressure and the suction. Subsequently, Alonso et al. (1999) further developed
this model, incorporating the conceptual approach of elastic deformations in the microstructure and plastic
deformations in the macrostructure of expansive soils. The BExM was validated for its accuracy in predicting
pure volumetric strains concerning the combined effect of vertical stress and soil suction using laboratory
experimental data. In essence, the BExM allows for the exploration of irreversible swelling deformations
during soil drying, cumulative volumetric swelling or shrinkage during hydraulic cycles, and the soil’s response
to stress paths (Mrad et al., 2006).

The model involves three independent stress variables: the total mean net stress, p, which is the exess
of total mean stress (o,,) over air pressure (u,), the suction (s), and the deviatoric stress (q). The BExM
encompasses two distinct structural levels of expansive soils: the microstructural level, corresponding to the
active clay minerals, and the macrostructural level, responsible for significant structural rearrangement. At the
microstructural level, saturation is assumed, allowing the application of the effective stress concept. Volumetric
and elastic microstructural strains are considered independent of the macrostructure. Thus, the linear
relationship p + s = constant represents a Neutral Line (NL), where no microstructural deformations occur.
This line separates the domain of microstructural swelling from the domain of microstructural shrinkage within
the p-s plane. Microstructural swelling influences the macrostructure’s arrangement, causing an irreversible
increase in void ratio (e). Conversely, microstructural shrinkage induces an irreversible decrease in e. To model
these phenomena, two additional yield loci are introduced: the Suction Increase (SI) line and the Suction
Decrease (SD) line (Figure 1). These lines run parallel to the Neutral Line NL and determine the elastic region,
where strains are reversible. Irreversible strains occur as the stress state intersects one of these two lines.

S

@ Current stress state

LC

Elastic

. Macrostructure
domain

™~

Microstructure

Figure 1. BExM yield loci in p—s plane.
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The behavior of the macrostructure is defined based on the load-collapse (LC) yield surface. When the stress
path intersects this yield surface, irreversible volumetric strains in the macrostructure occur. For the triaxial
stress state, the deviatoric stress variable is utilized. The model is based on the Modified Cam-Clay model.
Hence, the three-dimensional yield curve can be illustrated, as shown in Figure 2.

Elastic domain

Figure 2. BExM yield loci in p-q-s space.

In this three-dimensional space, the yield curve (LC) is defined by the following equation:

q* —M*(p+ kss)(po—p) =0 €))

where M is the slope of the critical state line, k; is the cohesion increment parameter with suction, and p, is
the preconsolidation stress at the specific suction s, which defines the shape of the yield curve (LC) on the p -
s plane and is expressed as follows:

A(0)—k

*12(s)—«k
Po = Pc [% (2)
A(s) = 20)[r + (1 —r)eF*] 3)

where pg is the saturated preconsolidation pressure, p, is a reference pressure, A(0) is the slope of the virgin
saturated consolidation line, A(s) is the slope of the virgin consolidation line at suction s, « is the slope of the
unloading-reloading line in e-In(p) diagram, r is a parameter defining the maximum soil stiffness, and g is a
parameter controlling the increase rate of soil stiffness with suction. SI and SD yield surfaces are taken parallel
to NL and are expressed respectively as:

p—s5=0 %)
So—p=0 5)

where s; and s, are hardening parameters. It was assumed that Sl and SD hardenings are governed by da, =
deby, + debe, where del, and del,,, are the volumetric plastic strains due to activation of respectively Sl and

SD. Macrostructural yield surface (LC) hardening is assumed to depend on da, = del; + deky, + de?, . where
del . is the volumetric plastic strain due to the activation of LC. Hardening laws are defined as follows:

_ Kpday
f

ds; =ds, (6)
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dpy (1 +ey)da,
Po A(0) — x
where K, is the microstructural bulk modulus for changes in suction plus mean stress, e,, is the macrostructural

void ratio, and the function f corresponds to the micro and macrostructural coupling function, that is f = f;
if Sl isactiveand f = f}, if SD is active. These coupling functions are defined as:

()

fo=footfn (1-2) " ®)

p\™

fi = fio+ fn () ©)
Po

where fpo, fo1: Mo fios fi1, @nd n; are model parameters.

3. Soil type and model parameters

Various studies have explored wetting and drying cycles on different types of soils. Alonso et al.
(1999) conducted studies on a type of expansive clay known as Boom clay. Alonso et al. (2005) used a mixture
of silica sand and calcium-bentonite powder in proportions of 20 to 80 percent, respectively. Additionally,
Lloret et al. (2003) studied a specific bentonite type in southeastern Spain, comprising over 90 percent of
montmorillonite minerals. Furthermore, Noamouz et al. (2009) investigated a type of clay in the Le Deffend
region of France. In this study, parameters from Boom clay originating in Belgium, as reported by Sanchez et
al. (2005), shown in Table 1. According to the Unified Soil Classification System, Boom clay is an inorganic,
high-plasticity type of clay, with a liquid limit ranging from 23 to 29 percent, a plastic limit from 55 to 80
percent, and a plasticity index from 32 to 51 percent.

4.  Hydro-mechanical model

For the one-dimensional modeling of wetting-drying cycles, a soil column 10 m in height and 1 m in
width was considered. Figure 3 illustrates the boundary conditions and finite element discretization using
quadrilateral four-node elements. The soil column was constrained against horizontal displacement at the
vertical boundary and against vertical displacement at the bottom boundary. To simulate wetting and drying
cycles, suction was applied at the upper boundary at different intervals. Additionally, surcharges of 10 and 20
kPa were applied at this boundary, separately. The model properties are presented in Table 2. A total of six
wetting and drying cycles were chosen for all models, following Alonso et al. (2005). Initially, the soil column
was subjected to loading for one day until reaching its initial equilibrium suction, as a first time step.
Subsequently, the column underwent reduced suction, initiating the wetting process. Each wetting and drying
path lasted for 20 days. At the end of the 21st day, the soil column was subjected to increased suction,
commencing the drying process. After 41 days, the first cycle is finished, and the subsequent cycle is
commenced.

As a result of moisture variations caused by changes in suction along wetting and drying paths, the
volume of soil undergoes alterations in both macrostructure and microstructure levels. These volumetric
changes manifest cyclic deformations. In wetting paths, the soil swells due to increased moisture (reduced
suction). Conversely, in drying paths, the soil shrinks as moisture decreases (increased suction).

In Models 1 and 2, an initial suction of 50 MPa was applied, while in Models 3 and 4, an initial suction
of 80 MPa was assigned. The initial path was a wetting path, and the models reached a minimum suction of 5
MPa at the end of this path. Subsequently, at the end of the drying path, the models returned to their maximum
suctions of 50 and 80 MPa, respectively. A microstructure void ratio of 0.2 and a macrostructure void ratio of
0.5 were assigned to the soil domain. An initial preconsolidation pressure in a saturated state (p;) of 0.1 MPa
was considered as an initial condition of the soil column.
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Table 1. Input parameters of the mechanical constitutive model.

Parameter  Description Value
Elastic Model

gMacro Matrix elastic stiffness parameter at macro level for changes in mean stress (p) 0.02
micro Matrix elastic stiffness parameter at micro level for changes in mean effective stress, (p + s™<™°) 0.1
Ks Elastic macro stiffness parameter for changes in macro suction (s™%7?) 0.01
vM Poisson’s ratio 0.3
KMacro Minimum bulk modulus at macro level (MPa) 0.001
Kmicro Minimum bulk modulus at micro level (MPa) 0.001

Coupling Behaviour

fsao -0.1
fsa1 Micro and macrostructure coupling functions when SD is actived 1.1
Ngq 2
fsio -0.1
fsi1 Micro and macrostructure coupling functions when SI is actived 1.1
Ngi 0.5
Yield Surface

M Slope of the critical state line 1

T Coefficient setting the change in cohesion with suction 0.78
B Coefficient setting the change in cohesion with suction (MPa-") 5

De Reference pressure (MPa) 0.01
kg Coefficient setting the increase of tensile strength with suction 0
Pro Cohesion corresponding to suction equal to zero (MPa) 0.01
Po Preconsolidation mean stress for saturated soil (MPa) 0.1

Plastic Potential
W Coefficient of nonassociativity 1
Hardening Law

A(0) Slope of the virgin loading line in the e-In(p) diagram 0.65

Table 2. Model properties.

Name Suction range Surcharge
(MPa) (kPa)

Model 1 5-50 10

Model 2 5-50 20

Model 3 5-80 10

Model 4 5-80 20
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10 m
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Figure 3. One-dimensional homogeneous soil column with finite element mesh.

5. Results and discussion

The vertical displacement of the soil column against wetting and drying cycles under 10 and 20 kPa
surcharges was depicted in Figure 4, where the first path in each cycle represents the wetting (straight lines)
and the second path represents drying (dashed lines). Upward deformations indicate soil expansion, while
downward deformations represent soil shrinkage. As shown in Figure 3, the deformations’ range is greater in
the higher suction range (from 5 to 80 MPa) compared to the lower suction range (from 5 to 50 MPa). As the
applied surcharge increases, the soil’s tendency to exhibit swelling diminishes, and the soil reaches equilibrium
after fewer wetting and drying cycles. At equilibrium, the volumetric expansion in the wetting path equals the
shrinkage in the drying path, signifying cumulative deformation is about zero. The soil exhibits elastic behavior
at this point, with the swelling deformation observed in the wetting path returning to its previous state by the
end of the drying path.

Under lower surcharge (10 kPa), the initial swelling is the highest, and the difference between swelling
and shrinkage is representative of the plastic deformation. Over several cycles, these deformations decrease
until they nearly approach zero, indicating elastic behavior in the soil. This pattern differs under higher
surcharge (20 kPa), where the soil initially demonstrates nearly elastic behavior in the first cycles, followed by
the onset of plastic behavior after a few cycles. As the surcharge range increases, the number of initial elastic
cycles rises. This behavior has also been reported by Estabragh et al. (2014) for higher surcharge conditions.

Due to moisture changes resulting from alterations in stress, both the macro and microstructural
properties of the soil change. Among the key soil parameters, the dry density variation during wetting and
drying cycles under surcharges of 10 and 20 kPa are illustrated in Figure 5. The dry density decreases from its
initial value of 1350 kg/m?® to approximately 950 kg/m3. Wetting and drying cycles have a decreasing effect on
dry density, primarily due to increased pore volume and soil expansion leading to decreased dry density.
Although in the drying paths, volume reduction and increased dry density occur due to soil shrinkage, the
dominant factor is swelling deformation, resulting in decreased dry density by the end of six wetting and drying
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cycles. The surcharge has an increasing effect on dry density, where an increase in surcharge leads to reduced
swelling and increased soil density. Higher variations in dry density are observed with an increase in suction
levels. In the last wetting path, under a suction range of 5 to 50 MPa at 10 kPa surcharge, the minimum dry

density is around 985 kg/m?, while at a suction range of 5 to 80 MPa under the same 10 kPa surcharge, the
minimum dry density is approximately 931 kg/m?®.

@ 39 ® 5,
—@—-10 kPa Wetting path —@—10 kPa
—_ 25 ——20kPa ----- Drying path —0—20 kPa
g
g 207 ]
g 1 \
) \ \
g “ \‘
B ) ‘\ AN
= [ \
] \ \
5 \ \
= \ ‘\‘
\ \
\ \
\‘ \
100 150
Time (day) Time (day)
Figure 4. Vertical displacement of soil column during wetting and drying cycles, (a) suction range of 5 — 50 MPa
and (b) suction range of 5 - 80 MPa
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Figure 5. Variations of the dry density during wetting and drying cycles, (a) suction range of 5 — 50 MPa and (b)
suction range of 5 - 80 MPa

Figure 6 illustrates variations in porosity-suction during wetting and drying paths. The trends observed
in these variations are similar to the vertical displacement patterns shown in Figure 4. Figure 6 (b) and (d)
display porosity variations under higher surcharge, highlighting that in the first wetting and drying paths,
minimal porosity changes occur during the cycles. This trend emphasizes the soil’s distinct response under
higher surcharge conditions. Additionally, it is apparent that under higher surcharges, the soil behavior
transitions successively from elastic to plastic and back to elastic behavior. This behavior becomes more

pronounced in the higher range of suction variations, as depicted in Figure 6 (c).
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Figure 6. Variations of porosity-suction, (a) suction range: 5 — 50 MPa and surcharge: 10 kPa, (b) suction range: 5
—50 MPa and surcharge: 20 kPa, (c) suction range: 5 — 80 MPa and surcharge: 10 kPa, (d) suction range: 5 - 80
MPa and surcharge: 20 kPa

6. Conclusions

This study employed the Barcelona Expansive Model (BExM) as a theoretical framework for numerical
modeling, defining the coupled hydro-mechanical analyses observed in experiments on swelling unsaturated
soils. The model was implemented using the finite element program CODE_BRIGHT. This model effectively
represents the stress-path dependency of the swelling and shrinkage behavior of unsaturated expansive soils. It
also accounts for the correlation between microstructural and macrostructural behavior in soil volumetric
deformations. The investigation assessed the influence of suction variations in stress increments of 10 and 20
kPa across four scenarios. The results indicated that in wetting paths, due to moisture changes and soil suction
alterations, there is an increase in soil volume within the microstructure, leading to particle arrangement
changes in the macrostructure, eventually resulting in irreversible void ratio changes. Conversely, in drying
paths, there is a reduction in the microstructure’s volume, leading to irreversible void ratio reduction. This
trend was illustrated through vertical displacement of the soil column, dry density over time, and porosity-
suction variations. Initially, the expansive soil experienced substantial volume changes in the primary cycles,
gradually reaching equilibrium after several wetting and drying cycles, showing elastic and reversible
deformations. Furthermore, the study revealed that with higher surcharges, the soil behavior differed, and
plastic strains did not necessarily occur in the initial cycles.
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