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Abstract: Increasing extreme weather events and climate change can significantly affect soil moisture
regimes, particularly soil suction, leading to additional challenges associated with unsaturated soils,
including the collapse phenomenon. The collapsibility of soils poses significant engineering and
geotechnical risks globally, necessitating urgent attention from engineers. This work establishes a
numerical model of a shallow foundation subjected to rainfall and load using COMSOL Multiphysics.
A hydromechanical model (H-M) is introduced which incorporates The Richards’ module and the
Extended Basic Barcelona Model (EBBM) as a constitutive model to predict settlements in shallow
foundations influenced by climate change and intense rainfall. The validation of the model is
conducted through experimental tests, ensuring its accuracy. Additionally, in the practical application,
the hydromechanical model is applied to anticipate the effect of infiltration on settlements of shallow
foundations. The simulation results show that infiltration leads to an increase in the pressure head
above the water table, decreasing soil suction, which induces additional settlement due to wetting-
induced collapse. The maximum settlement happened at the corners of the footing due to increased
exposure to infiltration and a greater reduction in suction. The collapse potential calculated from
the numerical simulation was found to be consistent with the predictions established via analytical
models, validating the accuracy of the numerical approach.

Keywords: collapsibility of soils; unsaturated soils; shallow foundation; rainfall

1. Introduction

The collapsibility of soils can contribute to many serious engineering and geotechnical
risks all over the world, where these soils are formed naturally or by human activity
and are considered to present critical challenges to engineers [1]. However, the rapid
increase in the world population resulted in the extension of cities and the construction
of new earthwork infrastructure, and the concept of sustainable construction has made
it almost inevitable to develop marginal land that may include problematic soil such as
collapsible soils. Therefore, it seems necessary to study and understand the mechanisms of
these phenomena.

Soil collapse refers to a mechanism by which the total volume of a soil structure, charac-
terized by a metastable open structure, suddenly reduces as a result of loading and/or wetting
conditions [2–6]. This volumetric collapse deformation behaviour is often associated with
(1) unsaturated conditions, (2) certain physical characteristics such as an open soil structure,
large void ratio, and low interparticle bond strength, (3) a relatively high stress level, (4) and a
decrease in suction (introduction of additional water), which is recognized as the main trigger-
ing factor for collapse deformation [6–9]. The extra water can originate from natural sources,
such as rainfall and a rising ground water table, or from human activities, like leaks from
canals or water/sewer lines and over-irrigation [2]. Wetting-induced collapse can undermine
numerous small structures with shallow foundations and drainage systems. Since the early
investigation into collapse phenomena, numerous laboratory and modeling investigations
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have been carried out with the aim of enhancing our comprehension of this significant issue.
These have tried to develop a laboratory method for determining the wetting-induced collapse
of soil [10–14].

Analytical methods including statistical regression-based empirical equations were
developed to predict the collapse potential of soil [3,15–20]. Table 1 outlines the various
collected models for predicting soil collapse potential.

Table 1. Equations predicting the collapse potential of the soil.

Basma and Tuncer (1992) [3]
CP = 48.496 + 0.102 Cu − 0.457 wi − 3.533 γd + 2.80 ln(p)
CP = 47.506 − 0.072 (S − C)− 0.439 wi − 3.123 γd + 2.851 ln(p)
Lim and Miller (2004) [15]
Ic = 9.805 + 0.102 Cu − 0.261 wi − 0.424 γd + 0.0580 PI + 0.0697 C
Ayadat and Hanna (2008) [18]
εw = a(γd − 15.27) + bwi + 17
a = (−0.036 Cu)− 1.379
b = 0.0006 Cu

2 − 0.089 Cu + 1.3
c = 0.55 Cu + 38
Zorlu and Kasapoglu (2009) [17]

Ic = 0.9081
[(

1.3891 e0.0116 ( fi)
)
× (2.3136 ln(e0) + 4.3635)

]0.5522

Rabbi et al. (2015) [16]

CP = 3.501 × (1 − Rd)
0.687 ×

(
1 − Sr

100

)2.121
×

[
C0.528 × ln

{
p1.331

pa

}
+ 5.719

]
Ashour et al. (2020) [19]
CP = −17.373 + 1.355 ln(p) + 16.156e0 + 21.366 e−5.5Sr + 0.00088 Cu2

Alassal et al. (2023) [20]
CP = 0.206 p + 0.0016 (ua − uw)i − 0.0007(p)2 − 2.7 × (10)−8 × (ua − uw)

2 + X
(X = −15.15 for Dr ≈ 35%, wi = 5%, fines content = 40%).

CP: the collapse potential (%); Ic: the collapse index; Cu: the coefficient of uniformity of the soil; p: the soaking
pressure (kPa); wi : the initial water content (%); γd: the compaction dry unit weight (kN/m3); C: the clay-size
fraction (%); S: the sand-size fraction (%); Sr: the degree of saturation (%). PI: the plasticity index (%); pa: the
atmospheric pressure (kPa); e0: the initial void ratio (−); fi : the fines content (%); RD: the dry density ratio (−);
(ua − uw)i : the matric suction before wetting (kPa); Dr: the relative density (%).

Climate change and the increase in the frequency of extreme weather can cause significant
changes in the soil moisture regime (soil suction), inducing further problems associated
with unsaturated soils including collapse phenomena. The most significant changes are the
observed precipitation pattern and the duration of droughts. Prediction models show an
increase in the number of 1- to 5-day precipitation extremes for central Europe, attributed to
climate change [21]. Bicalho et al. (2014) [22] recorded that the result of a 30 min period of
rainfall can considerably influence soil suction changes at the onset of the wet period, especially
after experiencing a prolonged dry period. Research by Ng et al. (2003) [23] illustrated that
high initial suction, due to a dry season, followed by a rapid increase in water content (and
a corresponding reduction in suction) during subsequent wetting, can lead to horizontal
stresses and surface soil collapse, especially in the first 1–2 days after the beginning of rainfall.
Au (1998) [24] already mentioned that in Hong Kong, landslides are primarily triggered by
rainfall. However, laboratory methods have limitations in replicating real-world conditions,
and conducting in situ collapse measurements with actual meteorological conditions proves
to be challenging.

Constitutive models have been established recently to explain the behavior of unsatu-
rated soils and quantify their collapse. The Barcelona Basic Model (BBM), an unsaturated
elasto-plastic critical state model, was developed by Alonso et al. [25]. This mathematical
formulation was introduced to simulate the volumetric collapse behavior of unsaturated
soils during wetting. Since then, several constitutive models were developed with the
aim of enhancing the prediction of unsaturated soils’ volumetric behaviour [26–35]. It
was confirmed that the BBM elastoplastic model adequately predicts volume change
under precipitation [36–40].
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In recent years, efforts have been made to develop hydromechanical frameworks that
can accurately simulate the wetting-induced soil deformations under various foundation
types and different wetting conditions. Xu (2018) [40] presented a hydromechanical model
that incorporates stress equilibrium equations and water mass balance, including the
BBM and the Soil Water Retention Curve (SWRC), to explain the settlement caused by an
elevated groundwater level in loess soils. Achieving favorable consistency between in situ
results and numerical simulations, the hydromechanical model is suggested to be efficiently
applicable to other loess soils, provided knowledge of SWRC. Investigations reported
by Wang et al. (2013) [41] demonstrated that hydromechanical frameworks utilizing the
Barcelona Expansive Model (BExM) [42] effectively describe the swelling pressure and
microstructural volume changes occurring as suction decreases in bentonite/sand mixtures.
Casini (2012) [43] and Kim et al. (2017) [44] successfully implemented the hydro-mechanical
models to predict settlements of shallow foundations due to rainfall infiltrations. Liu et al.
(2023) [45] investigated the impact of saturated hydraulic conductivity and the duration of
rainfall on collapse using the EBBM model. The study concluded that the simulated results
generally align with the field results, verifying the hydro-mechanical model’s accuracy.
Francisca et al. (2024) [46] presented a hydro-mechanical model to analyze strip foundation
behavior on loess soil. The calibration involved experimental data and retrofit analysis
from full-scale prototypes, proving that the model’s prediction of settlements caused by
wetting is accurate.

For a more comprehensive understanding of the impacts of climate change, this study
investigates the examination of the collapse potential of shallow foundations and footings
situated on unsaturated soil. Utilizing COMSOL Multiphysics [47], we have developed
a hydromechanical model coupled with a soil mechanics model capable of replicating
settlements in shallow foundations attributed to climate change and intense rainfall. The
constitutive laws in the hydromechanical model were calibrated, utilizing experimental
data derived thorough a literature review. This calibration process serves to validate the
accuracy of our COMSOL model. To illustrate the practical application of our research,
we present a specific example highlighting the quantifiable influence of infiltration on the
collapse of foundations under specific boundary conditions.

2. Adopted Numerical Framework Using EBBM Theoretical to Predict Collapse

The BBM model, a derivative of the Cam clay model, has been extensively applied
in the study of unsaturated soils, especially with significant use in finite element method
simulations. It is formulated based on the hardening plasticity framework, which adapts
the modified Cam-Clay model (MCCM) to account for unsaturated states. However, the
BBM model has limitations in its computer implementation. In response, Pedroso and
Farias (2011) [48] proposed a modification aimed at addressing the limitations, enabling the
modeling of elastoplastic behavior under hydraulic and mechanical stress cycles, namely,
the Extended Basic Barcelona Model (EBBM). It incorporates three new features: (1) in-
corporating a distinctive smooth yield surface; (2) considering the Lode angle’s influence
through a cross-section of the yield surface and a smooth failure envelope; and (3) in-
tegrating the two-yield surfaces concept. These features were implemented to simplify
its implementation and avoid issues associated with yield surface nonconvexity. Several
simulations of the hypothetical scenarios outlined by Alonoso et al. [25] are replicated
using EBBM, and the results obtained are remarkably comparable to those predicted with
the BBM, indicating that the extended version can serve as an effective alternative for the
original BBM. The compression deformation during wetting-induced collapse is a compli-
cated aspect of unsaturated soil behavior, where there is a considerable interaction between
hydraulic and mechanical issues. Numerical models provide valuable insights for explor-
ing this phenomenon and obtaining a deeper understanding of the various parameters
affecting it. The hydromechanical model adopted the finite elements program COMSOL
to perform the numerical analyses related to wetting-induced collapse. The H-M model
incorporates the EBBM as a constitutive model in plain strain and utilizes the Richards
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equation [49] for simulating the wetting process. The signs of the pressures, strains, and
stress are considered positive when under compression, following the convention of soil
mechanics. Two independent stress factors are incorporated by the EBBM model [25,48]:
suction s = ua − uw and net mean stress p = p − ua, where p stands for mean stress, uw
stands for pore water pressure, and ua stands for pore air pressure.

2.1. Elastic Deformation

The volumetric elastic strain (εe,v) can be calculated from the elastic strains induced
by both suction (εs

e,v) and pressure (εp
e,v).

εe,v = ε
p
e,v + εs

e,v (1)

The volumetric elastic strain due to pressure can be defined as follows:

ε
p
e,v = −dp

K
(2)

where K represents the bulk modulus.
The volumetric elastic strain from suction changes can be expressed as follows:

εs
e,v = − Ks

1 + e0

ds
(s + patm)

(3)

where s is the suction, patm refers to atmospheric pressure, Ks corresponds to the swelling
index for suction changes, and e0 represents the initial void ratio.

The stress tensor (σ), the shear modulus (G), and the elastic strain (εe) have the
following relationship:

σ = dev(σ0) + pI + 2Gdev(εe) (4)

σ0 denotes the initial or external, I corresponds to the identity matrix, εe signifies the
elastic strain tensor, and G represents the shear modulus as follows:

G =
(1 + e0)

K
p

3 − 6υ
2(1 + υ)

(5)

υ is Poisson’ ratio.

2.2. Plastic Deformation

A plastic strain matrix can be derived using λp, the plastic multiplier; g, the plastic
potential; and q, the deviator stress:

.
εp = λp

(
−1

3
∂g
∂p

I +
∂g
∂q

3
2q

dev(σ)
)

(6)

Based on the associated flow rule, g, the plastic potential is considered identical to the
yield function F.

The yield function (F) of EBBM (see Figure 1) is as follows:

F = q2 − M2(p + ps
)(

pc − p
)
+ pref

2
(

e
b(s−sy)

pref − e
−bs
pref

)
(7)
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Here, M represents the slope of the critical state line, (ps = k.s), ps relates to the
impact of suction on the soil’s cohesiveness, k is a parameter characterizing the increase in
cohesion due to suction, pref indicates the reference pressure, b is described as a smoothing
parameter, and sy is the suction yield value (Figure 1).

pc represents the preconsolidation pressure corresponding to the current suction value:

pcs
pref

=

(
pc

pref

)[ λ(0)−K
λ(S)−K ]

; λ(s) = λ(0)
[
(1 − w) exp

(
−s
m

)
+ w

]
(8)

pcs is the consolidation pressure in a saturated sate (zero suction), K is the swelling
index, λ(s) is the slope of the normal compression line corresponding to the current suction
(s), and λ(0) represents the slope at zero suction. m and w refer to soil stiffness and
weighting parameters, respectively.

Equation (8) considers the effect of suction, which is linked to the degree of saturation
using SWRC. When the suction decreases in response to infiltration, the yield surface
reduces, crossing the LC curve and leading to irreversible volume change, and consequently,
the soil undergoes collapse.

The volumetric plastic strains εp,v directly influence the change in the consolidation
pressure, which governs the hardening characteristics in the stress–strain relationship:

.
pc = − 1 + e0

λ(0)− K
pc

.
εp,v (9)

However, by increasing the suction, when the suction reaches the yield suction s = sy,
the plastic volumetric strain resulting from yielding on the SI yield surface can be expressed
as follows:

.
pc = − 1 + e0

λS − KS
(sy + patm)

.
εp,v (10)

Appendix A provides a detailed description of the Richards equation. The relative
water permeability function has been characterized using the Van Genuchten (1980) [50]
and Mualem (1976) models [51] (see Appendix A). SWRC demonstrates a hysteresis effect,
reflecting that the relationship between the suction and water content is not unique. During
the drying path, increasing suction induces pore water to be displaced by air from the voids.
In contrast, during the wetting process, water infiltrates the voids, leading to a reduction
in suction [39,52,53]. Since the majority of soil compression occurs as the soil becomes
saturated, it is usually more suitable to apply the wetting path of SWRC rather than the
drying path when analyzing the soil foundation in the context of rainfall infiltration [54].
To establish the wetting path curve of the investigated soil, the drying path curve was
initially fitted using the Johari and Hooshmand Nejad (2018) method [55]. Subsequently,
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the wetting path curve was derived using their approach and by applying the parameters
recommended in the research of Pham et al. (2005) [56].

3. Validation of the Theoretical Framework

For accurate prediction results and the successful application of the EBBM model in
COMSOL, it is necessary to validate the model. To achieve this, an oedometer test was
conducted, applying the wetting path on a compacted soil [57]. The soil is characterized as
a low-plasticity, poorly graded type, and the proportion of the clay was 17%, while that of
the fine sand was greater than 50%. The specific gravity of the soil was 2.69. The Atterberg
limits were 25% for the plastic limit and 12% for the liquid limit. The initial void ratio and
initial dry density were 0.67 and 1.61 Mg/m3, respectively.

In the conducted oedometer test, the samples were initially subjected to an increase in
vertical stress up to 0.4 MPa under constant water content (suction = 0.2 MPa). Subsequently,
wetting occurred under constant vertical stress, and the specific stress path performed for
the samples is illustrated in Figure 2. To ensure the accurate replication of the experimental
conditions, the bottom border was set in both vertical and horizontal directions, and the
vertical boundaries were only constrained horizontally. The same stress path as in the
experimental condition was applied. The model’s input parameters of EBBM were sourced
from the literature [25] (see Table 2). Notably, the smoothing parameter, a new addition
for EBBM, was set to b = 100. The comparison between the experimental and predicted
results, as depicted in Figure 3, revealed a commendable agreement with only a maximum
deviation of approximately 4%. This validates the accuracy of the EBBM model.
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Table 2. EBBM parameters related to the studied soil.

Description Value

G Shear modulus 7 [MPa]
K Swelling index 0.0077
Ks Swelling index for variation in suction 0.001
λ(0) Compression index at zero suction 0.066
λs Compression index for variation in suction 0.025

Pref Reference pressure 0.012 [MPa]
P∗

0 Initial preconsolidation pressure 0.02 [MPa]
w Weight parameter 0.25

m(1/β) Soil stiffness parameter 0.05 [MPa]
b Plastic potential parameter 100

Sy0 Initial yield value for suction 0.3 [MPa]
ks Tension-to-suction ratio 0.8
M Slope of critical state line 1.2

Table 3 presents the hydraulic parameters of the studied soil, derived from the esti-
mated wetting curve. The values of Van Genuchten parameters (α, n, θs, and θr) along
the drying path and Ks are derived from the UNSODA (UNsaturated SOil hydraulic
DAtabase) database. The data are easily accessible through the UNSODA [58]. Soil reference
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2642 corresponds closely to the selected soil in terms of both texture and porosity. Then, the
wetting parameters are determined using the methods of Johari and Hooshmand Nejad,
2018 [55] and Pham et al., 2005 [56] (see Figure 4). The parameters, χp and χf signify the
soil matrix’s compressibility and the compressibility of water, respectively.
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Table 3. Summary of hydraulic parameters related to the studied soil.

Parameter Value

Ks 0.75 [m/day]
α 0.44 [1/m]
n 1.103
l 0.5

θr 3.59 × 10−23

θs 0.37
χf 4 × 10−10 [1/Pa]
χp 1 × 10−4 [1/Pa]
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4. Development of a Deterministic Framework Affected by Rainfall Infiltration on the
Collapsibility of the Foundation

Infiltration is an extremely complex unsaturated seepage process which can be effec-
tively described by Richards’ equation [49,59,60]. Here, the infiltration process was mod-
elled in the hydromechanical framework using Richards’ equation and the Van Genuchten
retention curve [50].

A 2D model was constructed using Comsol Multiphysics version 6.1. It features a
shallow foundation with a length of 1.5 m and a thickness of 0.3 m, which is based on a
homogeneous layer of compacted soil (lower Cromer till). The soil is assumed to exhibit
elastoplastic behavior and characterized by the EBBM, with parameters determined in the
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previous part. Figure 5 exhibits the model’s geometry, where the soil domain was defined
as having a width of 6 m and a height of 2 m.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 16 
 

 
(a) 

 
(b) 

 
(c) 

Figure 5. Finite element mesh and geometry. (a) Mechanical boundary conditions. (b) Mechanical 
boundary conditions. (c) Adopted mesh. 

4.1. Hydraulic Variation 

The se<lement’s evolution over time was calculated for both the footing and tran-
sient flow condition. A 100 kPa load was subjected to the footing. A transient water flow 
simulation was then performed to model a 60-day rainfall. Figure 6 shows the evolution 
of the pressure head based on the findings of the numerical models. The pressure head in 
the soil domain is presented before and after 60 days of rainfall. The pressure head after 
60 days of rainfall shows changes above the water table due to the infiltration rate. An 
increase in the pressure head is observed above the water table. It should be noted that 
below the foundation, there is a zone in which the pressure does not change due to the 
waterproofing of the building.  

Figure 5. Finite element mesh and geometry. (a) Mechanical boundary conditions. (b) Mechanical
boundary conditions. (c) Adopted mesh.

Figure 5a presents the mechanical boundary conditions. Vertical displacements are
constrained at the lower base of the soil mass (at a depth of 2 m). Horizontal displacements
are also restricted at the vertical boundaries of the soil domain (lateral boundaries). Prior
to any mechanical or hydraulic loading, an initial stress state corresponding to the self-
weight of the soil is established. Gravity, or weight force, is therefore represented as body
force throughout the whole volume of the layer. Initially, the study assumed a stationary
condition, introducing the 100 kPa load that was incrementally increased following a linear
parametric function to reproduce the construction process.

Figure 5b illustrates the hydraulic boundary conditions. Lateral boundaries allow no
mass flux for water, meaning zero mass transfer. Considering the waterproofing inside the
building, a zero-mass flux for water is applied at the boundary beneath the building. The
water table, located 1.35 m below the surface, defines a pressure of 0 kPa at this depth. The
initial conditions of the model are set based on the measured water content and soil suction
at different depths, corresponding to the hydrostatic condition. The suction throughout the
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soil profile changes linearly from 200 kPa at the surface to 0 kPa at the 1.35 depth. The main
boundary condition of the model is the infiltration rate. We considered that precipitation
occurs over a 60-day period, considering an infiltration rate of 40 mm/day. These boundary
conditions can be applied as an atmospheric time-dependent boundary to the surface of
the soil, as shown in Figure 5b. This can be applied using an inlet boundary condition,
defining the normal inflow velocity.

Figure 5c shows the adopted mesh. It was applied to the entire domain using a free
triangular mesh type, including 1269 triangular elements and 681 mesh vertices. The
mesh quality was entirely assessed, with a 0.72 element quality minimum and an element
quality average of 0.94, producing a well-structured mesh suitable for precise numerical
simulations. The element area ratio is 0.42. The minimum element size is 3.75 × 10−4 m,
and the maximum element size is 0.11 m.

In summary, the analysis consists of three phases. Initially, a vertical stress of
100 kPa is applied. Subsequently, infiltration is simulated by applying a boundary condition
with a 40 mm/day infiltration rate for 60 days. Positive pressure values (Hp ≥ 0), derived
from the hydraulic model, representing pore pressure, were incorporated into the EBBM
to calculate effective stresses. Negative pressure values (Hp < 0) expressed as a positive
value (−Hp) were introduced into the EBBM as suction. The wetting-induced collapses
were assessed by assuming that the applied vertical load remained constant. COMSOL
Multiphysics 6.1 software incorporates both the EBBM model and the Richards’ equation as
built-in modules. The coupling in the hydromechanical model is partial: although changes
in pore pressure affect soil deformation, the resulting deformation itself has no impact on
pore pressure.

4.1. Hydraulic Variation

The settlement’s evolution over time was calculated for both the footing and transient
flow condition. A 100 kPa load was subjected to the footing. A transient water flow
simulation was then performed to model a 60-day rainfall. Figure 6 shows the evolution
of the pressure head based on the findings of the numerical models. The pressure head in
the soil domain is presented before and after 60 days of rainfall. The pressure head after
60 days of rainfall shows changes above the water table due to the infiltration rate. An
increase in the pressure head is observed above the water table. It should be noted that
below the foundation, there is a zone in which the pressure does not change due to the
waterproofing of the building.
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Figure 7 highlights the changes in the suction profile resulting from infiltration at
different depths and times, both at the center and corners of the foundation. The initial
suction was adjusted at 13 kPa at the top and at 0 kPa at a depth of 0.65 m and below,
reflecting the natural water content. Figure 7a shows the results of the simulation for the
suction profile changes over 60 days at the corner of the footing. After this period, almost
all the soil at the corner of the footing becomes nearly saturated (Figure 7b).
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4.2. Collapse Settlements

Figure 8 illustrates the variation in λ(s), the compression index, at the current suction
within the soil layer. Before the rain, λ(s) is only governed by the initial conditions and is
adopted in the numerical model. However, when the infiltration starts, λ(s) is determined
from the suction calculated by the hydraulic model. During the infiltration, the λ(s) values
change, leading to deformation in the foundation. After 60 days of infiltration, the λ(s)
values, except in some parts below the footing, become nearly the same as λ(0) in almost
all parts of the soil profile.
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The footing pressure versus the settlement after the infiltration is shown in Figure 9.
As can be seen, infiltration causes an additional settlement at a constant footing pressure.
This additional settlement reproduces the behavior of the unsaturated soil upon wetting,
known as wetting-induced collapse, as shown in Figure 9. This indicates that when the
soil is gradually wetted, the suction is reduced, resulting in additional settlement until
it becomes fully saturated. The apparent pre-consolidation stress and cohesion diminish
as a result of the decreased suction, which in turn decreases the soil’s yield surface and,
eventually, the strength of the soil. This poses a major stability concern, even in soils like
sandy soil [61]. This phenomenon is captured by the EBBM model, which takes into account
the reduction in suction caused by infiltration and the corresponding decrease in strength.

The vertical displacement of the top layer due to rainfall is presented in Figure 10.
It is worth mentioning that the maximum vertical displacement is not centered on the
footing but displaced toward the corner. This is because the corner of the footing is
exposed to more infiltration and experiences a greater reduction in suction, as depicted in
Figure 7. According to the results, the profile of suction at 30 and 60 days nearly remains
unchanged. This trend can be attributed to most of the soil collapse occurring within
30 days of infiltration. However, at the center of the footing, the suction profile shows
less reduction, which results in a less deformation (see Figure 10). Figure 11 shows the
settlement induced by infiltration in the shallow foundation. Initially, the rate of collapse
potential is high, but toward the final days, the soil layer experiences minimal settlement,
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with insignificant volumetric changes. This is because when the suction approaches zero,
the structure experiences insignificant settlement and negligible volumetric changes.
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Figure 11. Induced settlement by infiltration in a shallow foundation.

Figure 12 shows the volumetric plastic strain of the soil profile. Generally, during
the loading phase (before raining), the peak values of volumetric plastic are concentrated
around the footing. However, the collapse of the soil layer induces a considerable expansion
of the plastic zone after 60 days of infiltration, with the maximum plastic deformations
occurring around the corner of the footing at the surface. Under such conditions, infiltration
triggers plastic yielding, resulting in a reduction in the soil volume. This behavior, which
contributes to the collapse of the soil, is effectively represented by the EBMM model.



Appl. Sci. 2024, 14, 7688 12 of 15

Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 16 
 

 
Figure 11. Induced se<lement by infiltration in a shallow foundation. 

Figure 12 shows the volumetric plastic strain of the soil profile. Generally, during 
the loading phase (before raining), the peak values of volumetric plastic are concentrated 
around the footing. However, the collapse of the soil layer induces a considerable ex-
pansion of the plastic zone after 60 days of infiltration, with the maximum plastic de-
formations occurring around the corner of the footing at the surface. Under such condi-
tions, infiltration triggers plastic yielding, resulting in a reduction in the soil volume. This 
behavior, which contributes to the collapse of the soil, is effectively represented by the 
EBMM model.  

 
Figure 12. Volumetric plastic strain (−): (a) before infiltration and (b) after filtration. 

To evaluate the collapse potential of this studied soil, the following simple equation 
can be used:  

�� = ∆�� ∗ 100 (11)

H is the layer’s height and ΔH is its maximum vertical se<lement. If we assume that 
the active layer is above the groundwater and that the entire layer is we<ed, then H0 = 
1.35 m and ∆� = 17 mm. Based on this calculation, the collapse potential is 1.5%. 

Given the available information about the soil, two models can be used to predict the 
collapse potential through analytical modeling: the Basma and Tuncer (1992) model [3] 
and the Zorlu and Kasapoğlu (2009) model [17]. The collapse potential prediction with 
the Basma and Tuncer (1992) model [3] is 2.7%, and with the Zorlu and Kasapoğlu (2009) 
[17] model, it is 2.8%. These predictions are relatively close to the result found in the 
numerical simulation, which is 1.5%. This comparison shows that the numerical solution 
respects the field reality and matches the prediction of the analytical solutions. 

  

Figure 12. Volumetric plastic strain (−): (a) before infiltration and (b) after filtration.

To evaluate the collapse potential of this studied soil, the following simple equation
can be used:

CP =
∆H
H

× 100 (11)

H is the layer’s height and ∆H is its maximum vertical settlement. If we assume
that the active layer is above the groundwater and that the entire layer is wetted, then
H0 = 1.35 m and ∆H = 17 mm. Based on this calculation, the collapse potential is 1.5%.

Given the available information about the soil, two models can be used to predict the
collapse potential through analytical modeling: the Basma and Tuncer (1992) model [3]
and the Zorlu and Kasapoğlu (2009) model [17]. The collapse potential prediction with the
Basma and Tuncer (1992) model [3] is 2.7%, and with the Zorlu and Kasapoğlu (2009) [17]
model, it is 2.8%. These predictions are relatively close to the result found in the numerical
simulation, which is 1.5%. This comparison shows that the numerical solution respects the
field reality and matches the prediction of the analytical solutions.

5. Conclusions

This study shows that the finite element method, in conjunction with an appropriate
constitutive model, can be applied to simulate the mechanical and hydraulic properties
of unsaturated soil and foundation stability under transient flow conditions. The EBMM
constitutive model can successfully represent the mechanical behavior of unsaturated soils,
especially in predicting geotechnical issues such as the collapse of the soil. The evolution
of settlements was explored for a footing under infiltration during a 60-day rainfall event.
The finding shows that 60 days of infiltration caused a significant increase in the pressure
head, resulting in a reduction in soil suction above the water table. This reduction in
suction results in additional settlement because of the wetting-induced collapse of the soil.
The maximum vertical displacement was not observed at the center of footing but shifted
towards the corners, where it was exposed to more infiltration and soil suction reduction.
The study points out that the rate of collapse potential decreases over time, and negligible
settlement is observed as the soil approaches full saturation.

Furthermore, there was good concordance between the predictions made by the
analytical models and the numerical simulation results, which validates the reliability of
the numerical method adopted in this study. Overall, this study offers invaluable insights
into how unsaturated soils behave under infiltration, highlighting the significance of
considering the infiltration influences on soil stability and foundation design, particularly
in regions prone to heavy rainfall, where a decrease in suction can lead to significant
reductions in soil strength and increased settlement.
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Appendix A

Water in porous media, such as soil, is commonly considered to be incompressible,
and there is no mass transfer involving soil particles. Since water vapor is excluded from
consideration, it is not taken into account. To evaluate the change in water potential over
time and space, Richard’s equation [49] is used. The general form of this equation is
as follows:

ρw.cm.
∂h
∂t

+ ρw·∇ ·[−K.Kr·∇h] = Qm (A1)

where ρw is the water density (kg.m3); h is the hydraulic head (m); Cm denotes the specific
moisture capacity (m−1) derived from [50]; κ and κr give the hydraulic conductivity of the
porous media and the relative hydraulic conductivity, respectively (m.s−1); g (m.s−2) is the
acceleration of gravity; and Qm is the water source exchange (kg.m−3.s−2).

Van Genuchten’s (1980) model [50] is employed to calculate relative saturation
and suction.

Se =


1

[1+
(
α s

ρw g )
n
] m , s > 0

1 , s ≤ 0
(A2)

Here, s stands for suction and α, n, and m (m = 1 − 1
n ) represent van Genuchten

parameters. According to the Mualem (1976) models [51]
(

m = 1 − 1
n

)
, Se is the effective

saturation. By knowing the effective saturation and saturated and residual volumetric
water content, the current volumetric water content is easily obtained through the following
expression: θ = θr + Se(θs − θr). θs and θr are the residual and saturated volumetric water
contents, respectively. The degree of saturation (Sr) is also obtained through Sr = θ

θs
.

The specific moisture capacity is given by

Cm =

{
αm

1−m (θs − θr) Se
1
m (1 − Se

1
m )

m
, s > 0

1 , s ≤ 0
(A3)

The relative water permeability function is defined as [51]

kr =

Se
1
2

[
1 −

(
1 − Se

1
m

)m]2
, s > 0

1 , s ≤ 0
(A4)
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