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Abstract: In this study, we investigate the behavior of granular soils at the microscale, focusing
on the dynamics of unsaturated conditions subjected to wetting and drying cycles. While the
pendular regime is well-understood in the literature, the funicular and capillary regimes require
more thorough analysis. Existing models are often unable to simulate realistic unsaturated soil
conditions, i.e., in the funicular regime, motivating the development of a novel approach. We
therefore propose a coupling between Lattice Boltzmann Method (LBM) and Discrete Element
Method (DEM) to simulate capillary bridge dynamics and grain kinematics, respectively. This
coupling has shown success in capturing crucial features such as the Soil-Water Characteristic
Curve (SWCC) and the mean capillary stress. Through numerical simulations, we observe
hysteresis phenomena in the mean capillary stress and suction during wetting and drying pro-
cesses, highlighting the model’s potential in representing unsaturated granular assemblies across
all saturation regimes. Our findings highlight the importance of understanding microscale in-
teractions in predicting the mechanical behavior of unsaturated soils, offering valuable insights
for engineering applications, particularly for earthen dikes exposed to wetting and drying cycles
induced by climate change.

Introduction

Earthen dikes are essential for flood protection in coastal areas, typically constructed from
compacted granular soils under unsaturated conditions [1]. The presence of capillary bridges
between the soil grains enhances the strength of the dikes, helping them to resist failure under
hydraulic stress. However, these dikes are continuously exposed to environmental changes,
such as rainfall and heatwaves, causing wetting and drying cycles that weaken their mechanical
behavior and increase the risk of failure. These effects are largely driven by changes in the pore
structure and fluid configuration within unsaturated soils at the mesoscopic scale, specifically
within the Representative Elementary Volume (REV) [2]. Consequently, understanding the role



of hysteresis in unsaturated soils, which influences their mechanical properties during wetting
and drying cycles, is vital to improving the prediction of dike stability.

The Soil-Water Characteristic Curve (SWCC), which represents the evolution of the suction!
is a key tool for describing unsaturated soil behavior [3, 4]. However, most models of SWCC
do not account for the hysteresis that occurs between the drying and wetting processes.

Numerous numerical models have been developed in the literature to investigate unsaturated
granular soils. However, most of these models focus on the pendular regime, which represents
only a small portion of the unsaturated soil spectrum (with a degree of saturation S, of up to
20%) [5, 6]. When considering the funicular regime, many models rely on geometric criteria
to simulate the rupture and merging of capillary bridges, which complicates the simulation
of REVs [7]. This limitation highlights the need for more advanced modeling approaches to
accurately capture the behavior of soils in higher saturation regimes.

The Lattice Boltzmann method (LBM) provides an effective solution to overcome the lim-
itations of geometric criteria in simulating unsaturated soils [8, 9]. A phase-field-based LBM
approach is well-suited for modeling all regimes: pendular, funicular, and capillary regimes.
By solving both the Allen-Cahn and Navier-Stokes equations, this method enables the simula-
tion of the dynamic behavior of capillary bridges. The flexibility of LBM lies in its ability to
naturally represent complex processes, without requiring predefined geometric constraints or
re-meshing, which is typically necessary in traditional methods.

To simulate REVs under unsaturated conditions, it is crucial not only to model the fluid
dynamics and the formation of capillary bridges but also to account for the movement and dy-
namics of individual particles. Consequently, the coupling of the phase-field-based LBM model
with the Discrete Element Method (DEM) becomes an excellent candidate [10]. It must be
highlighted that in this work, YADE has been used for the DEM to handle the motion of the
spherical particles [11]. The DEM-LBM coupling allows for the dynamic interaction between
particles and the surrounding fluid, capturing both the fluid behavior and the motion of parti-
cles. This approach enables the simulation of the full range of capillary regimes, facilitating a
more accurate representation of hysteresis behavior during wetting and drying cycles. Conse-
quently, it provides deeper insights into the mechanics of unsaturated soils under varying water
quantity at the micro-scale.

The paper is organized as follows: First, we present the phase-field-based LBM model as
well as the evaporation-condensation approach used in our simulations. Then, we conduct
simulations of unsaturated granular assemblies consisting of 3,750 spherical particles under a
confining pressure of o™ = 2 kPa, analyzing their behavior in all capillary regimes during
condensation and evaporation processes to highlight the hysteresis effect.

Numerical Models

In this study, we employ the Allen-Cahn phase-field-based LBM model, which has shown its
capacity in handling liquid-gas interfaces. This model solves the modified Navier-Stokes equa-
tion to determine pressures and velocities, while solving the Allen-Cahn equation to track the

IThe suction s is defined as the difference between the air pressure u, and the water pressure uy,



capillary interface by calculating the phase parameter ¢, which will be detailed thereafter.

Governing macroscopic equations

The Allen-Cahn equation is presented as follows

9¢(r,t)
ot

+ V- [o(r, H)u] = V- {M[Ve(r,i) — An]} (1)

where u is the fluid velocity, M is the mobility, n is the outward unit-normal vector as shown
in Figure la, ¢(r,t) is the phase field parameter that is used to identify the regions occupied
by the fluids (gas or liquid). The linear relation between fluid densities p(r,t) and ¢ is given
by

p(r.t) = pg+ d(pe — py) (2)

where p, and p, are the gas and the liquid densities, respectively. Eq. 2 indicates that ¢ takes
the value 0 for gas, 1 for liquid, and values within the range ]0; 1] correspond to the fluid
interface. It is important to note that at thermodynamic equilibrium of the capillary bridge,
the distribution of ¢(§) forms a smooth Heaviside function, as illustrated in Figure 1b. The
phase field parameter at equilibrium, denoted ¢eq, has the following form:

6) = 5 + 3 tanh 75 3)

where £ is the orthogonal local variable crossing through the interface as shown in Figure 1la.
Finally, in Eq. 1 the parameter )\ is defined as A = d¢®1/d¢.
The modified multi-phase Navier-Stokes equations for incompressible fluids read

ou

p(—+u~Vu) =-Vp+V -7+ F, +G

ot (4)

V-u=0

where p is the pressure, T = pv (Vu + VuT) is the viscous stress tensor (v is the kinematic
viscosity), G is the body force, and F, is the surface tension term defined as follows

Fs = H¢V¢ (5)
1
where p4 is the chemical potential i, = 48¢(¢ — 1) <¢ — 5) — kV?%¢ with

3 12y
k‘ = — ‘/‘/ N = — 6
and 7 is the surface tension and W is the interface width. The detailed LBM schemes, including

the boundary conditions (bounce-back and wetting conditions), are provided in [8, 10].
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Figure 1: (a) Scheme of the smooth interface. ¢ € {0; 1} corresponds to the bulk fluid, gas,
and liquid, respectively. And ¢ €]0; 1] corresponds to the thick interface of width W. (b) The
smooth evolution of ¢ through the interface whose thickness is W (smooth Heaviside function).
¢¢ and ¢, correspond to liquid and gas phase parameters, respectively.

Capillary forces

For all regimes, capillary forces coming from capillary bridges are calculated as follows [8]

F, F,
where 2 represents the integrated domain, oy = —pl 4 7 denotes the fluid stress tensor with

I as the identity tensor in IR?, nq is the outward unit-normal vector to the domain Q. dS
and df represent infinitesimal patch of area and infinitesimal small segment, respectively. The
term I denotes the intersection of €2 with the capillary interface, v is the surface tension, and
m is the tangent vector of the gas-liquid interface. For more details on the formulation and
discretization of capillary force calculations, readers can refer to [8].

FEvaporation and condensation processes

At thermodynamic equilibrium, the phase field parameter ¢ must satisfy the equilibrium con-
dition, expressed as ¢(&) = ¢°4(¢). Differentiating ¢°4(£) from Eq. 3 results in the following
expression:

46 = 261 — 9)e (8)

Here, d¢ represents the infinitesimal change in ¢ at equilibrium, while d¢ denotes the in-
finitesimal displacement along the interface within the capillary bridge. This equation es-
tablishes the link between the variations in the phase field parameter and the corresponding
positional changes of the interface.



The proposed numerical approach allows for the imposition of evaporation and condensation
processes as follows:

¢°(§) = ¢™(§) — Ap(AL) (9a)
¢°(§) = ¢°1(€) + Ap(AL) (9b)

Here, ¢°(§) and ¢°(€) represent the phase field parameter profiles following the evaporation
and condensation processes, respectively.

Figure 2 illustrates the equilibrium profile ¢*4(¢) (black curve), along with the modified pro-
files after condensation (red curve) and evaporation (blue curve), corresponding to an interface
displacement of A{ = +1 lattice unit. As shown in Figure 2, significant variations in ¢ occur
only at the liquid-gas interface, while in the bulk regions the phase field parameter remains
nearly constant ¢ € {0;1}.
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Figure 2: Profiles of condensed and evaporated liquid-gas capillary interfaces ¢¢(£) and ¢°(§),
respectively for A = 1.

A sensitivity analysis of the parameter A¢ €]0;2] was performed using three spherical
particles arranged in a equilateral triangle to calculate capillary forces. For values 0 < A¢ <1,
the results remained unchanged. For A¢ > 1, the phase-field variable ¢ exceeds 1, which is
physically unacceptable. Therefore, the value A{ = 1 is adopted for the remained of this study.
The corresponding demonstration is omitted here as it falls outside of the scope of this study.

Hysteresis of unsaturated granular assemblies

In this section, we apply the DEM-LBM coupling model to simulate the mechanical behavior of a
granular assembly composed of 3,750 spherical grains following a uniform grain size distribution
such that Dpax/Dmin = 1.35 with Dy = 108 um, and Dy, = 80um. The computational
domain size consists of Nx = Ny = Nz = 350 lattice nodes in the z—, y—, z—directions,



respectively. The spatial discretization is uniform, with Az = Ay = Az = 5 x 107% m.
The preparation of the sample involves isotropic confinement under a confining pressure of

o = 2 kPa. The DEM parameters are summarized in Table 1. We initiate the simulation
Parameters Values Units
Density ps 2,600 kg.m °
Stiffness £ 110 MPa
Stiffness ratio («) 0.3 -
Inter-particle friction angle 30 ©
{Dmin; Dmax} {80, 108} pm
Number of particles 3,750 -

Table 1: YADE mechanical parameters for the grains. Same parameters are used in [10].

at a high saturation level (S, ~ 96%) to ensure a nearly continuous water phase, minimizing
the variability in capillary bridge configurations. Evaporation is then applied until S, =~ 6%,
followed by condensation to approach full saturation?.

The matric suction used here can be estimated as the average of all local suctions s° at
capillary menisci weighted by their respective volumes as in [10]

7

1 Nclusters S
5= > (ua—ui,) Vi, (10)
W=
where V,, is the total water volume, N""™ ig the number of water clusters within the sample®,

u’ is the pore water pressure within the i'" water cluster, and V! is the volume of the i*® water
cluster.

Figure 3 illustrates the evolution of suction s as a function of the degree of saturation for
the same wetting angle § = 25° for both cycles. The figure clearly demonstrates the hysteresis
effect resulting from the evaporation and condensation cycles. In addition, the suction s during
evaporation is higher than during condensation, consistent with the typical behavior observed
in SWCC.

2The suction is influenced by the initial capillary bridge configuration within the granular assembly, but this
analysis is beyond the scope of this work.

3The number of liquid clusters is defined as the total number of connected liquid volumes, where a connected
volume refers to a continuous liquid bridging one or more particles.
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Figure 3: The evolution of suction s [kPa] in terms of degrees of saturation S, during evaporation
and condensation processes for the same wetting angle § = 25°. For a clear visualization, arrows
indicating the path directions—evaporation or condensation—are added.

The capillary stress 0P can be calculated indirectly using both Love-Weber (contact stress
between particles) o™ and total stress o formulae as follows:

o,cap -0 — a_cont‘ (11)
Since the confining pressure is remained constant at ¢°°™ = 2 kPa in all directions during the
simulation, the sample is isotropic. Therefore, we calculate the mean capillary stress p®P as
the average of three principal components of oP:

PP = %Tr (oP). (12)
The evolution of the mean capillary stress p®®P is depicted in Figure 4. While the sample under-
goes evaporation, the mean capillary stress increases until reaching a threshold at S, =~ 68%),
below which it begins to decrease. Similarly, during the condensation process, starting from
S, =~ 6%, the mean capillary stress rises until it peaks at S, =~ 50% and then decreases toward
zero as the system approaches full saturation. The peak values of the mean capillary stress,
pP . differ between the two processes: p® = 3.05 kPa during evaporation and p® = 2.37
kPa during condensation. This variation results from the suction differences observed between
the evaporation and condensation processes, as illustrated earlier in Figure 3. In addition,
an intriguing observation arises from the rate at which the mean capillary stress increases or
decreases. While the maximum value of p®P is reached earlier during condensation, its subse-
quent decrease is more gradual compared to the sharper decline seen during evaporation. This
behavior could be related to the topological differences in capillary bridges and air bubbles
within the sample, a phenomenon that will be explored further in this study.
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Figure 4: The evolution of mean capillary stress p®P [kPa] in terms of degrees of saturation
S, during evaporation and condensation processes for a wetting angle of § = 25°. For a clear
visualization, arrows indicating the path directions—evaporation or condensation—are added.

To understand the physics behind this result, the number of water clusters and air bubbles
are investigated, as shown in Figure 5. Panel (a) reveals that the evaporation process begins
in the capillary regime, characterized by a single large water cluster. As evaporation proceeds,
only one capillary bridge exists until the degree of saturation reaches S, ~ 68%. Beyond this
point, the number of water clusters begins to increase. This corresponds to the stage where the
mean capillary stress reaches its peak value and then starts to decrease. During evaporation,
the number of air bubbles peaks at S, ~ 68%), which coincides with the time when p®P reaches
its maximum. The formation of a significant number of air bubbles increases the curvature
of the liquid-gas interface, leading to stronger capillary forces. This contributes to the rise in
mean capillary stress. Interestingly, the number of air bubbles closely follows the evolution of
the mean capillary stress throughout the process.

In the condensation process, the number of water clusters increases slightly at low degrees of
saturation before gradually decreasing toward 1 as the system approaches full saturation. The
mean capillary stress, p°P, reaches its peak at S, ~ 51%. However, at this degree of saturation,
there are 138 capillary bridges present, unlike the evaporation process where a single capillary
bridge dominates at the peak. Despite the larger number water clusters, approximately 98%
of the water volume is still contained within a single large capillary bridge. This observation
suggests that the system can be effectively approximated as having one dominant cluster of cap-
illary bridges, with the remaining bridges playing a secondary role in moderating the decrease
in mean capillary stress as the saturation increases.
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Figure 5: The evolution of the number of (a) water clusters and (b) air bubbles in terms of
degrees of saturation S, during evaporation and condensation processes for a wetting angle

of & = 25°. For a clear visualization, arrows indicating the path directions—evaporation or
condensation—are added.

Regarding the number of air bubbles, they increase slightly during the wetting process, but
remain much fewer compared to those observed during evaporation. As the saturation reaches
S, =~ 80%, air bubbles start to vanish entirely, and the mean capillary stress decreases at a
similar rate to that observed during evaporation. The larger number of air bubbles in the
evaporation process may explain why the mean capillary pressure is higher during evaporation
than during condensation.

The execution time of the simulations is approximately 24 hours for a complete evaporation
and condensation process using Tesla-series GPU cards.

Conclusion

This paper uses a DEM-LBM coupling and an evaporation-condensation method to study
the behavior of unsaturated granular materials during wetting and drying cycles across all
regimes (pendular, funicular, and capillary). The phase-field Lattice Boltzmann Method (LBM)
simulates liquid bridges and capillary effects, while the Discrete Element Method (DEM) models
the dynamics of spherical grains using YADE. A new method for simulating evaporation and
condensation is also introduced. Several important findings emerge from our study. Despite
maintaining a constant wetting angle between evaporation and condensation, both suction and
mean capillary stress exhibit hysteresis during the simulation. This behavior indicates that
hysteresis is influenced not only by the wetting angle but also by the topology of capillary
bridges and air bubbles within the sample. Notably, we demonstrate that the numbers of
capillary bridges and air bubbles differ between evaporation and condensation processes.

In conclusion, the DEM-LBM coupling proves effective in capturing all possible regimes in
unsaturated soils. Moreover, this coupling, along with the proposed condensation and evap-
oration method, provides valuable insights into the effect of hysteresis on the mean capillary



stress, commonly referred to as apparent cohesion in unsaturated soils. In future work, this
coupling will be applied to practical macro-scale applications, such as the stability assessment
of dikes, incorporating additional energetic criteria like the second-order work criterion.
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