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Abstract

The soil-water characteristic curve (SWCC) plays a central role in the behavior of unsaturated soils, yet explaining its
hysteresis directly from pore-scale mechanisms remains challenging. The objective of this study is to investigate how pore-
size heterogeneity, spatial correlations, and cooperative dynamics contribute to hysteresis in SWCCs. In this study, a
correlated Random-Field Ising Model (RFIM) combined with Monte Carlo simulations is developed to represent the pore
space as a two-dimensional lattice with a bimodal distribution of pore volumes and a spatially correlated disorder field.
Drainage processes are simulated without parametric curve fitting, enabling direct analysis of pore-scale switching
dynamics. The results show that macropore fraction, pore-size heterogeneity, and the activation parameter \beta exert a
strong control on drainage behavior. Low \beta values produce smooth and nearly reversible drainage, whereas higher \beta
stabilizes metastable pore configurations and yields abrupt transitions accompanied by hysteresis. The divergence between
number-based and volume-based saturation serves as a useful indicator of size-selective drainage and cooperative pore-
scale events. The novelty of this work lies in providing a physically grounded and statistically dynamics to macroscopic
hysteresis in SWCCs, offering insights beyond traditional phenomenological or uncorrelated pore-network approaches.
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1. Introduction

The soil-water characteristic curve (SWCC) is a fundamental constitutive relation governing the behavior of
unsaturated soils, underpinning predictions of hydraulic and mechanical processes in geotechnical and environmental
applications [1, 2]. Accurate characterization of the SWCC is therefore essential for slope-stability assessment,
foundation design, infiltration and drainage analyses, and coupled hydro-mechanical modeling [3—8]. Laboratory and
field investigations have reaffirmed the central role of the SWCC while highlighting substantial variability in retention
behavior across soil textures, densities, and structural states [9—11]. This variability underscores the need for models
that relate measurable microstructural attributes—such as pore-size distribution, pore-size contrast, and connectivity—
to macroscopic retention responses.

A central feature of the SWCC behavior is hysteresis, whereby drying and wetting paths do not coincide. The
resulting hysteretic loop encodes information on metastability, ink-bottle effects, and path dependence within the pore
network [12, 13]. Traditional parametric formulations provide compact and widely used representations of retention
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behavior, but they remain largely phenomenological, relying on fitting parameters without direct microstructural
interpretation. These models reproduce observed curves but offer limited insight into the physical mechanisms that
govern hysteresis.

Laboratory measurements and curve-fitting approaches remain essential for determining SWCCs [14, 15], but they
are often limited in resolution, scalability, and coverage across the full suction range. Although indirect estimation
methods and empirical correlations have been proposed to mitigate these limitations, their applicability across different
textures, densities, and void-ratio conditions is not fully established [16, 17]. These challenges motivate the development
of pore-scale models that can more explicitly link soil fabric to hydraulic response.

At the pore scale, hysteresis originates from multiple physical mechanisms—including ink-bottle effect, contact-
angle hysteresis, and phase entrapment—each associated with the disordered geometry of natural porous media.
Quantifying how these microscale features collectively generate macroscopic hysteretic loops remains an open
challenge. Heterogeneity in pore sizes, shapes, and connectivity produces correlated fluctuations in local entry pressures
and interfacial energies, yielding drainage and wetting pathways that cannot be captured by mean-field approaches or
continuum descriptions alone. A physically grounded, statistically informed modeling framework is therefore needed to
represent the interplay between disorder, local interactions, and cooperative dynamics. In this study, we focus on the
conceptual mechanisms driving the retention response, rather than on predictive calibration, and examine how pore-
scale disorder and local interactions shape the resulting hysteresis.

Recent numerical advances have addressed these challenges in part. Pore-network and lattice-based models have
explored how pore geometry, coordination, and connectivity regulate capillary processes and hysteresis [18, 19]. High-
resolution imaging combined with numerical homogenization and data-driven approaches [20, 21] has further improved
the inference of hydraulic properties from microstructural information. Machine-learning approaches have also been
applied to estimate SWCC parameters [22-25], offering predictive capability but often at the expense of physical
interpretability. In parallel, recent studies have emphasized the strong influence of void ratio and fabric on the shape and
position of the retention transition [26, 27].

Despite these advances, classical pore-network models are typically quasi-static and rely on deterministic entry-
pressure rules, treating pore-scale disorder implicitly through prescribed geometrical thresholds. As a result, they are
limited in their ability to represent metastable configurations, stochastic switching, and spatially correlated fluctuations
in local entry potentials—features that are central to hysteresis and cooperative drainage behavior.

These limitations point to a broader gap in existing modeling approaches. Mean-field, curve-fitting and homogenized
formulations capture average retention behavior but suppress spatial correlations and metastable pathways that govern
hysteresis. Moreover, many pore-scale simulations track pore occupancy independently and not naturally yield
interpretable macroscopic diagnostic—such as susceptibility peaks, differences between volumetric and numeric
saturation, or indicators of cooperative response— that can be directly linked to microstructural organization. Together,
these constraints highlight the absence of a pore-scale, probabilistic, and physically interpretable framework capable of
capturing cooperative dynamics in soil-water retention.

Statistical physics provides promising tools to address this gap [28—30]. In particular, the Random-Field Ising Model
(RFIM) provides an energy-based, probabilistic framework in which disorder, neighbor interactions, and external
driving are treated on equal footing. Originally developed to describe cooperative transitions and hysteresis in disordered
systems [31-34], the RFIM naturally incorporates spatial correlations and metastability, making it well suited to
represent collective pore-scale processes. When adapted to unsaturated porous media, correlated random-field
formulations enable hysteresis and cooperative drainage to emerge as intrinsic system responses, rather than as imposed
invasion rules.

This study addresses these challenges through a correlated RFIM implemented using Monte Carlo simulations.
Building on earlier statistical-mechanics formulations [30-35], the proposed approach departs from mean-field closure
and explicitly resolves the spatial evolution of pore occupancy under imposed matric potential. Monte Carlo sampling
enables exploration of metastable configurations and cooperative switching events, while the local suction field
combines a pore-volume dependence with a correlated random component representing intrinsic heterogeneity. This
formulation allows systematic investigation of how volume contrast and macropore content regulate macroscopic
hysteresis.

The proposed framework links microstructural descriptors to interpretable macroscopic diagnostics, including
volume-weighted versus number-weighted saturation and regimes of cooperative drainage, without reliance on empirical
curve fitting. By resolving spatial correlations and stochastic dynamics, the model provides a physically grounded
characterization of pore-scale mechanisms underlying SWCC hysteresis and offers a pathway toward interpretable, pore-
informed descriptions relevant to experimental analysis and reduced-order modeling.

The remainder of the paper is organized as follows. Section 2 presents the overall methodology. Section 3 details
the pore-network formulation and RFIM implementation. Section 4 reports the results and analysis of cooperative
drainage behavior. Section 5 summarizes the main conclusions and outlines directions for future work.
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2. Research Methodology

This study develops a pore-scale modeling approach to examine the SWCC and its hysteretic behavior by combining
concepts from statistical physics with stochastic lattice simulations. The objective is to relate microscopic pore structure
to macroscopic hydraulic response. Figure 1 summarizes the main stages of the workflow, from pore-network generation
to simulation and analysis.

Methological Framewok of the
Pore-Scale Model

PORE NETWORK GENERATION

Bimodal pore-size distribution, random field, and macropore
clustering

LOCAL RETENTION DEFINITION

Mapping pore volume to entry potential with stochastic
perturbation

MONTE CARLO SIMULATION

Lattice evolution using Metropolis updates under varying matric
potential

PARAMETER SWEEPS

Variation of macropore fraction, heterogeneity, and stochastic
temperature; multiple realizations

POST-PROCESSING AND ANALYSIS

Computation of SWCC, hysteresis, and spatial filling
maps

Figure 1. Research flowchart

2.1. Conceptual Basis of Hysteresis

The modeling framework is grounded on established pore-scale mechanisms associated with hysteresis in
unsaturated soils, including the ink-bottle effect, contact-angle variability, and metastable interface behavior [36-39].
This mechanisms motivate representing retention as the outcome of local interactions within a disordered pore network.

2.2. Construction of Synthetic Pore Networks

The pore structure was represented on a two-dimensional lattice approximating the void arrangement of a granular
medium [40, 41]. Pore volumes were drawn from a bimodal probability distribution [42—45] to control the relative
abundance of micro- and macropores. Spatial correlations were introduced by smoothing an underlying random field
and applying a threshold to identify contiguous macropore regions.

2.3. Local Retention Field

Each lattice site was assigned a local entry potential derived from its pore volume, following a monotonic scaling
between pore size and capillary pressure. A correlated random component was added to represent intrinsic irregularities
such as surface roughness or throat variability. The resulting random field, combining deterministic and stochastic
elements, reflects both structural heterogeneity and quenched disorder typical of natural porous media.

2.4. Monte Carlo Simulation of Drainage

The temporal evolution of the pore system was modeled using a Monte Carlo algorithm with a Metropolis acceptance
criterion [46]. Each pore could be either water-filled or air-filled, and transition probabilities depended on the imposed
matric potential and the states of neighboring sites, representing capillary coupling and cooperative effects. The external
potential was varied gradually to reproduce drainage behavior.
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2.5. Parameter Exploration and Averaging

A systematic exploration of model parameters was performed to assess the influence of macropore fraction, pore-
size contrast, correlation length, and stochastic temperature. Multiple realizations of the correlated field were generated
for each parameter set to separate systematic trends from random fluctuations.

2.6. Data Processing and Analysis

Two complementary saturation measures were computed from each simulation: number-weighted saturation
(fraction of filled pores) and volume-weighted saturation (fraction of total pore volume filled). Their divergence
indicates the presence of cooperative filling and heterogeneity-driven transitions. Additional quantities—such as
hysteresis curves, and spatial filling patterns—were extracted to characterize microstructural evolution.

3. Pore-Network Model Formulation

The present model extends the lattice-based framework introduced by Gémez [35] by incorporating a volume-
weighted formulation of saturation and an explicit representation of a bimodal pore-size distribution. Micropores and
macropores are assigned distinct volume classes, producing spatially distributed heterogeneity representative of dual-
porosity soils..

The model is designed to reproduce the hysteretic behavior typically observed in SWCCs of unsaturated soils.
Conventional pore-network or lattice-based approaches often estimate the degree of saturation as a direct function of
pore occupancy or average pore state, overlooking the variability in pore sizes that governs water retention and phase-
transition dynamics. By explicitly incorporating the distribution of pore volumes, the model captures the differential
influence of micro- and macropores: larger pores contribute more to the overall saturation, while smaller pores retain
their capillary effect. This yields a physically coherent description of the soil microstructure and its macroscopic
hydraulic response.

The porous medium is represented as a two-dimensional lattice of interconnected pores, each of which can exist in
a filled or empty state. Transitions between these states depend on energy variations arising from interfacial forces,
neighbor interactions, and the applied suction. By accounting for these mechanisms, the formulation connects the
dynamics of individual pores with the macroscopic hysteresis observed in SWCCs.

The following section describes the energetic basis of the model, including the contributions to the total energy
change associated with pore transitions and the variables used to determine equilibrium configurations.

3.1. Conceptual Representation of the Pore Lattice

The soil’s void space is represented as a two-dimensional lattice of interconnected pores, providing a simplified yet
physically meaningful framework to analyze water retention and hysteresis. Each lattice site (i, j) corresponds to a single
pore that can exist in one of two states: water-filled (o;; = +1) or air-filled (o;; = —1). Pores are connected through
throats that enable capillary interaction between neighboring sites. The coordination number, defined as the number of
directly connected neighbors, explicitly influences the degree of local connectivity and cooperative behavior within the
lattice.

Although the representation is two-dimensional, it captures the essential cooperative features of drainage—imbibition
processes that also arise in three-dimensional pore networks, as demonstrated in previous pore-network studies [18, 47].
In three dimensions, higher coordination numbers and additional invasion pathways are expected to modify percolation
thresholds, cluster morphology, and the sharpness of cooperative transitions. However, the underlying mechanisms
governing metastability, collective pore switching, and hysteresis—namely the interplay between disorder, local
interactions, and external driving—are not dimensional artifacts and persist across lattice dimensionality. The two-
dimensional approximation therefore provides a controlled framework to isolate and analyze these mechanisms while
acknowledging that quantitative thresholds and cluster geometries would shift in three-dimensional extensions.

To represent the intrinsic heterogeneity of natural soils, pore volumes (V,;) are assigned according to a bimodal
probability distribution, distinguishing between micro- and macropores. Larger pores contribute more significantly to
volumetric saturation, while smaller pores retain capillary water at lower matric potentials—consistent with
experimental evidence in unsaturated soils. This bimodal assignment introduces spatial variability that shapes local
clusters and affects the energy landscape governing pore transitions.

This conceptualization provides a flexible and physically grounded foundation for the subsequent energetic
formulation and Monte Carlo simulations. It allows for systematic exploration of how pore-size heterogeneity, network
connectivity, and external suction (y") interact to produce the observed SWCC hysteresis

Figure 2 provides a schematic overview of the two-dimensional pore-network representation adopted in this study,
illustrating pore states, connectivity, and local interactions that govern energy transitions. Blue and white circles denote
water- and air-filled pores, respectively. Circle size reflects pore volume, while gray lines represent throats connecting
neighboring pores. Shaded regions highlight clusters of uniform state, and a red outline marks a selected pore and its
neighbors, illustrating the local interactions that determine energy transitions within the lattice.
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Figure 2. Schematic representation of the 2D pore network used in the model

The following section formalizes the energetic contributions from water—air and solid—water interfaces, as well as
the work associated with externally applied suction, establishing a mechanistic link between the microscopic lattice
configuration and the macroscopic hysteresis observed in the SWCC.

3.2. Energy Changes Associated with Pore Transitions

The energetic formulation builds upon established pore-scale models for capillary hysteresis [30, 35], extended here
to include volume-weighted pore contributions and bimodal pore-size distributions. These additions yield a physically
consistent description suitable for Monte Carlo simulations of hysteresis in the SWCC.

Energy variations associated with pore transitions describe the filling and emptying dynamics within the lattice. For
a pore located at site (i, j), initially water-filled (0;; = +1), the total energy required to switch it to an air-filled state
(g;j = —1) is expressed as

AE;; = AEyq + AE; + Wy, 1)

where, AE,,, denotes the change in water—air interfacial energy, AE; represents the change in solid—fluid interfacial
energy associated with the pore walls, and W, accounts for the energetic contribution arising from the externally applied
suction field.

The water—air interfacial term depends on the occupancy of neighboring pores. When a pore empties, interfaces
shared with adjacent water-filled neighbors are removed, whereas interfaces with air-filled neighbors may be created.
This contribution can be compactly expressed as

AEyq = Xneny; 0 (61, Okt) Ywa Qe ijyo (ki) 2

where, N;; is the set of neighbors of site (i, ), @ j)ok 18 the throat area between pores (i, /), (k, 1) , and 4 is the
water—air interfacial tension [N/m]. The sign function a(al- s (rk,) distinguishes between interface creation (positive) and
removal (negative)..

The solid—fluid term is given by;
AE; = (Ysq — sz)Ap' (€))

where, Ay, is the internal surface area of the pore walls, and v, and s, are the solid-water and solid—air interfacial
energies, respectively. This term accounts for wettability effects arising when the pore surface transitions from a water-
wet to an air-wet state.

The suction contribution is represented through a local potential expressed in units of energy [J] for dimensional
consistency within the Hamiltonian. Because the externally imposed matric potential i’ has units of pressure [Pa],
conversion to energy is achieved by multiplying by a reference volume V, = (V},), where (Vp) de denotes the mean pore
volume of the lattice, taken as 1 X 10719 m3. Defining a characteristic energy Ey = prefVy = 1 X 1078 ] with ppef =
10* Pa, the local potential is:
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Wy = 9 ()" + )

where, V,; is the volume of pore i, @ = —1/3 follows the Young-Laplace scaling for capillary entry pressure, and h;
represents a quenched random field that accounts for local geometric and connectivity disorder.

The normalized potential (1);) is then:

7 y’ (Vp.i)a hi
= () 4 A 5
lpl Pref \ Vo Eo ( )

Evaluating AE;; for all pores captures both cooperative (neighbor-mediated) and stochastic effects in water
redistribution, establishing a direct physical link between pore-scale energetics and macroscopic hysteresis in the
SWCC. This formulation provides a rigorous foundation for Monte Carlo simulations of unsaturated soil behavior.

3.3. Random-Field Ising Model Implementation

Following the energetic framework introduced earlier, the system is implemented as a correlated Random-Field Ising
Model (RFIM), for which the total energy of the system, or Hamiltonian, is expressed as:

H = =5 Zwnen;Jan.iwn Oij O = Z(i,j)ll)i 0ij, (6)

where, J(; j) @) denotes the coupling strength between adjacent pores, reflecting the geometric and interfacial

characteristics of the connecting throat, while the second term represents the local suction bias acting on each pore
through the potential ;.

This Hamiltonian explicitly incorporates cooperative interactions (first term) and quenched heterogeneity (second
term), allowing the RFIM framework to represent how applied suction, pore geometry, and structural disorder jointly
control retention and hysteresis in the SWCC.

For clarity, the sign convention for J is chosen such that positive values favor like-state alignment, corresponding to
water—water or air—air configurations.

In the numerical implementation, the water—air interfacial contribution described in Section 3.2 is represented
implicitly through the effective coupling parameter J, which aggregates geometric and interfacial effects of the
connecting throats.. For simplicity, Jwas normalized to unity (J = 1) to define the reference energy scale in the
simulations.

The corresponding physical scaling can be recovered from the approximate relation y,,q @, (ijyo iy = J Eo, Where
Ey = prefV) is the reference energy.

3.4. Monte Carlo Simulation Framework

Equilibrium and metastable lattice configurations under prescribed suction are obtained using a Metropolis—Hastings
Monte Carlo (MC) algorithm that samples configurations according to the Boltzmann probability exp (—fH).

The energy difference associated with flipping a single spin at site (i, j) is;

AEjj =20y (Z(k l)EN”](i,j),(k,l) O + 1/Ji). 7

J

where the factor of 2 arises from the symmetric energy difference between the two states (g;; = —0;;).

The proposed flip is accepted with probability
Paccept = min(l, e_ﬁAEij): (8)

Here, § is best understood as an effective activation parameter rather than a physical temperature in the thermodynamic
sense. In real unsaturated soils, drainage and imbibition occur under essentially athermal conditions; thermal fluctuations
at ambient temperatures are negligible compared to capillary energy barriers. Consequently,  does not correspond to a
measurable soil temperature or material constant.

Instead, 8 provides a numerical and conceptual control parameter that regulates the relative importance of energetic
barriers versus stochastic switching in the pore-scale dynamics. Low [ values allow frequent activated events and
smooth, nearly reversible transitions, while high £ values suppress fluctuations, stabilize metastable configurations, and
promote abrupt, hysteretic drainage. In this sense,  plays a role analogous to an activation scale reflecting unresolved
sources of variability in real soils, such as local geometric irregularities, surface roughness, contact-angle variability, or
microscale hydraulic perturbations. Therefore, f should be interpreted as a phenomenological parameter that enables
systematic exploration of metastability and cooperative effects, rather than as a direct physical property of the soil.
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The simulation protocol consists of two stages:

o Equilibration: The lattice is initialized in a prescribed configuration (fully saturated for drainage or fully dry for
imbibition) and evolved through successive MC sweeps until macroscopic observables reach a quasi-stationary
regime.

® Production: Once equilibration is achieved, additional MC sweeps are performed to sample configurations and
compute ensemble-averaged quantities.

Two measures of water saturation are evaluated. The number-based saturation (S, ) is defined as

_ (O'ij)+1

Snum - T, (9)

where, (-) denotes the lattice average.

The volume-weighted saturation (Syq(¥")) explicitly accounts for pore-size heterogeneity:

Z o Ve $ij(¥") — Ve,
Sal@) = =Re———, ;@) =" wy,  wy= g (10)
Z(i.j) Pt ?

where, ¢;;()") is an occupation indicator equal to 1 for a water-filled pore and 0 for an air-filled pore, w;; is a weighting
factor that accounts for pore-size effects through a normalized volume-dependent term, and (V) denotes the lattice
average of V;. This formulation ensures that macropores and micropores contribute proportionally to their volumetric
weights, allowing the results to be expressed in the same form as experimental SWCC data, which are typically reported
in volumetric terms. By gradually sweeping ¥’ and recording both S,; and S, along drainage and imbibition paths,
the model reproduces hysteretic soil-water characteristic curves and clarifies the influence of coupling strength, pore-
size bimodality, and structural disorder in shaping the hydraulic response.

The main simulation parameters and numerical settings are summarized below to ensure reproducibility and
dimensional consistency. All simulations were performed on square lattices of size 128 x 128, providing a balance
between spatial representativeness and computational efficiency. Each parameter combination was averaged over 20
independent realizations of the quenched disorder field to ensure statistical robustness.

The random field h;was generated as a spatially correlated Gaussian field by smoothing an initially uncorrelated
white-noise field with a Gaussian kernel. This procedure produces an isotropic, zero-mean field with approximate
covariance C(r) o exp [—(r/&)?], where the correlation length & (proportional to the smoothing width) ranged from 2
to 10 lattice units.

This range was selected to systematically span regimes from weakly correlated disorder, where heterogeneity is
essentially local, to strongly correlated disorder characterized by mesoscopic domains of similar pore properties. In the
context of real soils, the correlation length can be interpreted as a statistical proxy for structural features such as
aggregate size, clustered macropore regions, or spatial persistence in pore connectivity, rather than as a direct physical
length scale. The chosen values therefore represent plausible orders of magnitude for correlated soil fabric heterogeneity
while avoiding system-size effects.

The standard deviation of the disorder field was set to o, = 0.05 E|, representing moderate heterogeneity typical of
natural granular materials. The field h; was treated as quenched (fixed for each realization), representing intrinsic
structural heterogeneity rather than dynamic fluctuations.

Each simulation comprised 5 X 10* equilibration sweeps followed by 1x 105 production sweeps. These values were
selected based on preliminary convergence tests in whichthe temporal evolution of the total energy and the volume-
weighted saturation S, was monitored for representative combinations of disorder strength, correlation length, and
interaction parameters, For all tested cases, equilibration was reached within approximately 1 X 10* sweeps, after which
macroscopic observables fluctuated around stationary mean values.

The adopted equilibration and production lengths therefore provide a conservative margin ensuring stable time-
averaged quantities. Convergence was verified through the temporal stability of both the total energy and S,,;, with
variations below 0.5% over successive sampling windows. Statistical convergence was further confirmed by comparing
ensemble-averaged observables across independent disorder realizations, which differed by less than 0.5%.

Parameter combinations associated with strong disorder or pronounced cooperative drainage—where metastable
configurations persist longer—exhibited slower relaxation but did not require qualitatively different sweep counts;
increasing equilibration or production lengths by a factor of two in selected cases resulted in changes below 1% in the
computed SWCCs. Tests performed on larger lattices (256 x 256) likewise produced negligible differences (<1%),
confirming that finite-size effects are minimal and that the adopted simulation protocol ensures both accuracy and
computational efficiency.
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4. Results: Linking Pore-Scale Disorder to Macroscopic Hysteresis

This section presents the outcomes of the correlated RFIM simulations and demonstrates how pore-scale
heterogeneity, pore-size contrast, and local interactions jointly determine the macroscopic form of the SWCC. The
analysis progressively connects statistical and spatial descriptors of the pore architecture with the emergence of
cooperative dynamics and hysteresis during drainage.

4.1. Statistical Characterization of the Pore Structure

The synthetic pore network used in the RFIM simulations exhibits pronounced spatial and statistical heterogeneity,
providing the microstructural basis for the cooperative drainage behavior analyzed in later sections. Figure 3 summarizes
the structural features of the 128x128 lattice. Panel (a) displays the spatial distribution of normalized pore volumes
V,,,i/{V,), revealing a heterogeneous medium composed of clustered macropores embedded in a fine microporous matrix.
This multiscale arrangement—characteristic of aggregated and biogenically structured soils—gives rise to local
contrasts in entry pressures and stability, which are explicitly incorporated into the random-field term of the RFIM
formulation.

(a) Spatial distribution of normalized pore volumes (b) Probability density function__
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Figure 3. (a) Spatial distribution of normalized pore volumes (V,;/(V,)) on a 128x128 lattice, showing a heterogeneous
medium with clustered macropores surrounded by a microporous matrix. (b) Probability density function (PDF) of
normalized pore volumes, showing a strongly right-skewed bimodal distribution.

The pore-size distribution used to generate this lattice is shown in Figure 3-b. The probability density function (PDF)
is markedly right-skewed, with a dominant peak in the micropore range. The statistical asymmetry is quantified by a
positive skewness of approximately 0.87, reflecting the long tail associated with large macropores. The fourth central
moment (kurtosis) is about 1.76, which is lower than the Gaussian kurtosis (3.0); this reduction is consistent with the
bimodal character of the distribution, as two separated modes tend to yield a lower global kurtosis than a single, sharply
peaked distribution.

The empirical cumulative distribution function (ECDF) further illustrates this imbalance: approximately 70% of the
pores exhibit volumes below the mean, while a numerically sparse subset—only about 30% of all pores—accounts for
nearly 79% of the total pore volume. This volumetric dominance of macropores explains why the volume-weighted
saturation departs markedly from the number-weighted saturation in the transition region of the SWCC

Empirical and imaging studies indicate that pore-size distributions of this type are representative of aggregated and
structured soils, where macropores constitute a numerically minor but volumetrically dominant fraction of the pore
space. Micro—computed tomography (micro-CT) and mercury intrusion porosimetry (MIP) analyses commonly report
macropore volume fractions on the order of 5-30% of the total porosity, together with macropore—micropore size
contrasts spanning one to two orders of magnitude, depending on texture and aggregation state [47]. The statistical
characteristics of the synthetic lattice shown in Fig. 3—including the strong right-skewness of the pore-size distribution
and the volumetric dominance of a sparse macropore population—therefore fall within experimentally reported regimes
and provide a realistic microstructural basis for examining cooperative drainage and hysteresis.

4.2. Soil-Water Characteristic Curves Derived from the RFIM

The evolution of saturation under increasing or decreasing matric potential is examined through the SWCCs
generated by the correlated RFIM. These curves reflect how pore-scale heterogeneity, cooperative interactions, and
stochastic fluctuations jointly determine macroscopic water retention. Figures 4-a to 4-c summarize the response for
different values of f and two pore—suction scaling exponents.
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Figure 4. SWCCs derived from the correlated RFIM. (a) SWCCs for a« = —1/3, showing the shift from smooth, nearly
reversible behavior at low f (0. 33) to a sharp, hysteretic transition at higher # (0.50 — 0.67). (b) SWCCs for a = —1/2. (¢)
Difference between volume- and number-weighted saturations (AS = S,o; — Spum) versus P'.

In this formulation, the external field Y’ acts as an analog of the matric suction applied to the system. Increasing 1’
corresponds to drainage, whereas decreasing 1’ corresponds to wetting. The parameter 8 regulates the balance between
stochastic fluctuations and energetic constraints: low  emulates highly mobile capillary interfaces with frequent local
switches, while high § suppresses fluctuations and promotes metastable configurations that give rise to hysteresis. This
interpretation is consistent with the RFIM, where 8 controls the ability of the system to cross local energy barriers.

Figure 4-a presents the SWCCs obtained when a = —1/3, which corresponds to the classical spherical-pore
approximation. The curves reveal a clear progression with 8. For § = 0.33, desaturation is smooth and nearly reversible,
indicating that fluctuations dominate over cooperative effects. As £ increases (8 = 0.50 — 0.67), the transition region
steepens and distinct drainage and wetting branches emerge. The growing hysteresis loop reflects the stabilization of
metastable configurations and cooperative filling events, consistent with the increased rigidity of capillary interfaces at

high B.

Similar trends have been reported in pore-network and experimental studies of unsaturated soils, where increased
connectivity and reduced interfacial mobility lead to steeper retention transitions and wider hysteresis loops [48]. In
classical pore-network models, this behavior is typically attributed to invasion sequences controlled by pore-throat
geometry, whereas in the present RFIM formulation it emerges naturally from the competition between disorder,
neighbor interactions, and metastability. This distinction highlights the ability of the RFIM to reproduce SWCC
hysteresis as an emergent collective phenomenon rather than as a prescribed invasion rule.
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Figure 4-b compares the SWCCs obtained using a stronger pore-volume dependence, « = —1/2. A larger exponent
amplifies the contrast between fine and coarse pores, producing a slightly sharper transition and shifting the drainage
threshold toward higher 1'. This behavior mimics soils with pronounced constrictions or ink-bottle geometries, in which
macropores empty rapidly while micropores remain water-filled until substantially larger suction levels. The RFIM thus
captures how pore-size distribution and connectivity shape the emergent SWCC without requiring empirical fitting.

Figure 4-c shows the difference AS = S,,; — Spum for the same parameter sets. At low 5, AS = 0 across the ' range,
indicating that all pores contribute similarly to saturation. As 8 increases, a pronounced positive peak appears near the
transition region. This arises because macropores—although few in number—dominate the total pore volume and
therefore drain first, generating a drop in S,,; while S,,,,;, remains high due to water retained in the numerous
micropores. This divergence is a direct signature of cooperative filling dynamics and spatial heterogeneity, and cannot
be reproduced by independent-pore models.

The emergence of a well-defined peak in AS near the retention transition indicates that macroscopic hysteresis is
closely tied to selective, collective drainage of volumetrically dominant pores. This behavior is consistent with imaging
and pore-scale studies showing that early drainage is governed by connected macropore domains, while the fine pore
matrix remains largely saturated [49]. By explicitly resolving the divergence between volumetric and numeric saturation,
the RFIM provides a diagnostic that links pore-scale heterogeneity to macroscopic retention behavior in a way that is
not accessible through independent-pore or purely empirical SWCC models.

Therefore, the correlated RFIM reproduces essential features of experimental SWCCs: smooth and reversible
behavior under high disorder, steep transitions and hysteresis under low disorder, dependence on pore-scale geometry,
and divergence between volumetric and numerical saturation. The correspondence between f and the degree of
metastability parallels the transition between thermally activated and a thermal regimes in disordered materials. These
emergent curves form the basis for the spatial and cooperative analyses presented in subsequent sections.

4.3. Effect of Pore-Scale Heterogeneity on Cooperative Dynamics

To quantify how microstructural heterogeneity fosters collective pore switching, we compute the maximum
magnitude of the difference between the volume-weighted and number-weighted saturations (| AS |,,x) across the
desaturation sweep:

I AS Imax= nllpa;x = 1Svo1 = Snuml, (11)

and map this metric as a function of the macropore fraction (vertical axis) and the logarithm of the pore-volume contrast
(horizontal axis). This measure captures the strongest size-selective response of the network—i.e., the point where the
contributions of large and small pores to saturation diverge most—and therefore serves as an operational proxy for
cooperative heterogeneity in the correlated RFIM.

Figure 5 shows the resulting contour map for a representative value of the interaction parameter in the cooperative
regime (S = 0.67). The pore-volume contrast is reported as the base-10 logarithm of the ratio between the characteristic
macropore and micropore volumes used to generate the bimodal distribution. The color scale indicates the magnitude
of | AS |hax: bright (yellow) regions correspond to strong cooperative effects, whereas dark (purple) regions indicate
nearly homogeneous behavior.
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Figure 5. Contour map of the maximum divergence between volume- and number-weighted saturations, | AS |,.x, as a
function of macropore fraction and pore-volume contrast (p = 0.67)
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An important observation is that the largest cooperative effects do not occur at the highest macropore fractions.
Instead, | AS |hax reaches its maximum for intermediate macropore contents (= 0.12 — 0.22), particularly when
combined with large volume contrasts (log;o contrast = 1.3 — 1.5). In this regime, macropores are sufficiently abundant
to interact and drain cooperatively, yet still sparse enough to remain volumetrically dominant. This combination causes
macropores to empty abruptly while the numerous micropores remain water-filled, producing a pronounced divergence
between volume-weighted and number-weighted saturation.

This regime corresponds to a cooperative drainage mechanism in which connected macropores empty through
correlated switching events rather than independent invasion. Similar behavior has been reported in pore-network and
imaging-based studies of structured soils, where drainage proceeds through preferential emptying of connected
macropore domains while the fine matrix remains largely saturated [50, 51]. In contrast to classical pore-network
models, which typically describe this process qualitatively through invasion sequences, the present RFIM framework
captures this behavior through an explicit macroscopic indicator (|AS|max) that reflects the collective response of the pore
network and its metastable configurations.

When the macropore fraction becomes too large (> 0.30), the medium behaves effectively homogeneous:
macropores drain nearly synchronously, micropores contribute little to the total pore volume, and | AS |, decreases
toward zero. Conversely, when macropores are too scarce (< 0.10), their spatial isolation prevents collective domain
formation, and cooperative effects remain weak.

The emergence of a well-defined ridge of high |AS|max in Figure 5 further suggests that macroscopic hysteresis is not
solely controlled by local pore-scale thresholds, but by the interplay between pore-size contrast, spatial connectivity,
and cooperative dynamics [52—54]. This observation is consistent with statistical-mechanics studies of disordered
capillary systems, in which hysteresis arises from metastable states and avalanche-like transitions rather than smooth,
reversible drainage [55, 56]. The present results therefore provide a quantitative link between microstructural
heterogeneity and the collective mechanisms underlying SWCC hysteresis.

The contour map in Figure 5 thus provides a practical guide for identifying the structural conditions under which
pore-scale heterogeneity produces strong size-selective desaturation (large | AS|) and associated macroscopic
hysteresis. Soils or materials containing sparse but volumetrically dominant macropores—especially under high
contrast—are most likely to exhibit abrupt drainage events and strong divergences between volumetric and numeric
saturation. Conversely, systems with either low contrast or very high macropore fractions respond more uniformly. This
insight is valuable for experimental design: imaging or SWCC measurements targeted at the ridge region should capture
cooperative avalanching and pronounced deviations between S,,,; and S,,,,. In this sense, the present RFIM framework
complements pore-network and imaging-based studies by providing explicit macroscopic diagnostics that quantify
cooperative drainage and metastability, rather than inferring them indirectly from invasion sequences [18].

4.4. Microstructural Evolution during Drainage

The macroscopic hysteresis and cooperative effects identified in the previous sections originate from the
reorganization of pore-scale filling patterns during drainage. Understanding this microstructural evolution is essential
for connecting the emergent behavior of the correlated RFIM to physically meaningful capillary processes.

To visualize these mechanisms directly, we examine the spatial configuration of water- and air-filled pores across
representative values of the imposed matric potential ¥’. Figure 6 shows the corresponding microstructural states,
highlighting how wet and dry domains reorganize as the system evolves from saturation toward the dry regime. . Each
circle corresponds to an individual pore site in the simulated two-dimensional lattice, and its color indicates the local
filling state: blue sites are water-filled, while white sites denote air-filled pores. The three panels correspond to (a) a
fully saturated state, (b) the transition region, and (c) an almost dry configuration.

Aty’ = —2.0 the system remains almost completely saturated, with nearly all pores filled with water. Only a few
isolated air-filled sites appear, corresponding to the largest macropores that drain first due to their lower capillary entry
pressures. The microstructure is therefore highly correlated and dominated by a continuous water domain spanning most
of the lattice, consistent with the left portion of the SWCCs in Figure 4.

As ' increases toward the transition region (3" = 0), drainage proceeds in a heterogeneous and spatially clustered
manner. Air-filled pores begin to nucleate preferentially within regions associated with macropores and then expand
into neighboring pores. The coexistence of water and air clusters reflects the onset of cooperative interactions: once a
small patch drains, the local field acting on adjacent pores shifts, lowering the energetic barrier for their drainage.

By ¢’ = 2.0, the system approaches the dry state. Most pores are drained, and only small, isolated water clusters
remain. These trapped clusters arise due to local geometric constraints and the stabilizing effect of neighboring drained
pores, which impose energy barriers against further desaturation.
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Microstructural evolution during drainage
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Figure 6. Microstructural evolution during drainage. Pore-filling configurations at (a) y'=-2.0, (b) 0, and (c) 2.0. Blue circles
represent water-filled pores and white circles drained ones. Drainage evolves from a nearly saturated state to heterogeneous
air-cluster formation and finally to a mostly dry network with trapped water pockets. This sequence highlights cooperative
interactions and the origin of hysteresis in the SWCCs.

The microstructural snapshots reveal the internal pathway that underlies the macroscopic hysteresis observed in the
SWCCs. The correlated RFIM captures the transition from smooth, reversible behavior at high disorder to irreversible
drainage dominated by cooperative, avalanche-like events.

5. Conclusion

This study demonstrates that pore-scale heterogeneity, spatially correlated disorder, and cooperative interactions
jointly govern drainage behavior and hysteresis in unsaturated porous media. Using a correlated Random-Field Ising
Model (RFIM) combined with Monte Carlo dynamics, the proposed framework establishes a physically interpretable
link between microstructural attributes and macroscopic soil-water characteristic curves (SWCCs). The activation
parameter S plays a central role in controlling metastability: low B values promote smooth and nearly reversible
desaturation dominated by stochastic fluctuations, whereas higher B suppress local fluctuations, stabilize metastable
pore configurations, and lead to abrupt transitions accompanied by pronounced hysteresis. The explicit incorporation of
a bimodal pore-size distribution further reveals how pore-size contrast and spatial clustering regulate cooperative
drainage processes.

The analysis highlights the divergence between volume-weighted and number-weighted saturation (AS), which
emerges as a robust quantitative indicator of size-selective drainage and collective pore switching. Large AS values
occur when macropores are volumetrically dominant yet numerically sparse, resulting in early drainage of large pores
while numerous micropores remain water-filled. Spatial analyses show that desaturation proceeds through the nucleation
and growth of correlated dry clusters, typically originating in macropore-rich regions and expanding cooperatively as
suction increases, leaving behind isolated pockets of trapped water at high suction. This microstructural evolution
provides a mechanistic explanation for the shape of the simulated SWCCs and the emergence of hysteresis. Future work
may extend the framework to alternative pore-size distributions, three-dimensional lattice representations, contact-angle
variability, and direct comparison with microstructural imaging or experimental SWCC data.
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