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Abstract. A mathematical model of coupled heat and mass transfer with water—ice—vapor phase
transitions in heterogeneous porous soils is developed. The model comprises the Richards equation,
the water vapor diffusion equation, and the heat transfer equation, coupled through a temperature-
dependent hydraulic conductivity governed by the Kozeny—Carman relation and thermodynamic
phase equilibrium described by the Clapeyron—van Genuchten framework. The study aims to
identify the physical mechanism responsible for moisture transport suppression during soil freezing
and to quantitatively characterize the sharp reduction in the soil moisture diffusion coefficient. An
analytical expression for the soil moisture diffusion coefficient is derived, linking hydraulic
conductivity to specific moisture capacity and governing the rate of moisture redistribution in the
soil. It is shown that the behavior of the system can be described in compact dimensionless form
controlled by a single governing parameter that separates two physically distinct limiting regimes
of moisture transport degradation: a kinematic regime dominated by geometric pore blockage due
to ice formation, and a thermodynamic regime governed by phase inertia associated with the latent
heat of the phase transition. It is established that passage of the freezing front is accompanied by a
sharp collapse of the soil moisture diffusion coefficient, caused by the simultaneous reduction of
hydraulic conductivity and a manifold increase in the effective moisture capacity of the medium.
The characteristic magnitude of the diffusivity reduction and the critical temperature corresponding
to the transition between the kinematic and thermodynamic regimes of moisture transport
suppression are determined. The results elucidate the physical mechanism of critical moisture
transport suppression in freezing porous media and may be used in the development of thermo-
hydrological models of frozen soils, prediction of seasonal soil freezing processes, and engineering

assessment of soil foundation stability and infrastructure under cold-climate conditions.
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1. Introduction



Soil freezing and thawing processes play a key role in the formation of hydrological regimes,
the stability of engineering structures, and the dynamics of the cryosphere under changing climate
conditions. Below the freezing point, moisture and heat transport become a strongly coupled
problem due to water—ice—vapor phase transitions accompanied by pore space redistribution, latent
heat release and absorption, and a dramatic change in hydraulic conductivity. Experimental
evidence shows that the filtration properties of soils may decrease by several orders of magnitude
upon passage of the freezing front. However, the physical origin of this collapse remains debated:
in existing models it is either prescribed through empirical impedance functions or emerges as a
numerical effect within a fully coupled thermo-hydrodynamic formulation. The absence of a
compact analytical description capable of separating the geometric and thermodynamic
mechanisms of conductivity degradation substantially complicates the interpretation of simulation
results and the construction of parametrically justified reduced models for permafrost hydrology

and geotechnics.

The theoretical foundations of coupled heat and moisture transfer in porous media were
established in the classical work [1], which proposed the first mechanistic description of thermally
driven liquid and vapor fluxes. The Richards equation, widely used to describe moisture movement
in unsaturated soils, was subsequently extended to freezing conditions and coupled with the heat
transfer equation including latent heat. A major contribution to this formulation was made in [2],
where a coupled thermo-hydraulic model was implemented in the HYDRUS software package,
combining a modified Richards equation with heat transport and phase change descriptions. This
formulation was successfully validated against laboratory experiments and currently forms the basis

of most numerical studies of moisture and heat transfer in freezing soils.

A key element of thermo-hydrological models of frozen soils is the parameterization of the
freezing curve relating temperature to liquid water content. Early approaches relied on empirical
power-law dependencies; however, later work demonstrated that the freezing curve can be derived
as a direct thermodynamic analogue of the soil water retention curve via Clapeyron equilibrium.
This approach provides a consistent description of drying and freezing processes and has become

the standard in modern land surface and permafrost hydrology models.

Significant uncertainty in existing models concerns the description of ice effects on hydraulic
conductivity. The most common approach employs empirical ice impedance functions in which
conductivity decreases exponentially with increasing ice content. In particular, [3] proposed a
relation of the form Kpopen = 10 Ky veq, Where € is an empirical parameter. More physically
motivated formulations accounting for pore space geometry and excluded ice volume have also
been proposed. Direct measurements of permeability in frozen soils have demonstrated hydraulic
conductivity reductions of 2-3 orders of magnitude; however, the soil moisture diffusion
coefficient, which simultaneously reflects conductivity and the storage term, has received little

systematic analytical attention.



An additional complexity arises from the spatial heterogeneity of soils. Observations show that
even at sub-zero temperatures, part of the pore space may remain hydraulically active, forming
high-conductivity transport pathways. Such unfrozen channels and macropores can govern water
flux distributions in partially frozen soils. Nevertheless, most existing models either assume
homogeneous medium properties or account for heterogeneity only in a statistical sense, without

explicit spatial description.

The objective of this study is to quantitatively investigate the mechanisms of hydraulic mobility
degradation in heterogeneous soils during freezing and to identify the physical mechanism of soil
moisture diffusivity collapse near the freezing front. To achieve this objective, the following tasks

were formulated:

e To develop a fully coupled numerical model of heat and mass transfer in a heterogeneous
porous medium describing the simultaneous transport of liquid water, water vapor, and heat

with explicit treatment of the water—ice phase transition.

e To derive an analytical expression for the effective soil moisture diffusion coefficient in a
freezing soil, accounting for two key mechanisms — geometric blockage of the pore space by
ice and the increase of effective moisture capacity due to the latent heat of the phase transition

— and to cast it in compact dimensionless form.
e To numerically investigate the evolution of the soil moisture diffusion coefficient upon

passage of the freezing front and to quantitatively characterize the magnitude of its reduction.

e To separate the contributions of two physical suppression mechanisms — reduction of
hydraulic conductivity due to pore blockage by ice and increase of effective moisture capacity

due to the latent heat of the phase transition.

¢ To investigate the effect of spatial heterogeneity of soil parameters on the structure of moisture
transport and to establish the connection between loss of liquid-phase connectivity in the pore

space and the percolation threshold.

¢ To determine the dimensionless governing parameter characterizing the competition between
geometric and thermodynamic suppression mechanisms and to establish the conditions for

transition between the corresponding regimes.

2. Problem Formulation

The computational domain is modeled as a two-dimensional vertical cross-section of the soil

profile:
Q=[o0, L]?

The vertical axis z is directed upward: z = 0 corresponds to the lower boundary of the domain

and z = L to the soil surface. Heat and mass transfer with water—ice—vapor phase transitions in a



heterogeneous porous soil medium is described by a system of three coupled nonlinear partial
differential equations in the unknowns: matric potential h(x,t), temperature T'(x,t), and water

vapor density p,(x,t).

The conservation of water mass (liquid and ice phases) is written in the canonical form of the
Richards equation [4, 5]:
0 ; S
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where 6(h) is the volumetric liquid water content, ;. (h,T') is the volumetric ice fraction, and
pi, pw are the densities of ice and water, respectively. The term S, describes the volumetric rate of
the liquid—vapor phase transition (evaporation/condensation in the pore space), and S, 1S the
volumetric sink due to root water uptake. Phase distribution of water is described following [6, 7].
It is assumed that the total water content 6,, is conserved, and redistribution between liquid and ice
phases is governed by the Clapeyron equation relating matric potential h(x,t) and temperature
T(x,t) at the freezing front:
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where L ¢ is the specific latent heat of fusion, g is gravitational acceleration, and T’ is the phase

transition temperature. Liquid water content is expressed through the water retention curve:
0,(T) = v (h(T))

and the volumetric ice fraction is determined as the difference between total and liquid water

contents:
Oice(T) = 0y — 01(T) = 0, — Ovc(h(T))
Liquid water flux is given by Darcy's law [8]:
quw =—K(h,T)V(h+ 2)
where K(h,T) is the effective hydraulic conductivity depending on matric potential and

temperature (through ice-induced pore blockage), and h + z is the pressure head. The volumetric

liquid water content is described by the van Genuchten model [9]:

93 - 97'
0, + ey h <0
o(h) = [1+ (avg|hl)mve]

0,, h>0

where myg =1 — 1/nvyqg, 6,(x) is residual water content, 6,(x) is saturated water content,

aveg(x) is the capillary pressure scaling parameter, and nyg(x) is the dimensionless shape



parameter of the retention curve. Relative hydraulic conductivity is described by the Mualem—van

Genuchten model [10]:

K, (h) = 81— (1- 8™ )™ Los= ezgh)%ee

The ice fraction in the pore space is derived from the soil freezing curve [11]:
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Reduction of hydraulic conductivity upon freezing is modeled by the cubic Kozeny—Carman
law [12, 13]:

3
f(T) = (1= fice(T))
Total hydraulic conductivity is written as:
K(h,T) = max(K,(x) - K;(h) - f&(T), Kumin)

where K,(x) is the spatially variable saturated conductivity.

Heat transfer in the soil is described by an equation with effective heat capacity accounting for

the phase transition [14]:

oT
pCeff(T7 e)ﬁ -V [keff(Ta G)VT] + PuwCuw qw'VT + V- (quv) = Qr (2)

where the first term describes heat accumulation in the medium, the second thermal
conductivity, the third advective heat transport by the liquid phase, and the fourth latent heat
transport associated with water vapor diffusion. The effective volumetric heat capacity is:

8.f ice
oT

pCeff(Ta 9) = Cvol(T7 0) + prf e(h’) ‘

where the volumetric heat capacity of the soil-water mixture is:
Cvol(T7 0) - (1 - es)pscs + elpwcw + eicepici + (es - 01 - eice)paca
The temperature-dependent volumetric heat capacity of moist soil is given by:

pwet(T) = pwet,o (1 + Br(T — To))



Effective thermal conductivity of the soil is given by:
keff(Ta 9) = kdry + 0<kwet,0 eV(T_TO) - kdry)

where kqgry i1s the thermal conductivity of dry soil, Kwet,0 is the conductivity of fully water-

saturated soil at temperature T, and + is the temperature coefficient.

Water vapor transport in the pore space is described in conservative form with respect to gas-

filled porosity:
—+V-q, =5, (3)

where the vapor flux is given by Fick's law: q, = —D(T, 6,) Vp,. Gas-filled porosity 6, is

defined as the volumetric fraction of the gaseous phase in the total soil volume:
99 =05 — H(h) (1 - fice) fice =05 — g(h)

The effective vapor diffusion coefficient in the gas phase is calculated using the Millington—

Quirk model with the Cass correction factor [15]:

. T 1.75 0;0/3
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where the enhancement factor 7 is [16]:
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and D? is the molecular diffusivity of water vapor in air at 273.15 K. The volumetric rate of the

liquid—vapor phase transition in the pore space is:
Sy = kevap eg (pf,at (T) - pv)

Saturated vapor density is computed using the Tetens formula:

L85 x 10-3 17.27(T — 273.15) -
' eXp T — 35.85 b=t
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3. Initial and Boundary Conditions

Initial distributions of the unknown variables are prescribed as linear profiles along the vertical

coordinate z. The initial matric potential is:

h(z,20) = —2.0 — 0.5(1 . %)



corresponding to a near-hydrostatic pressure distribution with a small vertical gradient. The

initial temperature field is prescribed as a linear function:

285.0 — 268.0
T(z,2,0) = 268.0 + T z

The initial vapor density equals the saturated value at the local temperature:

17.27(Ty(z) — 273.15
pv(mﬂza 0) — 485 X 10_3 exp( ( 0( ) ) )

To(2) — 35.85
where Ty(z) = T'(z, 2, 0) is the initial temperature profile.

At the lower boundary I's, temperature is fixed: T'|p, = 268.0 K. A free drainage condition is
applied for the moisture flux: q, - n = K(h,T) VH - n. At the upper boundary I'y (soil surface),

the thermal regime is described by a Robin condition:

oT
(- ket %>

where h. is the convective heat transfer coefficient, Ty 1S the air temperature, o is the solar

== hc(T - Tatm) - asIsun(t) - pwchirr(Tw - T) - Lv qu ' 1n
Iy

radiation absorption coefficient, I, (¢t) is the diurnal insolation function, and g;.(t) is the
prescribed surface irrigation mass flux. Vapor exchange with the atmosphere at the upper boundary

is described by a Robin condition:
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4. Numerical Implementation

The coupled system of equations (1), (2), and (3) is solved within a variational formulation
using the finite element method. Spatial discretization is performed in the mixed functional space
Wi = P; x P x P1, where P; denotes continuous piecewise-linear Lagrange elements of first
order. The unknown fields of matric potential h, temperature 7', and vapor density p, are
approximated by functions from Wj,. The weak form of the system is obtained by multiplying the
governing equations by corresponding test functions (vp,vr,v,,) € W and integrating by parts.
Time discretization is performed using a first-order implicit Euler scheme with time step At over a

simulation interval comprising N time steps. Time derivatives are approximated as:

At each time step, the resulting nonlinear system of algebraic equations is solved by the

Newton—Raphson method. The Jacobian of the variational form is computed by automatic



differentiation, J = dF'/dw, ensuring consistency of the linear approximation with the nonlinear

formulation and stability of the iterative process.

5. Model Verification

The numerical scheme was verified in three stages: (1) accuracy of the Richards equation solver
against the analytical Philip solution; (2) validation of the thermal module against the classical
Carslaw—Jaeger solution; (3) validation of the full coupled model against measured temperature
profiles in permafrost soils of Yakutsk from the NSIDC G02189 dataset. This multi-level
verification strategy is consistent with the methodology accepted in the literature for thermo-
hydrological model testing and allows sequential separation of numerical errors from features of the

physical problem formulation.

Richards equation verification. Two tests were performed to separate numerical errors from
physical model features. In the first test, a linear form of the Richards equation with constant
hydraulic capacity C = df/dh = const was used, reducing the problem to a diffusion equation
with Philip's analytical infiltration solution [1]. The numerical solution on a 40 x 40 grid at
t = 1000 s reproduces the analytical moisture profile with R? = 0.9998, RMSE = 0.0005, and
MAE = 0.0004, consistent with benchmark Richards equation solver verifications reported in [17,
18]. In the second test, the nonlinear van Genuchten retention model was used with parameters
a=0.7, n=1.6, 6,=0.15, 6, =0.45. The numerical solution correctly reproduces the
characteristic infiltration front shape observed in real soils, with MAE = 0.005, RMSE = 0.012,
and R? = 0.871.

Heat transfer equation verification. The heat equation was verified against the Carslaw—
Jaeger analytical solution for a semi-infinite medium with initial temperature 7, = 273 K and a
step surface heating to Ts = 373 K [19]. This solution is a classical test for heat transport models
and is widely used in the verification of frozen soil numerical schemes. Simulations were
performed with soil parameters p = 1500 kg/m’, ¢, = 800 J/(kg'K), k = 1.5 W/(m'K), giving
thermal diffusivity o = 1.25 x 1075 m¥s, in a domain of depth 0.5 m with a time step of 10 s. The
mean RMSE over the full simulation period was 0.026 K; the maximum error at the initial moment
reached 0.063 K and decreased monotonically to 0.011 K at final time, confirming the absence of
error accumulation. The achieved accuracy is substantially better than the 1 K threshold accepted in

the cryosphere modeling literature.

Validation against field data (Yakutsk). The full coupled model was validated against
measured temperature profiles in permafrost soils of Yakutsk (1971) published in the NSIDC
G02189 dataset [20]. This dataset is widely used for evaluation of thermo-hydrological permafrost
models. Simulations were conducted for a domain of depth 3.5 m with a 1-hour time step over a 2-
year period, with the first year used as initialization. Soil parameters were chosen in accordance

with typical values for Central Yakutia silty loam. A Robin boundary condition with seasonal air



temperature from NSIDC was applied at the upper boundary, while the lower boundary temperature
was fixed at Tyot = —5°C. An effective heat transfer coefficient h. = 0.5 W/(m?-K) accounted for
the insulating effect of approximately 50 cm of snow cover. Comparison of modeled and observed
temperature profiles shows excellent agreement. For depths 0.40-3.20 m, RMSE is 0.09 K in
January and 0.07 K in July, with R = 0.9998. These values are comparable to or better than state-
of-the-art permafrost models: CLM4.5 (RMSE 0.3—1.2 K) [21], CryoGrid (RMSE 0.5-0.8 K) [22],
and JSBACH (RMSE < 0.5 K) [23].

Mass and energy balance diagnostics. Correctness of the numerical implementation was
additionally verified by monitoring mass balances of water (liquid, ice, and vapor phases) and
energy at each time step. The vapor mass balance closed to machine precision: the finite element
change in vapor mass was —0.042105 mg, while the sum of evaporation sources and boundary
fluxes gave —0.042108 mg, with an absolute error of 3 x 10~® mg. Full consistency was achieved
for the combined liquid and ice water mass balance: the change in volumetric water content
computed from the field 6; + (p;/pw)@; amounted to 2.2 x 10~% m? and coincided exactly with the
difference between current and initial water mass in the domain. The total contribution of
evaporation, condensation, root uptake, and drainage gave —9.8651 x 10~8 m3, with a discrepancy
between computed and predicted mass change of 5 x 10™*° m? (relative error below 1074%). The
change in internal energy of the system computed directly from the temperature field agreed with
the flux-balance prediction to 3.6 x 10™% J, corresponding to a relative error of order 10 4%.
Additional physical checks confirmed that all computed fields remained within admissible ranges
and entropy production remained positive, confirming thermodynamic consistency of the numerical
scheme. The performed tests thus demonstrate strict conservation of the model with respect to water
mass (in all phases) and energy, and correct implementation of source terms and boundary fluxes.
This confirms that the effects identified below are physical consequences of the model rather than

numerical artifacts.

6. Collapse of the Soil Moisture Diffusion Coefficient during Freezing

Analysis of simulation results reveals a sharp change in the soil moisture diffusion coefficient
upon passage of the freezing front. In the thawed zone, the mean value of the soil moisture
diffusion coefficient is Degr(T > 0°C) = 3.7 x 10~ % m?/s, while in the frozen zone it decreases to
Dy(T < 0°C) =~ 3.6 x 10719 m?/s. Thus, freezing leads to a reduction of the soil moisture

diffusion coefficient by more than four orders of magnitude.

Analysis of individual mechanism contributions shows that this effect results from the
simultaneous action of two processes. First, ice formation leads to blockage of the pore space and
reduces hydraulic conductivity by a factor of approximately 158. Second, near the phase transition

temperature, the effective capacity of the system increases sharply due to the latent heat of freezing.



In the transition zone, the ratio of the latent and hydraulic capacity components reaches

Clatent/Chya =~ 260, which further suppresses the rate of moisture redistribution.
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Figure 1 — Collapse of the soil moisture diffusion coefficient during freezing of heterogeneous soil. Dependence
of log1o(Det) on temperature (a): points are colored by depth, black line is the median curve over temperature

bins; frozen (blue), transitional (orange), and thawed (red) zones are indicated. The arrow shows the magnitude

of the diffusivity collapse upon passage of the freezing front. Spatial distribution of logiy(Dess) in the
computational domain (b); the black isoline corresponds to the freezing front (I' = 0°C).

The obtained results are consistent with a percolation theory interpretation. Fitting the
dependence of the soil moisture diffusion coefficient on liquid fraction yielded power-law behavior
of the form Degsr = Do(f1 — fc)*, where f. ~ 0.3 corresponds to the percolation threshold and the
critical exponent p ~ 1.3 agrees with theoretical values for two-dimensional random media. This
indicates that the collapse of the soil moisture diffusion coefficient is associated with loss of liquid-

phase connectivity in the pore space as the ice fraction grows.

Additional analysis showed that the effect persists when physically realistic values of minimum
hydraulic conductivity are used. Even with K = 1072 m/s, the reduction of the soil moisture
diffusion coefficient remains more than four orders of magnitude. This confirms that the observed

collapse is a consequence of the physics of the freezing process and not a numerical artifact.
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Figure 2 — Mechanism of soil moisture diffusivity collapse: role of ice-induced pore blockage and latent heat
buffering. Soil moisture diffusion coefficient (a) Doy = Kp,,/Croral S a function of temperature; points are
colored by volumetric moisture content 0, dashed lines show median values in the thawed and frozen zones.
Components of the moisture retention coefficient (b): hydraulic capacity Chyq, latent heat capacity Cha, and total

capacity Ciotal. The gold band marks the transition zone where the ratio Chat/Chya reaches its maximum.

Thus, the simulation results demonstrate the existence of a critical moisture transport regime
near the freezing front in which the joint action of geometric pore blockage and the increase of

latent heat capacity leads to sharp suppression of the soil moisture diffusion coefficient.

7. Analytical Formula for Soil Moisture Diffusivity in Freezing Heterogeneous Soil

The soil moisture diffusion coefficient of a freezing porous medium, accounting for ice-induced

pore blockage and moisture transport suppression by the latent heat of the phase transition, is given

by:

Dt (x,T) _ [1— fice(T)] ’ (@)
D (X) 8fice
0 1+ B(x,T) |25z

where Degr(x,T) is the soil moisture diffusion coefficient of the freezing soil, Do(x) is the soil
moisture diffusion coefficient in the absence of ice (T' > Ty), and fi..(T') is the pore ice fraction.

The dimensionless coupling parameter between hydraulics and thermophysics is:

’ Cy(x,T)

(5)

where p,, is water density, L is the specific latent heat of fusion, 8, is the volumetric water

content at saturation, and C' is the volumetric heat capacity defined as:
CV(X> T) - (1 - ¢)pscs + elpwcw + inici

where ¢ is porosity, ps, p.,, p; are densities of the solid phase, water, and ice, c;, ¢, c; are their
specific heat capacities, 6; is the volumetric liquid water fraction, and 6; is the volumetric ice

fraction. Liquid water content is given by the modified van Genuchten relation:

01(x,T) = 0, + (05 — 0,)1 + (aw " (D))", T <Tp
where 0, is residual moisture content, ayr,, 7, m are empirical parameters, and 7} is the phase
transition temperature. The volumetric ice fraction is derived from the Clausius—Clapeyron

equation and the van Genuchten framework:
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Figure 3 — Verification of the freezing curve and hydraulic collapse criterion for silty loam. (a) Volumetric liquid
water content 0y as a function of temperature: solid line — van Genuchten model with fitted parameters, circles —
experimental data [4]. (b) Temperature dependence of the dimensionless parameter 11 = B(x,T)|0 fice/ 0T
determining the regime of filtration degradation: the dashed horizontal line corresponds to the criterion 11 = 1,
the red point — critical temperature T, at which the regime transition occurs. Red zone — thermodynamic
regime (I1 > 1), in which phase inertia of the latent heat suppresses hydraulic transport. Green zone — kinematic

regime (11 < 1), in which filtration degradation is governed by geometric pore blockage by ice.

The derived expression for the relative soil moisture diffusion coefficient (4) admits a natural

asymptotic interpretation through the dimensionless parameter:

a.f ice

aT (©)

HEB(X,T)‘

which fully determines the regime of hydraulic mobility degradation during freezing. In the
limit IT < 1, the denominator approaches unity and the diffusion coefficient is governed solely by
the geometric pore-blocking factor: Deg/ Dy ~ (1 — f)3. This is the kinematic regime, realized at
deep sub-zero temperatures when the freezing curve reaches a plateau and |0f/9T| — 0: the phase
transition is practically complete and filtration suppression is controlled only by the reduction of
effective  porosity. In the opposite limit II>1, phase inertia  dominates:
Dett/Do ~ [(1 — £)3Cv]/|pwL¢]08:/0T|], corresponding to the thermodynamic control regime —
any hydraulic perturbation drives primarily phase redistribution rather than liquid transport, since
latent heat absorbs the hydraulic storage capacity of the system. Near the freezing point, where via
Clapeyron equilibrium h*(T) o< |T|, the van Genuchten model gives |88;/8T| o< |T|™!, and

consequently Degs/ Do — 0 as |T|"~1. The collapse rate is thus governed by the shape parameter n,



linking the character of conductivity degradation directly to soil texture. The boundary between
regimes is defined by the condition II = 1, which yields an implicit analytical equation for the
critical temperature 7T, depending on the pore structure parameters and thermophysical properties
of the medium. The formula thereby identifies two fundamentally distinct mechanisms of filtration
suppression — geometric pore blockage and thermodynamic phase inertia — and introduces an

explicit criterion for their competition, which gives the reduced model independent analytical value.

8. Conclusions

A mathematical model of coupled heat and mass transfer with water—ice—vapor phase
transitions in heterogeneous porous soils has been developed and a numerical analysis of moisture
transport processes under freezing conditions has been performed. The model is based on the
Richards equation, water vapor diffusion equation, and heat transfer equation, coupled through a

temperature-dependent hydraulic conductivity and thermodynamic phase equilibrium.

It 1s shown that passage of the freezing front is accompanied by a sharp reduction in the soil
moisture diffusion coefficient. In the thawed zone, characteristic values of the diffusion coefficient
are Dy ~ 3.7 x 1075 m?/s, while in the frozen zone they decrease to Dg =~ 3.6 x 10710 m¥s.
Thus, freezing leads to a collapse of the soil moisture diffusion coefficient by more than four orders

of magnitude, corresponding to critical suppression of moisture transport near the freezing front.

Analysis of the governing equations reveals that this effect results from the joint action of two
physical mechanisms. The first is geometric blockage of the pore space by ice, which reduces
hydraulic conductivity of the medium. The second is the sharp increase in effective moisture
capacity of the system due to the latent heat of the phase transition. Near the freezing temperature,
the ratio of latent and hydraulic capacity components reaches Clatent/Chya = 260, which

substantially retards moisture redistribution.

Numerical analysis of a spatially heterogeneous medium demonstrates that transport capacity
degradation has a percolation character. The dependence of the soil moisture diffusion coefficient
on liquid fraction follows power-law behavior Degs = Do(f; — fc)*, where f. ~ 0.3 corresponds
to the percolation threshold and the critical exponent p =~ 1.3 is close to theoretical values for
random porous media. This indicates that the diffusivity collapse is associated with loss of liquid-
phase connectivity in the pore space as the ice fraction grows. Calculations confirmed the
robustness of the observed effect across physically justified ranges of minimum hydraulic
conductivity, ruling out a numerical origin and confirming the physical nature of the diffusivity

collapse.

The principal theoretical result of this work is the derivation of analytical expression (4) for the
relative soil moisture diffusion coefficient in a freezing heterogeneous soil, simultaneously

accounting for geometric pore blockage by ice and moisture transport suppression through the



increase of effective moisture capacity driven by the latent heat of the phase transition. The derived
formula yields a compact dimensionless representation and introduces the governing parameter 11
determining the regime of moisture transport suppression during freezing. It is shown that for
IT < 1 the kinematic regime prevails, in which transport suppression is governed primarily by the
geometric reduction of effective porosity, while for II > 1 the thermodynamic regime dominates,
associated with phase inertia of the system and increase of eftfective moisture capacity. The derived
analytical expression thus establishes a quantitative criterion for the relative contribution of

geometric and thermodynamic suppression mechanisms.
The scientific novelty of the work is as follows:

e A collapse of the soil moisture diffusion coefficient upon passage of the freezing front in
heterogeneous porous soils has been numerically identified and quantitatively characterized,

leading to a reduction in moisture transport intensity by more than four orders of magnitude.

e It is shown that degradation of transport properties has a percolation character and is

associated with loss of liquid-phase connectivity as the ice fraction grows.

e An analytical expression for the relative soil moisture diffusion coefficient has been derived,
linking the hydraulic properties of the soil to its thermophysical characteristics and introducing
a dimensionless parameter that determines the regime of moisture transport suppression during

freezing.

The practical significance of the results lies in the fact that the proposed analytical expression
represents a compact reduced model allowing description of moisture transport suppression in
freezing soils without the need to solve the full coupled thermo-hydrological system. This enables
its direct use as a physically based parameterization in regional and global land surface models
(CLM, JSBACH, CryoGrid), models of seasonal and permafrost dynamics, engineering
calculations of soil foundation stability, and prediction of the hydrological response of the
cryosphere to contemporary climate change. The obtained results contribute to the theory of heat
and mass transfer in freezing porous media and provide a basis for further development of

numerical modeling methods for soil freezing processes.
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