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Abstract: Freezing patterns in a porous soil saturated with a saline solution are investigated with
regard to osmotic effects, using a model suggested previously by the authors but in a more general
formulation. The results include a numerical and an approximate self-similar analytical solution to
a nonlinear problem; description of typical freezing behavior in the presence of osmotic pressure.
The modeling results agree well with experimental evidence on freezing of saline clay and sand. The
model includes three porous domains with ice (I), thermodynamically equilibrated ice+solution (II),
and a liquid saline solution (III) in the pores. The modeling is performed for a simplified case of
domains II and III that share a mobile phase boundary where the solution freezes up partially, with
heat release.
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1. Introduction

Freezing of rocks and soils saturated with a solution of salts is a complex process
involving different mechanisms for salt and moisture transport, as well as stress and
strain dynamics in the mineral skeleton. Since the process of freezing saline soil depends
nonlinearly on many factors, the identification of patterns is significantly complicated. It
can be investigated on the basis of the mathematical model previously proposed by the
authors [Ramazanov et al., 2023], but in a more general formulation, and compare the results
with data from physical and field experiments [Chuvilin, 1999; Chuvilin et al., 1998; Ershov
et al., 1997]. The correlation between the transport of salt and moisture in freezing saline
soils was studied in [Chuvilin et al., 1998]. The results of physical experiments reported in
[Chuvilin, 1999] were used to study the behavior of ions in freezing and thawing soils, and
in ice. The available evidence relevant to freezing also includes interactions of frozen soil
with saline solutions. In [Ershov et al., 1997], processes associated with different types of
interactions between liquid brine and frozen rocks are considered.

According to the present views, the Siberian Arctic shelf underwent repeated freezing
and thawing associated with regression and transgression events, which produced per-
mafrost with numerous lenses of brines at negative temperatures called cryopegs [Dubikov
and Ivanova, 1990; Streletskaya and Leibman, 2002]. It is noted in [Dubikov and Ivanova,
1990] that frozen saline soils by many of its properties occupy a position between frozen
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and unfrozen soils. They contain more unfrozen water than the same frozen soils. It deter-
mines their peculiarity together with other features of their composition and structure. In
[Streletskaya and Leibman, 2002], the actual material is considered from the point of view of
the formation of cryopegs as residual brines during the formation of ice deposits.

One of possible reason for current climate change in the Arctic is considered to be
the formation and release a lot of methane due to subaquatic permafrost degradation, as
methane is a potent greenhouse gas. Saline seawater and cryopegs contribute largely to
permafrost degradation and the ensuing emission of methane released by dissociating
metastable methane hydrates self-preserved in frozen rocks [Chuvilin et al., 2019; Lobkovskii
and Ramazanov, 2018; Shakhova et al., 2017; Yakushev, 2009]. The rate of submarine
permafrost degradation and the emergence of gas migration pathways are key factors
controlling methane emissions on the East Siberian Arctic shelf [Shakhova et al., 2017].

The process of permafrost degradation and the reverse process of salt rock freezing
have the same transport mechanism – osmotic filtration (moisture migration). Osmosis can
lead to abnormally high pressures capable of destroying frozen rocks [Berry and Hanshaw,
1960; Marine and Fritz, 1981]. Thus, developing model can easily describe the degradation
of permafrost rocks containing accumulations of gas hydrates and free gas under the
influence of solutions and the associated osmotic effect.

There exist various models of freezing and thawing processes in saline rocks and
soils [Maksimov and Tsypkin, 1987; Tsypkin, 2009; Vasiliev et al., 1996], but our model
is advantageous by including osmosis. The osmotic motion of water molecules driven
by the solute concentration gradient is a powerful mechanism of mass transport in low-
permeable porous media [Ramazanov et al., 2019, 2022]. This modeling approach can be
used to determine a mathematical criterion for the formation of cryopegs in freezing saline
soils, which depends largely on the osmotic filtration [Ramazanov et al., 2023]. Another
advantage of our model is in due regarded for deformation of the host rocks, given that
osmotic pressure can cause rock failure.

In this paper using the model proposed in [Ramazanov et al., 2023] by numerical and
analytical methods, we investigate the processes of freezing of rocks and soils saturated
with salt solution, taking into account the osmotic force.

2. Problem Formulation

The model simulates permeable soil saturated with a saline solution of a constant
concentration, at a certain temperature. At some moment of time, the temperature of
the model top falls below the freezing point at given local pressure and salt concentra-
tion values. Thereby two freezing fronts arise and propagate downward (Figure 1): the
boundaries between domains I and II (fully and partly frozen domains, with pore ice and
ice + saline solution in thermodynamic equilibrium, respectively), and between partly
frozen (II) and unfrozen (III) domains. The modeling investigates the patterns of evolution
of the multi-phase system with regard to the osmotic effect and deformation of the host
rock and compares the results with experimental data.

3. Mathematical Model

A detailed description of the equations in each domain, the boundary conditions, and
their transformations are given in the previous paper [Ramazanov et al., 2023] published
in this journal. Here, we present these equations immediately in dimensionless and self-
similar form [Ramazanov et al., 2023].

The pressure is counted from the hydrostatic level, and the temperature from level T 0.
To make them dimensionless, let’s introduce the following scales:

[z] = h, [v] = − k
ηh

dP
dT

(
T 0 − T 0

)
, [t] =

h

[v]
, [T ] = T 0 − T 0,

[p] = −dP
dT

(
T 0 − T 0

)
, [c] = c0,

(1)
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where k is the permeability; v is the field of the solution velocity; T is the temperature;
p is the pressure; c is the concentration; c0 is the characteristic concentration; η is the
solution viscosity; h is the domain thickness; T 0 is the temperature at the lower boundary
of domain III, T 0 is the temperature at the boundary z = z1.

Figure 1. Problem sketch: I – ice-saturated frozen domain; II – partly frozen domain saturated with
thermodynamically equilibrated ice and saline solution; III – unfrozen domain saturated with liquid
saline solution; z = z1(t) is the mobile boundary of domain I; z = z∗(t) is the front of partial freezing.

4. Self-Similar Problem Formulation and Solution

The solution is sought in the self-similar form, with the new coordinate ξ

v =
v(ξ)
√
t
, T = T (ξ), c = c(ξ), p = p(ξ), ξ =

z
√
t
. (2)

Then, different domains will be described as follows:

Frozen Domain (I)

−ξ
2
dT i
dξ

=
1

P eT i

d2T i
dξ2 . (3)

Partly Frozen Domain (II)

v = s
[(
γf +ψ0

) dc
dξ

+
dT
dξ

]
;

− ξ
2N s

ds
dξ

+
ξ

2Np

(
dT
dξ

+ψ0
dc
dξ

)
+
dv
dξ

= 0;

−
(
γcξ

2
− v

)
dc
dξ

=
1
P ec

d2c

dξ2 +
γsξ

2
ds
dξ

;

−
(
γT ξ

2
− v

)
dT
dξ

=
1
P eT

d2T

dξ2 +
γqξ

2
ds
dξ
.

(4)
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Unfrozen Domain (III)

v = −
dp

dξ
+γf

dc
dξ

;

− ξ
2Np0

dp

dξ
=
d2p

dξ2 −γf
d2c

dξ2 ;

−
(
γcξ

2
− v

)
dc
dξ

=
1

s0P ec

d2c

dξ2 ;

−
(
γT ξ

2
− v

)
dT
dξ

=
1
P eT

d2T

dξ2 .

(5)

where P eT , P ec are, respectively, the temperature and concentration Péclet numbers.

1
N s

=m
(
1−

ρi
ρw

)
,

1
Np0

=
1
m0

[
∂m
∂p

+
m0

ρw

∂ρw
∂p

](
T 0 − T 0

)∣∣∣∣∣dPdT
∣∣∣∣∣,

1
Np

=
[(
s0 + (1− s0)

ρi
ρw

)
∂m
∂p

+
m
ρw

(
s0
∂ρw
∂p

+ (1− s0)
∂ρi
∂p

)](
T 0 − T 0

)∣∣∣∣∣dPdT
∣∣∣∣∣,

γf = ρw

∣∣∣∣∣∂µ1

∂c

∣∣∣∣∣c0

[(
T 0 − T 0

)∣∣∣∣∣dPdT
∣∣∣∣∣]−1

, γT =
Cm +msβwT

∣∣∣ dP
dT

∣∣∣
ρwCw + βwT

∣∣∣ dP
dT

∣∣∣ ,
γq =

qmρi[
ρwCw + βwT

∣∣∣ dP
dT

∣∣∣](T 0 − T 0)
, γc = s0(m+ Γ ), γs =m

ρi
ρw

+ Γ ,

Γ (K,c) =
∂a(K,c)
∂c

, lima(K,c)Kc→∞ = a∞,

P eT =
[v]h

[
ρwCw + βwT

∣∣∣ dP
dT

∣∣∣]
λm

, P ec =
[v]h
ms0D

, [v] = − k
ηh

dP
dT

(
T 0 − T 0

)
.

where s0 is the characteristic water saturation in domain II; ρw , ρi are densities of water
and ice, respectively; T i is the ice temperature; Cm is the effective heat capacity per unit
volume of an saturated porous soil; Cw, Ci , Cs are, respectively, the heat capacity of water,
ice and soil; λm is the effective thermal conductivity of an saturated porous soil; λw, λi ,
λs are, respectively, the thermal conductivity of water, ice and soil; µ1 is the chemical
potential of solvent; D is the salt diffusion coefficient; q is the specific heat of ice melting;
βw is the thermal expansion coefficient; m is the porosity; a is the concentration of salt in
the solid phase of a porous medium; a∞ the value of the maximum adsorption; K is the
constant of the adsorption equilibrium; ψ0 constant characterizing the degree of decrease
in the freezing point of water due to the presence of dissolved salt.

Boundary Conditions

ξ = 0 : T i =
T 0
i − T

0

T 0 − T 0 , (6)

ξ = ξ1 : T − = T + = 0,
1

P eT i

dT −
dξ

=
γqis

0

2
ξ1 +

1
P eT

dT +

dξ
, γqi =

qmρi
ρwcw(T 0 − T 0)

,

s0
(

1
s0P ec

dc+

dξ
+
ρi
ρw

mξ1

2
c+

)
= 0, v+ = s0

(
1−

ρi
ρw

)
mξ1

2
,

(7)
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ξ = ξ∗ : v− −
m
2
s∗ξ∗ −

ρim

2ρw
(1− s∗)ξ∗ = v+ −

m
2
ξ∗,

T − = T + = T ∗, −γq(1− s∗)
1
2
ξ∗ +

1
P eT

dT −
dξ

=
1
P eT

dT +

dξ

c− = c+ = c∗, −γs(1− s∗)
c∗
2
ξ∗ +

s∗
s0P ec

dc−
dξ

=
1

s0P ec

dc+

dξ

(8)

ξ→∞ : p→ p0, T → 1, c→ 1, (9)

where s0 is the water saturation at the boundary ξ = ξ1 between domains I (pore ice)
and II (equilibrated pore ice+solution). The subscripts and superscripts have the following
meaning: subscripts + and − refer to values approaching the boundaries from below and
from above, respectively; subscript ∗ indicates the value at the boundary ξ = ξ∗, superscript
0 – at the boundary ξ = ξ1, subscript 0 – at the boundary ξ→∞ or the characteristic value
of the parameter.

With the given parameters T 0
i ,T 0, c0,p0 and s0, the sought parameters are: mobile

phase boundaries ξ1, ξ∗, temperature in frozen domain I; temperature, salt concentration,
and water saturation in partly frozen domain II and at its boundaries; temperature, salt
concentration, and pressure in unfrozen domain III. Note that the boundaries in self-similar
coordinates also define the propagation rates of the respective fronts.

Equations (2–9) in the self-similar formulation make up a closed model that simulates
freezing of saline soil with regard to osmosis as a driving force. In initial coordinates
the model is detailed in [Ramazanov et al., 2023]. In the general case, the model is quite
sophisticated, as it contains two moving phase transition boundaries. We consider the
particular case when the frozen domain (I) can be neglected. In [Ramazanov et al., 2023],
a condition is given under which, as a first approximation, an ice layer can be neglected. It
is possible if the front between domains I and II propagates much more slowly than that
between II and III, i.e.

ξ1≪ ξ∗. (10)

Then we obtain

k≫m

(
1−

ρi
ρw

)2λmi
ρiq

η

βp(p∗ − p0)2

(
T 0 − T 0

i

)
∼ 10−18

(
10÷ 10−1

)
(11)

In the conditions considered in this article, inequality (11) holds for permeability
k ∼ 10−18 ÷ 10−17m2and more. This permeability corresponds to the Péclet numbers
P eT ∼ 10−2 ÷ 10−1. On the other hand, osmotic properties are manifested for weakly
permeable media (clay, silt, etc.), which are characterized by precisely such permeability
and corresponding Péclet numbers. Therefore, the number P eT = 0.1 is taken as the base
number in the calculations below.

Thus, inequality (11) is satisfied under the conditions under consideration, so domain
I is excluded from further consideration. Unlike [Ramazanov et al., 2023], in this study, not
only the second, but also the third domain is taken into account.

The boundary conditions in domains II and III, given that the origin of coordinates is
at the base of domain I, which is immobile in this approximation, are

ξ = 0 : T = 0,
(
γf +ψ0

) dc
dξ

+
dT
dξ

= 0, (12)

ξ = ξ∗ : v− −
m
2
s∗ξ∗ −

ρim

2ρw
(1− s∗)ξ∗ = v+ −

m
2
ξ∗

T − = T + = T ∗, −γq(1− s∗)
1
2
ξ∗ +

1
P eT

dT −
dξ

=
1
P eT

dT +

dξ
,

c− = c+ = c∗, −γs(1− s∗)
c∗
2
ξ∗ +

s∗
s0P ec

dc−
dξ

=
1

s0P ec

dc+

dξ
,

(13)
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ξ→∞ : p→ p0 T → 1, c→ 1. (14)

Thus, we have a system of equations (4–5) with boundary conditions (12–14). Since
the model is nonlinear and generally has no analytical solution, one can take advantage of
the fact that the Péclet number P eT of usually small, i.e. the filtration solution rate is much
slower than the freezing rate (propagation of the freezing front). Then, the convective
components in the transport equations can be neglected. The simplified model is still
nonlinear because of generalized Darcy’s law (4), since the velocity is proportional to the
product of water saturation by concentration and temperature gradients. However, it
is possible to find an approximate solution assuming that water saturation s in the first
equation of (4) is equal to some unknown average value s. For the two remaining domains,
the solution is as follows.

Partly Frozen Domain I (Pore Ice + Solution)

s − s0 = −sT T − sc
(
c − c0

)
,

c = c0 +C1erf
(√
α̃c
2
ξ

)
+
P ecγssT
αc − α̃T

C3erf
(√
α̃T
2

ξ

)
,

T =
P eT γqsc
αT − α̃c

C1erf
(√
α̃c
2
ξ

)
+C3erf

(√
α̃T
2

ξ

) (15)

where C1,C3 are determined from the boundary conditions at the moving phase interface
ξ = ξ∗.

sT =
sP eT γT − 1

Np

1
N s

+ s
[
P eT γq +

(
γf +ψ0

)
P ecγs

] ,
sc =

s
(
γf +ψ0

)
P ecγc −

ψ0
Np

1
N s

+ s
[
P eT γq +

(
γf +ψ0

)
P ecγs

] ,
α̃c =

αT +αc +
√

(αc −αT )2 + 4P ecγssT P eT γqsc

2
,

α̃T =
αT +αc −

√
(αc −αT )2 + 4P ecγssT P eT γqsc

2
,

αT = P eT

(
γT +

N s

Np
γq

)
, αc = P ecγc.

(16)

We substitute the resulting solution for water saturation into the equation

1
ξ∗

ξ∗
∫

0

s(ξ,s)dξ = s (17)

and obtain a previously unknown value for the average water saturation s.

Unfrozen Domain II (Pore Solution)

c = 1− (1− c∗)erfc

√s0P ecγc2
ξ

/erfc

√s0P ecγc2
ξ∗

,
T = 1− (1− T ∗)erfc

√P eT γc2
ξ

/erfc

√P eT γc2
ξ∗

,
(18)
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p = p0 +C4erfc

√βp0

2
ξ

+C2erfc

√s0P ecγc2
ξ

,
vp =

√
βp0

π
C4e

−
βp0

4 ξ2
+

√
s0P ecγc
π

C2e
− P ecγc4 ξ2

+γf
dc
dξ
, βp0

=
1
Np0

,

(19)

C2 =
−γf (1− c∗)s0P ecγc

βp − s0P ecγc

/
erfc

√s0P ecγc2
ξ∗

,
C4 = p∗ − p0 −C2erfc

√s0P ecγc2
ξ∗

/erfc

√βp0

2
ξ∗

.
(20)

Estimating Moisture Content. If the moisture content density is expressed as the weight
ratio of moisture (solid and liquid) to dry soil, then

W (ξ) =


mρw

1−
(
1−

ρi
ρw

)
(1− s) +

βp
m

(1− T −ψ0c)

(1−m)ρs
, ξ ≤ ξ∗

mρw
1 +

βp0

m
(p − p0)

(1−m)ρs
, ξ > ξ∗

. (21)

5. Results and Discussion

Thus, equations (15–21) provide a complete analytical solution to the nonlinear
problem in the self-similar coordinates. The transitions to the initial coordinates and to the
dimensional form are possible with equations (2) and (1), respectively.

The solution is valid at small Péclet numbers P eT ≪ 1, which is commonly fulfilled.
For the case of greater values, a forward numerical solution of problem (4–5) with boundary
conditions (12–14) applied, taking into account convective transfer of heat and solutes.
Furthermore, numerical modeling was used to check the analytical solution and proved its
good accuracy.

In this problem of freezing saturated soils, two forces act: the force that pushes the
solution into the unfrozen domain and the force that retracts the solution in the frozen
domain. The pushing force arises due to equilibrium pressure increases with cooling
and the water-ice density difference, while retracting force is due to the osmotic force.
Depending on the values of the parameters, one or another force prevails.

Some results are illustrated in Figures 2–6.
Figure 2a–c shows patterns of partial freezing front propagation of solution depending

on different parameters. With these parameter values, during the first 10 years, the freezing
front moves at an average speed of about one meter per year, and then this speed decreases
proportionally to 1/

√
t. Curves in Figure 2a show that with an increase in the osmotic

coefficient, the partial freezing front slows down, which is due to the difficulty of pushing
the solution out by the freezing front. Figure 2b shows that as the Péclet number increases,
the front moves faster because the rate of convective heat removal from the front increases.
According to Figure 2c, as the water capacity of the soils increases, the front also moves
faster, which is explained by the easier pushing of the solution into the unfrozen area.

Figure 3a–c shows depth-dependent water saturation distributions for water capacity
βp (a, b) and osmotic coefficient γf (a, c), two values each. Curves 1 and 2 correspond to
the time t = 1 and 4 years, respectively. The curves above refer to the respective filtration
solution rates.

Water saturation behind the freezing front decreases monotonically with time (Fig-
ure 3) as the soil is freezing up. Figure 3a shows that filtration solution rate is negative in
this case, i.e., the solution is drawn from the thawed domain into the partly frozen domain
by osmosis.

The pushing force predominates at lower βp, other parameters being the same (Fig-
ure 3b), as well as at lower osmotic coefficients (Figure 3c). In Figure 3c, the osmotic
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Figure 2. Time-dependent freezing propagation for different values of parameters at c0 = 0.8%,
T 0 = −2◦C. (a): P eT = 0.1, βp = 0.1, γf = 0.27, 0.35, 1(1–3); (b): βp = 0.07, γf = 0.7, P eT =
0.01, 0.03, 0.3(1–3); (c): P eT = 0.1, γf = 0.3, βp = 0.01, 0.05, 0.1(1–3), whereβp ≡ 1/Np is the com-
pressibility of the saturated porous soil (water capacity).

force coefficient is reduced compared to Figure 3a. As can be seen from the comparison,
a decrease in osmotic force also leads to a predominance of the pushing force.

These results are quite consistent with the results of physical experiments [Chuvilin,
1999; Chuvilin et al., 1998], showing that clays in the considered freezing conditions draw
the solution from the thawed area, and sands, on the contrary, are pushed out. At the same
time, it is known that clays have semi-permeable and, consequently, osmotic properties
[Kemper, 1961].

Figure 3. The distribution of water saturation for two time points (the filtration solution rate
distributions are shown at the top) at: P ec = 10, P eT = 0.1, c0 = 1.7%, T 0 = −2◦C, t = 1; 4 year (1–2),
where: (γf ,βp) = (1, 0.03) (a); (1, 0.01) (b); (0.1, 0.03) (c).

Figure 4a–e shows the distributions of water saturation, velocity field, salt concentra-
tion, temperature, and pressure in the partially frozen domain after one year of freezing
for two values of pore expansion coefficient βp (water capacity) and two values of osmotic
force coefficient. As you can see, in all cases, the qualitative properties of the distributions
coincide, with the exception of the velocity field (Figure 4b). As the temperature increases
with depth, water saturation increases at the account of partial melting, which leads to
dilution (salt concentration decrease), while the equilibrium pressure decreases (Figure 4a,
c–e).

It is pertinent to compare curves that represent different cases, using curves 1 as
reference. Figure 4a shows that a decrease in water capacity (compressibility) led to
a decrease in water saturation (curve 2), and a decrease in the osmosis coefficient can lead
to both a decrease and an increase in water saturation, which explains the intersection
of curves 3 and 1. These properties depend on the competition of two factors, the inflow
(outflow) of the solution into the two-phase domain and the freezing of water (melting of
ice). Curve 2 in Figure 4a is caused by both additional freezing of water (compared to curve
1) and outflow of solution (curve 2 in Figure 4b), and curve 3 is caused to competition
between ice melting and moisture outflow (curve 3 in Figure 4b).

Russ. J. Earth. Sci. 2024, 24, ES4008, EDN: HICJYC, https://doi.org/10.2205/2024es000919 8 of 12

https://elibrary.ru/hicjyc
https://doi.org/10.2205/2024es000919


Freezing Patterns in Saline Soils: Modeling with Regard to the Osmotic Effect Ramazanov et al.

The concentration of salt is lower at lower compressibility but higher at lower osmotic
coefficients (Figure 4c). To explain this effect, note first of all that the temperature patterns
quite close for the three cases (Figure 4d). It follows from the thermodynamic equilibrium
condition that lower salinity corresponds to higher pressure and vice versa, the temperature
being constant [Ramazanov et al., 2023]. On the other hand, the pressure values are higher
at lower compressibility and lower at lower osmotic coefficients (Figure 4e), which accounts
for the patterns of Figure 4c.

Figure 4. Water saturation (a), filtration solution rate (b), salt concentration (c), temperature (d),
and pressure (e) in party frozen domain a year after the onset of freezing, at P ec = 10, P eT = 0.1,
c0 = 1.7%, T 0 = −2◦C, and

(
γf ,βp = 1/Np

)
= (0.1, 0.15) (1); (0.1, 0.1) (2), (0.05, 0.15) (3).

Figure 4 allows us to estimate the osmotic pressure gradient (osmotic force) under
the considered freezing conditions. Consider the curves 1 in Figure 4. It follows from
Figure 4b that in this case the solution is drawn from the thawed area into the frozen area.
This means that the osmotic pressure gradient is greater than the pressure gradient shown
in Figure 4e (curve 1) by the amount causing filtration of the solution. Based on Figure 4b
and Darcy’s law, it can be shown that the pressure loss for filtration of the solution is
small, i.e. the osmotic pressure gradient is approximately equal to the pressure gradient
in Figure 4e (curve 1) and is approximately 1 MPa/m. On the other hand, it follows from
Figure 4c (curve 1) that this gradient is caused by a salt concentration gradient of the
order of ∇c0 ∼ 1%/m = 10g/(L ·m). If we take into account the complete dissociation of
salt molecules into ions, then this gradient should be doubled. Thus, a salt concentration
difference of the order of 10 g/L causes an osmotic pressure of the order of 1 MPa. This is
in good agreement with theoretical and experimental estimates for shales [Neuzil, 2000].

Note that freezing rocks may have their own characteristics. Namely, near the cooled
boundary, as ice forms, areas with a highly concentrated solution (cryopegs) may form.
These areas, despite their relatively small size, can make a significant contribution to
osmotic pressure. This effect can be taken into account using an effective osmotic coefficient,
which can be several times higher than the corresponding coefficient for the thawed domain.
In this regard, the values γf ∼ 1 are also considered in [Ramazanov et al., 2023] and in this
article. It should be noted that a more detailed study of the system of equations (4), with
the separation of the boundary layer, allows theoretically calculating the specified effective
osmosis coefficient, but goes beyond the scope of this study.

Figure 5 shows of moisture distribution in % of dry weight for different porous
materials and different parameters. The upper panels present the results of physical
experiments and the lower panels show calculations with the suggested model (4–5; 12–14).
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The mathematical and physical modeling differed in temperature conditions on the top of
the freezing domain: −2 °C and −17 °C, respectively. Nevertheless, the theoretical (this
study) and laboratory [Chuvilin, 1999; Chuvilin et al., 1998] results agree both qualitatively
and quantitatively (Figure 5).

Figure 5. Depth-dependent moisture distribution, in % of dry weight W , according to physical
modeling [Chuvilin, 1999] (upper panels) and calculations using equations (4–5, 12–14) of the
suggested model (lower panels). In the experiment, soil samples: polymineral sand (a); polymineral
clay (b); kaolinite clay, at pressures 0.2 MPa (c) and 1 MPa (d). Curve 1 – freezing front; 2 and
3 – initial and final moisture distribution in freezing soil, respectively.

Figure 6. Average moisture expenditure Fw from unfrozen rock to partly frozen domain as a function
of initial salinity C solution NaCl in freezing clay according to experiments (a) and modeling with
suggested equations (b), and dependence of water saturation S and salinity gradient at the freezing
front C′ to salinity C calculated with the suggested model (c, d).
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Depth-dependent moisture distribution patterns in freezing soils, obtained through
mathematical modeling and experiments show the expulsion of pore moisture in wet saline
sand, which is respectively observed as higher moisture contents before the freezing front.
For clay, on the contrary, before the freezing front the moisture content decreases and
in the freezing part it increases. The moisture excess in freezing clay depends on some
soil parameters, including contents of moisture and salts, as well as on the conditions of
freezing.

Figure 6a shows experimental points for moisture flow from unfrozen to partly frozen
domain at different initial NaCl concentrations, from 0 to 1.5 N for two different tempera-
tures [Chuvilin, 1999; Chuvilin et al., 1998]. The respective calculated curves (Figure 6b)
are in good agreement with the experiment results. Note a peak of moisture flow that can
be explained with calculated curves (Figure 6c, d): the moisture flow driven by osmosis is
proportional to water saturation and to the magnitude of the concentration gradient. As the
initial salinity increases, the former function increases while the latter modulo decreases
(Figure 6c, d), and their product has a maximum and allows calculating the optimal salt
concentration providing the maximum flow.

Calculations have shown that without the significant role of the osmotic effect, it is
impossible to obtain a close description of the experiments. In [Chuvilin, 1999; Chuvilin
et al., 1998], the important role of advection is noted in physical experiments, partially
shown in Figures 5, 6. This study showed that the driving mechanism of this advection in
the case of the solution being drawn into the frozen part is precisely the osmotic effect.

At the end of this section, we note that under certain conditions, the process under
consideration can lead to the formation of closed “pockets” with brines (cryopegs) in frozen
rocks. A mathematical criterion for their formation based on the proposed model was
obtained in [Ramazanov et al., 2023].

6. Conclusion

The process of freezing of saline soil has been investigated with regard to the osmosis
effect using the previously suggested model [Ramazanov et al., 2023], and an approximate
analytical solution was obtained in the self-similarity formulation. In addition, a direct
numerical solution has been obtained for large numbers of Péclet. The results demonstrate
a good agreement between them.

It has been shown that at high values of the osmotic coefficient in freezing soils,
the pore solution is drawn into the freezing domain from the thawed domain, and at
low values, it is pushed out, on the contrary. The pushing force is due to the fact that
the equilibrium pressure increases with decreasing temperature, as well as the density
difference between water and ice. The modeling results are quite consistent with the data
of physical experiments that clay with a high osmotic coefficient retract saline solutions,
and sand, on the contrary, pushes it out [Chuvilin, 1999; Chuvilin et al., 1998]. The
results of calculations and physical experiments agree both qualitatively and quantitatively,
mainly because the osmotic effect was taken into account: no agreement would be possible
otherwise.

The suggested mathematical model, with regard to osmosis, can explain freezing of
soils as well as the reverse process of permafrost degradation.
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