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Abstract
Changes in unfrozen water content directly influence the thermodynamic and
deformation characteristics of frozen soil, and constitute a critical condition
for hydro-thermal numerical computations. To investigate the variation law of
unfrozen water content, the particle size distribution of soil is first character-
ized using equivalent particle size, and the soil is simplified into an equivalent
particle size spherical packing system. Secondly, by considering the averaged
packing arrangement of simple cubic packing and cubic closest packing, a cal-
culation method for unfrozen water content in soil is proposed based on the
premelting theory of porous media, and its rationality is verified through ex-
perimental data. Finally, the effects of impurity density and effective particle
size on water film thickness and unfrozen water content are analyzed. The re-
search results indicate that the free energy induced by surface charge density of
soil particles, which alters water film thickness, is highly susceptible to impu-
rity concentration; as the concentration increases, the influence of soil particle
surface charge on the water film diminishes progressively. The liquid water con-
tent in soil is primarily determined by variations in water film thickness on soil
particle surfaces; when equivalent particles decrease, the proportion of unfrozen
water volume calculated from interstitial water gradually increases, playing a
more significant role at lower concentrations. For soils with larger particles, the
unfrozen water content model demonstrates favorable predictive performance.
When the equivalent particle sizes of silty clay, loess, and sand are reduced by
factors of 0.28, 0.3, and 0.36, respectively, the calculated results of unfrozen
water volume content show good agreement with experimental values.

chinarxiv.org/items/chinaxiv-202201.00110 Machine Translation

https://chinarxiv.org/items/chinaxiv-202201.00110
https://chinarxiv.org/items/chinaxiv-202201.00110


Full Text
Variation of Water Film Thickness in Soil and Prediction
Method for Unfrozen Water Content
WAN Xusheng, YAN Mengyu, LU Jianguo, YAN Zhongrui
(School of Civil Engineering and Geomatics, Southwest Petroleum University,
Chengdu, Sichuan, China)

Abstract

Variations in unfrozen water content directly influence the thermodynamic and
deformation properties of frozen soils and constitute a critical condition for
coupled water-heat numerical simulations. To investigate the variation 规律 of
unfrozen water content, this study first employs an equivalent particle size to
characterize the particle size distribution of soils, simplifying the soil matrix
into a spherical packing system of equivalent particles. Second, considering an
averaged packing arrangement between simple cubic packing and cubic close
packing, a calculation method for unfrozen water content in soils is proposed
based on premelting theory in porous media, and its validity is verified through
experimental data. Finally, the effects of impurity density and effective parti-
cle size on water film thickness and unfrozen water content are analyzed. The
results demonstrate that the free energy induced by surface charge density of
soil particles is highly susceptible to impurity concentration, with the influence
of surface charge on water film thickness diminishing as concentration increases.
The liquid water fraction in soils is primarily determined by variations in wa-
ter film thickness on particle surfaces; as the equivalent particle size decreases,
the volumetric proportion of unfrozen water contributed by interstitial water
gradually increases, playing a more significant role at lower impurity concentra-
tions. The model exhibits good predictive performance for coarse-grained soils.
Calculated volumetric unfrozen water contents show good agreement with ex-
perimental values when the equivalent particle sizes of silty clay, loess, and sand
are reduced by ___ times, respectively.

Keywords: premelting; unfrozen water content; equivalent particle size; impu-
rity concentration; surface charge density

Introduction

China has extensive permafrost coverage, with the combined area of perennial
and seasonal frozen soils exceeding ___ of the national territory [1]. Infras-
tructure development in cold regions faces frost heave and thaw settlement
phenomena induced by water-heat interactions, which severely constrain the
construction of highways, railways, and other structures. Water serves as the
material basis for soil freezing-thawing processes, and changes in unfrozen wa-
ter content directly affect the thermodynamic and deformation characteristics
of frozen soils. Moreover, the relationship between unfrozen water content and
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temperature constitutes a necessary condition for coupled water-heat numerical
simulations.

Experimental studies have demonstrated that unfrozen water in frozen soils is
primarily influenced by soil type, external conditions (including temperature
and pressure), salinity, and freeze-thaw processes [2-4]. The difficulty of water
freezing increases with decreasing particle size, increasing salt content, decreas-
ing liquid saturation, and increasing specific surface area of activated soil par-
ticles [5]. With continuous advancement in testing technologies, methods such
as nuclear magnetic resonance (NMR), time domain reflectometry (TDR), and
frequency domain reflectometry (FDR) [6] have been widely applied to measure
unfrozen water content. These techniques establish relationships between sig-
nal values and temperature to determine unfrozen water content at different
temperatures.

Shoop [7] considered the adsorption effect of ice on water in soil pores and im-
proved the general soil freezing curve proposed by Zhang. Based on capillary
pressure theory, Dall’Amico [8] combined the Clapeyron equation with the
Genuchten soil-water characteristic curve to establish a relationship between
the soil freezing curve and soil water potential, with subsequent researchers
validating this approach [9]. Sheshukov and Niber [10] expanded the unfrozen
water content prediction formula by incorporating a simplified Clapeyron equa-
tion and introducing residual water content into the soil-water characteristic
curve. Other scholars have developed soil water freezing models under ideal
ice formation conditions based on pore size distribution functions and the se-
quential freezing of pore water from large to small pores [11]. Hitchcock [12]
explained temperature relationships in mesoporous materials based on homoge-
neous nucleation theory, pore blocking, and single-pore theory. Anderson [13]
first discovered through extensive laboratory experiments that unfrozen water
content decreases exponentially with temperature and proposed an empirical
formula, which has since been further improved and developed [14-16].

The premelting phenomenon of ice crystals in porous media provides a new
approach for determining unfrozen water content. The Clapeyron equation es-
tablishes the relationship between ice pressure, water pressure, and temperature,
and has been widely applied in coupled water-heat model calculations [17]. This
equation clarifies that water freezing primarily depends on changes in ice-water
pressure. Wettlaufer [18] developed a premelting theory-based model for the
liquid water fraction in uniformly-sized spherical particle packing systems at
subzero temperatures, simplifying unfrozen water content as a function of su-
percooling. Wettlaufer [19] revealed the intrinsic relationship between ice-liquid
interfaces and ice crystal surfaces, demonstrating that premelting behavior is
significantly affected by impurities in the medium. Hendrik and Wettlaufer
[20] considered the effects of impurity concentration and solid particle surface
charge density in porous media, establishing a premelting theory for ideal uni-
form particle systems. However, due to the wide range of particle sizes in soils,
premelting theory has not been widely applied to soils. This paper proposes a
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calculation method for volumetric unfrozen water content in soils based on ex-
isting premelting theory for porous media, and analyzes the effects of impurity
concentration and particle size on unfrozen water content.

1. Premelting Theory

In an ideal packing system of uniform spherical solid particles, pure water fills
the voids between solid particles. The solid particles are assumed to be homo-
geneous, isotropic, and have smooth surfaces, with all pore water transforming
into ice crystals at ultra-low temperatures. Before premelting (ice crystal melt-
ing) occurs, all voids are filled with ice crystals. As temperature increases, ice
crystals begin to melt, and water exists in two forms: film water and intersti-
tial water, as shown in Fig. 1. Interstitial water primarily exists in the voids
surrounded by ice crystals and soil particles, and its existence temperature is
determined by the ice-liquid curved interface. Film water mainly exists at the
contact surfaces between soil particle surfaces and ice crystals, and its thickness
is determined by the Gibbs-Thomson relationship [21].

Fig. 1. Existence form of liquid water in porous medium

For soils, the system contains impurities (salts), and many types of soil particles
have surface charges. Therefore, the effects of impurities and particle charges
should be considered in porous media systems.

Based on premelting theory in porous media, Wettlaufer [18] first established
relationships for two common packing arrangements: simple cubic packing (SC)
and face-centered cubic packing (FCC), with particle arrangements shown in
Fig. 2. The relationship between the liquid water fraction and film thickness,
particle radius, and ice-liquid contact surface radius in the packing system is
given by formulas (1) and (2):

𝑓𝑙(𝑆𝐶) = 3(4 − 𝜋)𝑔𝑏 + 3𝑝
3𝑅 + 9𝑟2

𝑅2

𝑓𝑙(𝐹𝐶𝐶) = 3𝑝 + 2(3 − 𝜋/2)𝑔𝑏
3𝑅 + 9𝑟2

𝑅2

where: 𝑓𝑙 represents the volumetric fraction of liquid water; 𝑝 is the percentage
of particles in total volume (packing density); 𝑔𝑏 is the water film thickness
between ice crystals and solid particles; 𝑅 is the particle radius; 𝑟 is the radius
of the ice-liquid contact surface, which affects freezing temperature and can be
determined through the Gibbs-Thomson relationship [21].

If system impurities and surface charges are not considered, the film thickness
𝑑 on solid particle surfaces can be calculated using formula (3) [24,26]:

𝐿𝑤𝑖𝜌𝑙6𝜋Δ𝑇
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where: Δ𝑇 represents the degree of supercooling, i.e., the reduction in initial
freezing temperature (deviation from 𝑇𝑚); 𝐿𝑤𝑖 is the latent heat of ice-water
phase change (J・mol−1); 𝑇𝑚 is the freezing point temperature of pure water
(273.15 K); 𝜌𝑙 is the molar density of pore solution (mol・m−3). The Hamaker
constant affects the value of 𝑑, as different material contact forms influence the
Hamaker constant.

For soils, the system contains impurities (salts), and many soil particle types
have surface charges. Therefore, the effects of impurities and particle charges
should be considered in porous media systems.

Wettlaufer and Hendrik [20] derived the relationship between water film thick-
ness and supercooling in uniform particle packing systems containing impurities
and charges, as given by formula (4):

𝜌𝑙𝑑 = 𝑛𝑖𝑚𝑒2

𝜀𝜀0𝑘𝑇𝑚
− 𝐴𝐻

6𝜋𝑑3 + 𝑞2
𝑠

2𝜀𝜀0𝑘𝑇𝑚

where: 𝑛𝑖𝑚 is the impurity concentration on soil particle surfaces; 𝜀 is the rel-
ative permittivity of liquid water; 𝜀0 is the vacuum permittivity; 𝑇𝑚 = 273.15
K; 𝑒 is the electron charge; 𝑁𝐴 is Avogadro’s constant; 𝑘 is the Boltzmann con-
stant; 𝑞𝑠 is the fixed surface charge density on particles; 𝜌𝑙 is the molar density
of pore solution; 𝑅 is the gas constant. In calculations, 𝜌𝑙 can be considered
constant. The first term represents the effect of impurity concentration, the
second term represents interfacial free energy under dispersion forces, and the
third term represents interfacial free energy related to particle surface charge.

The above theories provide a relatively complete solution for water freezing in
uniform particle porous media. However, effective methods remain lacking for
water freezing in soils composed of different particle sizes.

2. Research Methods

Due to the wide distribution of soil particle sizes (e.g., silty clay typically ranges
from several micrometers to several millimeters), the application of existing
premelting theory to soils is limited. Assuming soil particles are spherical and
ignoring surface roughness by treating surfaces as ideal smooth spheres, we
can proceed as follows. Based on the soil particle size distribution curve, a
sufficiently small particle size range is selected. Typically, experiments measure
the mass (volume) proportion 𝜔𝑖 of soil particles within a certain size range
𝑅𝑖 relative to the total particle mass (volume). The particle distribution and
size classification are shown in Fig. 3. According to reference [29], the particle
distribution curves for loess and sand are shown in Fig. 4.

Fig. 3. Soil particle distribution of silty clay

Fig. 4. Soil particle distribution of loess and sand
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Within the 𝑖-th particle size range, particles are assumed to be uniformly dis-
tributed with radius 𝑅𝑖. If structural differences in soil are not considered, the
soil can be idealized as a mixture of these two particle packing types, and the
unfrozen water content for this particle size can be solved using the combined
formulas (1) and (2). The total unfrozen water content can then be calculated
using formula (5):

𝑓𝑙(𝑆𝐶) = ∑
𝑖

[𝑝𝑖(𝑆𝐶)3(4 − 𝜋)𝑔𝑏 + 3𝑝𝑖
3𝑅𝑖

+ 9𝑟2
𝑖

𝑅2
𝑖

]

𝑓𝑙(𝐹𝐶𝐶) = ∑
𝑖

[𝑝𝑖(𝐹𝐶𝐶)3𝑝𝑖 + 2(3 − 𝜋/2)𝑔𝑏
3𝑅𝑖

+ 9𝑟2
𝑖

𝑅2
𝑖

]

where: 𝑟𝑖 represents the ice-liquid contact surface radius for soil particles with
radius 𝑅𝑖.

However, calculating using formula (5) is cumbersome as it requires repeatedly
solving for unfrozen water content under different particle sizes. To address
this issue, this paper proposes an equivalent particle size method based on the
volume proportion of different particle sizes, as calculated using formula (6):

𝑅𝑒 = ∑
𝑖

(𝜔𝑖𝑅𝑖)

where: 𝑅𝑒 represents the equivalent particle size of soil particles.

Soil particle arrangements in soil lie between SC and FCC packing. To further
simplify calculations, this paper adopts an average packing arrangement, i.e.,
taking the average of formulas (1) and (2). Combining formula (4), the liquid
water content in soil can be calculated using formula (7):

𝑓𝑙 = 1.896 𝑔𝑏
𝑅𝑒

+ 0.275𝑝 + 7.388 𝑟2

𝑅2𝑒

The curved radius 𝑟 of the ice-liquid contact surface can be determined through
formula (8):

𝑟 = 2𝛾𝑠𝑙𝑇𝑚
𝐿𝑤𝑖𝜌𝑠Δ𝑇

where: 𝜌𝑠 is the molar density of ice crystals; 𝛾𝑠𝑙 is the ice-liquid surface free
energy.

For the latent heat of ice-water phase change, its variation is ignored within a
small temperature range, taking 𝐿𝑤𝑖 ≈ 6000 J・mol−1.
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As temperature increases and approaches the freezing point infinitely, ice crys-
tals are assumed to be at the pore center and can be approximated as an in-
finitesimal point, as shown in Fig. 5. At this point, ice crystals have maximum
water film thickness. The geometric relationship of particle packing can be used
to establish the initial pore volume concentration under different soil particle
packing arrangements.

Fig. 5. Schematic diagram of maximum thickness of water film

Taking silty clay from the Qinghai-Tibet Plateau as the research object, the
initial freezing temperature is -0.2°C [31], which is attributed to ion concentra-
tion in the soil [32]. Based on the solution freezing point calculation formula
[33], the initial ion concentration is estimated to be approximately 0.07 mol・
L−1. Assuming the salt type in soil is typical sodium chloride, 𝑁 = 2. Using
the particle size distribution curve of silty clay in Fig. 3, the equivalent particle
radius is ___ �m according to formula (6). The impurity concentration 𝑛𝑖𝑚
can be estimated as ___ �mol・m−2 using formula (9).

The relationship between soil particle water film thickness and freezing temper-
ature depression can be established using formula (4), with calculation results
shown in Fig. 6.

Fig. 6. Curve of relationship between degree of supercooling and thickness of
water film in soils

3. Results and Analysis

3.1 Variation of Water Film Thickness and Unfrozen Water Content
in Soil General soil particles have surface charges. Taking silty clay from
the Qinghai-Tibet Plateau as an example, with initial freezing temperature of
-0.2°C [31], attributed to ion concentration in the soil [32]. Based on the solution
freezing point calculation formula [33], the initial ion concentration is estimated
to be approximately 0.07 mol・L−1. Assuming the salt type in soil is typical
sodium chloride, 𝑁 = 2. Using the particle size distribution curve of silty clay
in Fig. 3, the equivalent particle radius is calculated according to formula (6).
Based on formula (9), the impurity concentration 𝑛𝑖𝑚 is estimated.

The relationship between soil particle water film thickness and freezing temper-
ature depression can be established using formula (4), with calculation results
shown in Fig. 6. The diagonal line in the figure represents the variation curve of
supercooling with water film thickness, with points on the line indicating super-
cooling values at different water film thicknesses. It can be observed that water
film thickness in soil has a linear relationship with temperature. To achieve small
changes in water film thickness, greater supercooling or lower temperatures are
required. Points K1 and K2 indicate that to achieve water film thicknesses of
15 nm and 22 nm, supercooling must reach -20°C and -30°C, respectively. If
the initial freezing temperature of soil is -0.2°C and soil temperature is -30°C,
the water film thickness changes only slightly. Below -30°C, water film thick-
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ness in soil changes very little, and temperatures in typical frozen soil regions
rarely reduce water film thickness to a few nanometers. Therefore, when calcu-
lating unfrozen water content in soil, temperatures are typically considered in
the range of 0°C to -30°C.

Particle surface charge differences are relatively small [30], so a uniform value is
adopted in calculations. Using formula (6), the equivalent particle radii for loess
and sand are calculated as ___ �m and ___ �m, respectively. The equivalent
particle radius for clay is approximately ___ �m.

Without considering supercooling of soil water, surface impurity concentration
is assumed to be the same as the previously mentioned silty clay. Similarly, the
relationship between water film thickness between ice crystals and supercooling
can be established based on formula (4). The curved ice-liquid interface radius
can be solved through formula (8). Substituting the values of water film thick-
ness and curved interface radius into formula (7) allows solving for unfrozen
water content in soil under different supercooling conditions.

When the equivalent radius is reduced by ___ times, the calculated values show
good agreement with experimental data. The calculation results are shown in
Fig. 7. The experimental data in the figure are all from silty clay of the
Qinghai-Tibet Plateau [15,28,31-33]. It can be found that the calculated values
match well with experimental values, especially during the intense ice-water
phase change stage (0°C to -2°C), indicating that the improved formula can
solve unfrozen water content in silty clay at negative temperatures.

Fig. 7. Comparison between the calculated and experimental values of unfrozen
water content in silty clay

For further validation of model applicability, experimental values from different
soil types including loess, sand, and clay were selected for comparison. Un-
frozen water experimental data for different soil types are all from references
[18,28,34-35], with calculation results shown in Fig. 8. It can be seen that the
calculated values can well reflect the variation 规律 of unfrozen water. At lower
temperatures (i.e., below -5°C), predicted values are higher than experimental
values. For sand, calculated values match well with experimental values, with
volumetric unfrozen water content decreasing rapidly and stabilizing. For clay,
although calculated values reflect the trend, the error is larger, especially in the
initial freezing temperature stage, mainly because clay particles are flake-shaped,
which differs significantly from the assumed spherical shape.

Fig. 8. Comparison between the calculated and experimental values of different
soils

3.2 Factors Affecting Water Film Thickness The effects of different
physical-chemical interface energies on water film thickness are shown in Fig. 9.
Dispersion forces, related to the Hamaker constant, affect water film thickness
independently of impurity concentration. As water film thickness decreases,
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supercooling increases linearly. When water film thickness decreases to the
nanometer scale, dispersion forces gradually become active. Impurity concen-
tration has a significant effect on water film thickness changes. As concentration
increases, it becomes increasingly difficult to reduce water film thickness under
the same supercooling, indicating increased difficulty of water freezing. The
effect of soil particle surface charge density on water film thickness is highly
susceptible to impurity concentration. As concentration increases, the influence
of surface charge on water film decreases. Conversely, when impurity concen-
tration decreases to 0.01 �mol・m−2, the effect of particle surface charge density
on water film changes in soil pores exceeds the effect of impurity concentration
itself. When impurity concentration exceeds 1 �mol・m−2, the effect of surface
charge density on water film is minimal and can be neglected in calculations. Ad-
ditionally, according to formula (4), as particle surface charge density decreases,
its effect on water film also decreases.

Fig. 9. Effect of different impurity concentration and physical chemical inter-
face energy

3.3 Variation Patterns of Film Water and Interstitial Water and Influ-
encing Factors The contributions of particle surface water film, interstitial
water between ice crystals, and interstitial water to calculated unfrozen water
content for silty clay are shown in Fig. 10. It can be observed that water freezing
in soil is mainly determined by changes in water film thickness on soil particle
surfaces. The effect of water film between ice crystals is smaller compared to
that on soil particle surfaces, with calculated values differing by an order of
magnitude. The effect of interstitial water in soil on unfrozen water content is
minimal, and its contribution can be neglected.

Fig. 10. Construction of water film and interstitial water to calculation of
unfrozen water content

When impurity concentration in soil changes or soil particle size changes (e.g.,
clay has finer particles than silty clay), assuming different concentrations and
particle size conditions, the calculated unfrozen water content results are shown
in Fig. 11. It can be found that under high concentration conditions (Fig.
11a), as the equivalent particle size of soil decreases, unfrozen water content
increases, indicating that water is more difficult to freeze in fine-grained soils.
Under low concentration conditions (Fig. 11b), similar patterns are observed,
but the role of interstitial water in calculated unfrozen water content becomes
increasingly significant as particle size decreases, exceeding the values calculated
based on water film thickness between ice crystals over a wide temperature range.
Additionally, calculation results show that finer equivalent particle sizes lead to
lower initial freezing temperatures. At low concentrations, the ice-liquid curved
interface plays a dominant role in initial water freezing, and this radius decreases
as equivalent particle size decreases.

Fig. 11. Effect of concentration and particle radius on unfrozen water content
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4. Discussion

Classic exponential or power function relationships [13-16] have large errors
during the intense phase change stage (near the initial freezing temperature)
because exponential functions do not converge at the freezing point, and model
parameters vary significantly with different initial water contents. Prediction
models combining soil-water characteristic curves and freezing characteristic
curves [8-10] depend heavily on initial and residual water contents, with many
parameters lacking clear physical meaning. In contrast, the improved model
in this paper has clear physical parameters, considers soil particle size, impu-
rity concentration, and particle surface charge characteristics, and involves the
physical-chemical micro-mechanism of water freezing.

Wettlaufer [18] calculated unfrozen water content distributions in uniform-sized
polystyrene powder and graphitized carbon black powder using premelting the-
ory, finding good agreement with experimental values when radii were reduced
by ___ times. Actual soil particle arrangements are complex, and particle
shapes are not all spherical, with particle surfaces exhibiting certain roughness.
This paper employs equivalent particle size in calculations. When equivalent
radii of silty clay, loess, and sand are reduced by , , and ___ times respec-
tively, calculated values match well with experimental values. For fine-grained
clay, the difference between calculated and experimental values is larger. Addi-
tionally, the model does not consider special structures in fine-grained soils, such
as honeycomb or flocculent structures, which differ from naturally arranged par-
ticle distributions and affect model accuracy. Meanwhile, the radius reduction
approach in calculations has not been elaborated in detail. Therefore, particle
shape, surface roughness, actual particle arrangement, and soil structure type
will be addressed in future research on micro-scale water freezing.

5. Conclusions

This paper studied the variation of volumetric unfrozen water content in soil
with temperature based on premelting theory in porous media, proposed a calcu-
lation method, and analyzed the effects of impurity concentration and particle
size on water film thickness and unfrozen water content. The main conclusions
are:

1. The unfrozen water content model shows good predictive performance for
coarse-grained soils. When equivalent particle sizes of silty clay, loess, and
sand are reduced by ___ times, respectively, calculated unfrozen water
contents are close to experimental values, and the model can well predict
liquid water content in soils under different supercooling conditions. For
clay, the prediction error is larger.

2. The effect of soil particle surface charge density on water film thickness is
highly susceptible to impurity concentration, with the influence of surface
charge on water film decreasing as concentration increases. As impurity
concentration increases, water film thickness increases under the same
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supercooling, making water freezing more difficult.

3. In calculating unfrozen water content in soil, the effect of dispersion forces
can be neglected. Water freezing is mainly determined by changes in
water film thickness on soil particle surfaces. As equivalent particle size
decreases, the volumetric proportion of unfrozen water contributed by
interstitial water gradually increases, playing a more significant role at
lower concentrations.

4. When impurity concentration on soil particle surfaces is less than 1 �mol・
m−2, soil water freezing temperature is determined by the ice-liquid con-
tact surface radius, which decreases as equivalent particle size decreases.
Smaller radii result in lower freezing temperatures.
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