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The soil freezing characteristic curve (SFCC), relating temperature and unfrozen water content, is essential in modelling hydro-
thermal processes in permafrost. In this study, the SFCC of sand/clay mixtures, with clay content varying from 0 to 20%, was
determined. Compacted soil samples were first subjected to a freezing path (temperature decreasing from 0 °C to -3 °C) followed
by a subsequent thawing path (temperature increasing from -3 °C to 0 °C). During this freezing/thawing cycle, volumetric
unfrozen water content was measured as a function of soil temperature. The results show a significant hysteresis of the
relationship between these two parameters. This finding is important because the hysteresis of SFCC is rarely considered in the
modelling of hydro-thermal processes in permafrost. In addition, clear effects of clay content on the thawing curve were identified.
At a given temperature, volumetric unfrozen water increases with clay content. Finally, a model predicting the SFCC of sandy

soils was introduced, considering the effect of clay content.

1 INTRODUCTION

More than 20% of the world’s land surface is underlain by
permafrost, particularly in Russia, Canada and China
(French 2007). With diverse human activities in cold regions
such as mining, oil exploitation, construction, etc., freezing-
thawing processes in frozen soils cause geotechnical
engineering problems including damage to pavements and
existing foundation structures, etc.

Frozen soil consists of mineral particles, liquid water, ice
and gases (air and water vapour). The freezing process,
when a fraction of liquid water solidifies into ice at
temperatures sufficiently below 0 °C (Andersland and
Ladanyi 1994), causes significant modifications of the
physical-hydraulic-mechanical ~ properties  of  soils
(Andersland and Ladanyi 2004). The freezing-thawing
process is usually the main cause of frost heave and thaw
settlement inducing damages to infrastructure in permafrost
of cold regions (Russo et al. 2015; Han et al. 2016; Zhang
et al. 2016a; Yu et al. 2020). Interested readers are referred
to Bordignon (2020) for a scientometric review of
permafrost research with a focus on infrastructure
vulnerability.

The Soil Freezing Characteristic Curve (SFCC) represents
the relationship between the temperature and the quantity
of liquid water in the soil. It is one of the most essential data
in studying the hydro-thermal behaviour of permafrost. In
general, the SFCC can be described using empirical
models or derived from the Soil Water Retention Curve
(SWRC) or a thermodynamic approach. In the first
approach, different empirical models have been determined
experimentally using power, piecewise or exponential
functions (Anderson and Tice 1972; Tice et al. 1976; Ye et
al. 2007; Kozlowski 2007; Ge et al. 2011; Kozlowski and
Nartowska 2013; He et al. 2020; Teng et al. 2021). The
second approach is based on the theoretical similarity
between freezing-thawing and drying-wetting processes
that is illustrated by Clausius-Clapeyron equation (Zhang et
al. 2007, 2016b; Dall’Amico 2010; Sheshukov and Nieber
2011; Liu and Yu 2013; Zhou et al. 2019; Teng et al. 2020;
Li and Vanapalli 2023). The two approaches capture the

effects of supercooling, hysteresis, pore blocking,
capillarity, free energy barriers, contact angles and
electrolytes (Bittelli et al. 2003; Li et al. 2020). However,
aside from a few models (e.g., Zhou et al. 2019), most of
the existing SFCCs consider a unique relationship between
unfrozen water content and temperature and ignore
hysteresis effects (i.e., different paths between freezing and
thawing).

SFCC can be determined in the laboratory by subjecting a
soil specimen to a freeze-thaw cycle. Different methods can
be used to measure unfrozen water content at negative
temperatures such as dilatometry (Koopmans and Miller
1966; Patterson and Smith 1981), gas dilatometry (Spaans
and Baker 1995), adiabatic calorimetry (Kolaian and Low
1963; Anderson and Tice 1973), isothermal calorimetry
(Tice et al. 1976), differential scanning calorimetry (Yong et
al. 1979; Kozlowski 2003, 2004), X-ray diffraction
(Anderson and Hoekstra 1965; Anderson and Morgenstern
1973), timeffrequency domain reflectometry (TDR/FDR;
Stahli and Stadler 1997; Zhou et al. 2014; Schafer and
Beier 2020) and pulsed nuclear magnetic resonance (P-
NMR; Tice et al. 1981; Watanabe and Mizoguchi 2002; Li
et al. 2020).

It is found that the shape of SFCC depends on several
factors, including liquid limit (Tice et al. 1976), stress
condition (Mu et al. 2019), salt content and solute types
(Ming et al. 2020), initial water content or degree of
saturation (Jia et al. 2019), types of soil (Zhang et al. 2020),
and fines content (Tian et al. 2014). Among these factors,
fines content can influence others (liquid limit, pore-size
distribution and types of soil). As far as fines content is
concerned, by determining the unfrozen water content of
several clays, a silt and a gravel, Tice et al. (1976) observed
significantly different unfrozen water contents at the same
temperature below 0°C. Tian et al. (2014) carried out tests
on three soils corresponding to three clay contents and
found that the unfrozen water degree of saturation also
changed in different ways in both freezing and thawing
processes. For soils containing higher clay fraction,
unfrozen water degree of saturation was higher at any given



temperature below the freezing point and the hysteresis
loop was smaller.

The present study aims to investigate the effects of clay
content on the SFCC of sandy soils. Sandy soils with clay
content of 0, 5, 10, 15, and 20% were compacted and
saturated. The specimens were then subjected to freezing
and thawing paths in undrained conditions. During this
freezing-thawing cycle, the soil’'s temperature and unfrozen
water content were measured.

2 MATERIALS AND EXPERIMENTAL METHODS

2.1 Materials

Fontainebleau sand and Speswhite kaolin clay (physical
properties shown in Table 1) were mixed in a dry state,
using an automatic mixer, to obtain five sand/clay mixtures
with different clay contents varying from 0 to 20%. The two
materials were chosen because their hydro-mechanical
properties have been widely investigated (Boussaid 2005).
Figure 1 shows the grain size distribution curves of the five
mixtures: SO0, S5, S10, S15, and S20 (e.g., S10
corresponds to 10% of clay and 90% of sand in dry mass).
Then, distilled water was added to the mixtures to reach
their optimum water content, as determined from the
Standard Proctor compaction curve obtained for the same
soil compositions (Boussaid 2005). Wet soil was finally left
to equilibrate in a plastic bag for at least 24 hours before
compaction in a cylindrical cell using a Proctor rammer to
the maximum dry density. The tested soil properties are
shown in Table 2.
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Figure 1. Grain size distribution curves of the five mixtures.

2.2 Experimental setup and procedure

The experimental setup is shown in Figure 2. A soil
specimen was confined in a rigid metallic cylindrical cell
(150 mm in height and 150 mm in diameter). Four sensors
measuring the soil thermal conductivity (KD2-Pro), suction
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(T5x), temperature (PT100) and water content (ThetaProbe
ML2x) were installed. The cell was submerged in a
temperature-controlled bath (F38-EH JULABO with
+0.03 °C in accuracy). As Thetaprobe sensor measures soll
apparent dielectric constant (K,) which is the ratio of the
dielectric permittivity of a substance to that of vacuum, soil
volumetric unfrozen water content (6,,) was estimated from
the measured K, by using empirical Equation 1 (Smith and
Tice 1988) and Equation 2 (Topp et al. 1980) for frozen and
unfrozen sails, respectively. Equation 1 was used where ice
is expected to exist in soil (i.e., after the occurrence of
freezing and before the completion of thawing). Equation 2
was used only for the initial state (before any freezing) and
for the final state where thawing is complete.

Table 1. Physical properties of Speswhite kaolin clay and
Fontainebleau sand (Boussaid 2005).

Property Speswhite Fontainebleau
kaolin clay sand
Median grain size, Dgq (Mmm) - 0.21
Uniformity coefficient, Cy - 1.52
Minimum void ratio, e, - 0.54
Maximum void ratio, e, - 0.94
Particle density, psosiia 2.65 2.65
(Mg/m®)
Minimum dry density, pgmin - 1.37
(Mg/m®)
Maximum dry density, pgmax  1.45 1.72
(Mg/m®)
Liquid limit, LL (%) 55 -
Plastic limit, PL (%) 30 -
Plasticity index, PI 25 -

Specific surface area (m?/g)  0.94 -
Particles diameter < 0.002 79 -
mm (%)
Particles diameter > 0.01 0.5 -
mm (%)

Table 2. Physical properties of tested soils.

Test Clay Water Dry density,  Porosity,
No. content content at Pa n

(%) compaction  (Mg/m?) )

(%)

S20 20 11.2 1.98 0.25
S15 15 9.1 1.99 0.25
S10 10 8.0 1.91 0.28
S5 5 7.0 1.78 0.33
SO 0 5.6 1.67 0.37

6, = —0.1458 + 3.868 x 1072 x K, — 8.502 x 10~
X K2 +9.92 x 1076 x K3 (1)
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Figure 2. Schematic view of the experimental setup (Vu et
al. 2022).

Table 3. Properties of sensors used in the experiments.

Measured Method Accuracy Range
variable
Temperature Resistance +0.03 °C -200 to
temperature 400 °C
detector
Volumetric Time domain 0.01 0.01to1l
unfrozen water reflectometry m3¥/m3 m3¥/m3
content (dielectric
constant)

After the installation of the sensors, an insulating cover
made of expanded polystyrene was placed over the
experimental setup to avoid heat exchange with ambient
air. Then, the soil specimen was saturated by injecting
water from the bottom of the specimen for 0.5 to 2 days
depending on the clay content (a longer duration was
required for samples with higher clay content and thus lower
hydraulic conductivity). The whole system was then
transferred inside the temperature-controlled bath (Figure
2). The bath temperature was first set at a temperature
between 0 °C and -1 °C (slightly higher than the expected
spontaneous nucleation temperature which marks the
freezing process). The start of each test began with a
temperature decrease from -1 °C towards -3 °C, before a
temperature increase later in the test. The bath temperature
was decreased in steps of 0.1 °C to freeze the soil pore
water. Each temperature ramp took less than one hour to
stabilize and it was held constant for several hours. Once
the freezing was triggered, the temperature continued to be
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decreased in steps of 0.2 °C until -2 °C or -3 °C to observe
the change of liquid water content during further cooling.
Afterwards, during the warming path, the bath temperature
was increased in steps of 0.2 °C until 0 °C to thaw the frozen
soil. During both cooling and warming paths, the bath
temperature was changed to the subsequent step only
when soil temperature and volumetric unfrozen water
content had reached an equilibrium state, considered
achieved when these two quantities did not change
(< 0.05 °C for temperature and < 1% for water content)
during at least 2 h.

3 EXPERIMENTAL RESULTS

As an example, the results of test S10 are shown in Figure
3 where soil temperature and unfrozen water content are
plotted versus elapsed time for the whole freezing and
thawing path.
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Figure 3. Soil temperature and volumetric unfrozen water
content versus elapsed time of test S10.

From -1.2 °C, soil temperature was decreased in steps of
0.1 °C down to -1.6 °C. During this stage, soil temperature
was controlled through the bath’s temperature, and
volumetric water content remained constant. When soil
temperature reached -1.6 °C, soil freezing started inducing
abrupt changes in the soil temperature. The latter increased
abruptly to -0.1 °C before a progressive decrease and
reached the imposed temperature (-1.6 °C) again while soil
water content decreased to 3%. These results are
representative of the freezing process because
transformation of liquid water to ice releases latent heat (Vu
et al. 2022). After the freezing process, a decrease in
temperature induced a slight decrease in volumetric
unfrozen water content. During the warming path,
temperature was increased by steps of 0.2 °C from -2.8 °C
to 0 °C. It induced thawing of frozen water (corresponding
to a gradual increase of unfrozen water content when
compared to the freezing case).



From the results shown in Figure 3, volumetric unfrozen
water content obtained at the end of each step is plotted
versus the corresponding soil temperature for test S10 in
Figure 4. The hysteresis, which is clearly shown in Figure
4, is significant in the temperature range of -0.1 °C to
-1.6 °C.
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Figure 4. Soil freeing characteristic curve determined from
test S10.

SFCC of all soils are plotted in Figure 5 where unfrozen
water degree of saturation is plotted as a function of
temperature for the thawing path. The freezing path is not
analysed in this study because it depends on other factors
(besides clay content) such as the test procedure. The
results show that the unfrozen water degree of saturation
increased gradually with thawing.

4 SFCC MODEL OF SANDY SOILS

Van Genuchten’s model, which is initially proposed for the
water retention curve in unsaturated unfrozen soil, allows
relating cryogenic suction (s) to unfrozen water content in
frozen soil as shown in Equation 3 (van Genuchten 1980;
Nishimura et al. 2009):

1
S \1-2,
14 (pr) } 3)

Sw =

where:
e S, is the unfrozen water degree of saturation.

e A, is a fitting parameter which relates to the
curvature at temperatures close to 0 °C.

e p, isafitting parameter (kPa) corresponding to the
soil suction at which the residual unfrozen degree
of saturation is reached. For larger values of
suction, the unfrozen degree of saturation
changes insignificantly.
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e sis the soil suction (kPa).

To relate the temperature and soil suction, the Clausius-
Clapeyron equation was used to estimate suction during
thawing as follows:
T—T;
s= Lepw T 4
f

where p, = 1000 kg/m? is the density of water,
Ly = 334 kJ/kg is the latent heat of fusion, Tr = 273.15 K is
the freezing point of water, T is the soil temperature in
Kelvin.

Based on the results from the thawing path in tests SO to
S20, van Genuchten model for SFCC for different soils was
calibrated as shown in Figure 5. The two fitting parameters
for each soil are shown in Table 4. The effect of clay content
on fitting parameters of van Genuchten’s model is shown in
Figure 6.

Table 4: van Genuchten’s model parameters.

Materials Fitting parameter Fitting parameter
40 pr(kPa)

SO 0.46 30

S5 0.46 98

S10 0.44 126

S15 0.37 140

S20 0.33 150
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Figure 5. van Genuchten hydraulic model fitted to
experimental SFCC (thawing path).
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Figure 6: Effect of clay content on fitting parameters of van
Genuchten’s model.

5 DiscussIioN

In this study, to determine the relationship between
unfrozen water content and temperature during a freezing-
thawing cycle, large soil specimens (150 mm in height and
150 mm in diameter) were prepared to embed several
sensors within the soil mass without interference between
sensors. To minimise thermal and any other gradients, soil
temperature was changed by small steps and equilibrium
was checked at the end of each step prior the subsequent
step. At equilibrium, the soil temperature and unfrozen
water content were thus supposed to be homogeneous
within the specimen.

The measurement of unfrozen water content in the present
study was obtained from the measurement of the apparent
dielectric constant, Ka, which is strongly dependent of
temperature (Wraith and Or 1999; Haynes 2016). In this
study, Topp’s empirical model (Equation 2) is used for its
better compatibility with unfrozen soils in comparison to the
existing models in the literature (Topp et al. 1980; Roth et
al. 1990; Stahli and Stadler 1997; Schafer and Beier 2020).
For frozen soils, Smith and Tice (1988) proposed a model
based on a comparison of unfrozen water content for
25 soils covering a wide range of specific surface areas. For
this reason, in the present work, the model of Smith and
Tice (1988; equation 1), which provides an accuracy of
+3%, compared to experimental data, was used for frozen
soils.

Residual unfrozen water degree of saturation (value
corresponding to lowest temperature in Figure 5) was
observed to increase with clay content. Increasing clay
content induces an increase in the amount of specific
surface of soils (Tian et al. 2014). When freezing is
triggered, only free water is frozen (Bing and Ma 2011).
Residual unfrozen water should then correspond to
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bound water. According to Tian et al. (2014), the amount of
bound water in soils is proportional to the thickness of the
electric double layer and the specific surface area. In the
present study, a higher clay content corresponds to a higher
specific surface area and an associated increase in bound
water.

Hysteresis of SFCC (difference between the freezing and
the thawing curves) is usually attributed to the same factors
inducing hysteresis in SWCC, such as the effect of
electrolytes, pore geometry, pore blocking, effect of contact
angle and change in pore structure (Ren and Vanapalli
2019). In this study, the hysteresis was observed only
above the temperature of spontaneous nucleation (at
-1.6 °C for the test S10). Supercooling, the process of
lowering the temperature of a liquid below its freezing point
without phase change, could mainly contribute to hysteresis
due to the absence of electrolytes.

Figure 5 demonstrates a significant effect of clay content on
the thawing path of SFCC. Actually, at a given temperature,
a higher unfrozen water degree of saturation was obtained
at a higher clay content. These results are consistent with
the findings of previous works (Tice et al. 1976; Tian et al.
2014; Zhang et al. 2020; Li et al. 2020). Following these
studies, Gibbs-Thompson equation which presents the
thermodynamic treatment of the solid/liquid transition in
confined pores can be used to relate the pore size
distribution and the thawing path of SFCC; a lower
temperature corresponds to a smaller pore (Vu et al. 2023).
In this study, soil having higher clay content would have a
larger volume of micropores (inter-aggregates and intra-
aggregates pores) and consequently a lower volume of
macropores (space between sand particles).

van Genuchten model with two parameters corresponding
to the residual unfrozen water degree of saturation and the
curvature at temperatures close to 0 C can predict well the
SFCC of sandy soils with varying clay content in the thawing
path. However, the hysteresis could not be captured by the
model as well as the existing models in literature due to the
abrupt decrease of unfrozen water degree of saturation at
freezing temperature along the freezing path.

The results of this work reveal the role of fines content on
soil freezing characteristic curve. Results shown in Figure 6
would help to better choose parameters of van Genuchten’s
model when clay fines content is known.

6 CONCLUSIONS

The results obtained in this study show that clay content in
sandy soils significantly influenced the SFCC along the
thawing path. The freezing path was not presented because
it is influenced by other factors such as the test procedure.
Based on the investigation of five levels of clay content
(varying from 0 to 20%), the following conclusions can be
drawn:

e The hysteresis of SFCC in sandy soils is mainly
due to supercooling.



e The SFCC along a thawing path is significantly
influenced by clay content.

e The SFCC along the thawing path of five soils with
increasing clay content from 0% to 20% can be
well predicted by van Genuchten model. The
model could not capture SFCC in freezing path
due to an abrupt change of unfrozen water content
at freezing temperature.
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