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The soils freezing point is usually determined by both the direct method of slow cooling with the tem-
perature monitoring during ice crystallization in a supercooled system, and indirect methods using other measured 
parameters of the soil system with further calculation. The water-potentiometric method for soils freezing point 
determination based on a single measurement of a pore water potential with subsequent thermodynamic conver-
sion into an equivalent temperature has been developed. This approach is one of the most promising indirect 
methods due to high productivity and its accuracy is comparable to direct measurements. The results have 
demonstrated good comparability of the obtained data by the water-potentiometric method with the direct 
measurements of the freezing point for the same soils. The values diff erence between the two methods is no more 
than 0.05 °С for all investigated permafrost soils with diff erent particle size distribution, salinity and moisture 
content. The water-potentiometric method can be recommended for the freezing point determination applied 
to soils with natural moisture and salinity along with methods of direct experimental determination.

Soils, freezing point, water-potentiometric method, natural moisture content, pore water potential, pore water 
activity, salinity, Yamal Peninsula

INTRODUCTION

Water-saturated soils are multi-component sys-
tems, the transition of which from the thawed state to 
the frozen one occurs within the range of tempera-
tures below zero Celsius. At the same time, the freez-
ing point of pore water in porous media can be sig-
nificantly different from 0 °C, which is due to the 
mineralization of the pore solution and its interaction 
with the soil skeleton. The freezing point correspond-
ing to the temperature of the ice appearance in the 
pore space is an important soil characteristic and used 
in assessing the depth of soil freezing or thawing in 
permafrost engineering surveys.

The freezing temperature of non-saline sandy 
and coarse-grained soils in some cases (as an estimat-
ed one) can be taken equal to –0.1 °C, and for clay 
soils it can be assumed as –0.25 °C [SP 25.13330.2012, 
2012]. However, the freezing point of saline and or-
ganic-reach (peat) soils should be determined em-
pirically. In practice for geotechnical calculations the 
recommended values of the freezing point are often 
used, for example, those given in SP 25.13330.2012  
[2012]. They are determined taking into account soil 
particle size distribution (sandy, sandy loam, loamy 
and clayey ones) and the pore water mineralization 

(salinity), which is calculated based on the degree of 
salinity and the total moisture content of the soil. At 
the same time, the higher clay content and salinity 
manifest the lower freezing point.

It should be noted that the freezing and thawing 
temperatures of soils may be slightly diff erent. For 
example, the thawing temperature of fine-grained 
soils is tenths of a degree higher than the freezing 
point, which can be explained by the infl uence of the 
capillary eff ect during the freezing [Saveliev, 1989]. 
However, with cyclic freezing-thawing of soils, those 
temperatures cease to differ practically, which is 
probably associated with structural and textural 
transformations in soils. Therefore, in practice, only 
the term ‘freezing point’ is usually used, implying that 
its value is practically equal to the thawing tempera-
ture of the soil.

ESTIMATION OF THE FREEZING (THAWING) 
TEMPERATURES OF SOILS

Methods for determining the freezing point of 
soils can be divided into the experimental and calcu-
lated ones. It is the experimental determination of the 
freezing–thawing temperature that has traditionally 
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been given the primary role from the beginning of the 
permafrost study (Geocryology). At the same time, 
the experimental method for the freezing point deter-
mination is being improved in accordance with the 
development of the hardware base for fi xing the tem-
perature, being determined by the sensitivity of the 
measuring devices used as temperature sensors [And-
rianov, 1936; Bozhenova, 1954; Tsytovich, 1973; Er-
shov, 1985, 2004]. It should be noted that the method 
of direct determination of the freezing point, devel-
oped by the Russian geocryologists in the middle of 
the 20th century, is used by specialists in other scien-
tifi c fi elds to determine the freezing point of various 
liquids, including aqueous solutions of various sub-
stances [Ershov, 2004; Gevorkyan, 2017].

Initially, the thermometers with visual control of 
temperatures and discrete manual recording of re-
sults (often depending on the experimenter’s effi  cien-
cy) have been used to study the freezing temperatures 
of soils. Thermometers have been replaced by various 
types of temperature sensors (thermoelectric, ther-
moresistive, semiconductor, acoustic, piezoelectric 
ones), and it became possible to record temperatures 
in a continuous mode, owing to the introduction of 
electronic potentiometers, as well as to apply auto-
matic processing of results. However, the sensitivity 
of the sensors and the automation of the measure-
ment process have only increased the accuracy of 
fi xation of temperatures in time, and the experimen-
tal technique for determining the desired value have 
remained practically unchanged.

As is well known, the freezing point (i.e. temper-
ature of pore water crystallization in the soil) is de-
termined by the ‘shelf’ on the temperature curve, 
which is recorded immediately after the temperature 
jump resulting from the beginning of freezing of the 
supercooled soil [Ershov, 2004]. In practice, depend-
ing on the composition of the soil and the rate of cool-
ing, the supercooled state of the system can be 
lengthy. Therefore, researchers sometimes determine 
the temperature of thawing of frozen ground, since in 
that case there is no eff ect of overheating of the sys-
tem. However, certain problems arise here associated 
with the presence of a temperature fi eld gradient [Er-
shov, 2004; Teng et al., 2020]. Note that the experi-
mental and technical base for conducting experi-
ments during freezing and thawing remains practi-
cally the same.

In the literature, interesting attempts are made 
to use new technical solutions for the direct measure-
ment of the freezing point of the soil water, for ex-
ample, an original method of ‘beginning of crystalliza-
tion’ has been recently proposed [Kolunin, Ishkova, 
2019], which, however, can only be applied to samples 
of a homogeneous structure, for which it has been de-
veloped.

The freezing point of the soils with known mois-
ture content can also be determined by the curve of 

the dependence of the unfrozen water content on the 
negative Celsius temperature obtained for the given 
soil within a wide temperature range [Sargsyan et al., 
1973]. Currently, many diff erent methods, both ex-
perimental and calculated ones, are used to determine 
the unfrozen water content. At the same time, new, 
more accurate and faster methods continue to appear, 
and the previously proposed methods continue to de-
velop and improve [Chuvilin et al., 2020]. However, it 
should be noted that the determination of the freez-
ing point by the curve of unfrozen water is a longer 
and more laborious way than direct measurements.

To date, a lot of experimental work has been 
done to determine the infl uence of various factors on 
the freezing point of soils, such as particle size distri-
bution, mineral composition, salinity, the organic 
matter content and various pollutants [Ershov, 1996; 
Motenko, Grechishcheva, 2016; Aleksyutina, Motenko, 
2017; Li et al., 2020; Teng et al., 2020], as well as to 
defi ne the eff ect of the freezing temperature on the 
strength and deformation characteristics of the frozen 
soils [Roman et al., 1994].

Along with experiments, many researchers pro-
posed calculation formulas for assessing the freezing 
point of soils, using various correlations with the 
physical characteristics of soils. Thus, based on the 
statistical analysis and generalization of the experi-
mental results obtained by the calorimetric method, 
an empirical formula for calculating the freezing tem-
perature was proposed, taking into account the val-
ues of the plastic limit and the total moisture content 
of the studied soils [Kozlowski, 2004, 2007, 2016]. 
Also, the freezing point was estimated on the basis of 
the Clapeyron–Clausius equation by adding various 
additional parameters and empirical coefficients 
[Koopmans, Miller, 1966; Kurylyk, Watanabe, 2013; 
Zhou et al., 2018]. The freezing point at the same pore 
water content can depend on a number of factors, 
such as mineral composition, grain and pore size dis-
tribution, specific surface area and content of dis-
solved substances [Kozlowski, 2004, 2007; Zhou et al., 
2018; Wang et al., 2020], and even the sample masses 
[Kozlowski, 2009], which requires further refi nement 
of the calculation formulas and a clear defi nition of 
the limits of their applicability.

Returning to the methods of direct determina-
tion of the freezing (thawing) temperature of soils, it 
should be noted that they involve the use of various 
experimental installations, an obligatory element of 
which are freezing devices (thermostat or refrigera-
tor), where soil samples are placed, as well as sensors 
of various modifi cations for recording temperature. 
However, methods of direct determination of the 
freezing (thawing) temperature require signifi cant 
time expenditures (up to 6 hours or more), as well as 
the need for placement, connection and continuous 
operation of refrigeration equipment, which is not al-
ways possible to ensure.
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Accordingly, there is a necessity to develop ope-
rational indirect methods for soil freezing point de-
termination. As such a method, we propose the use of 
a water-potentiometric method for determining the 
freezing (thawing) temperature of soils based on a 
single measurement of the potential of pore water in a 
sample. To substantiate the practical use of the pro-
posed method, a comparative analysis of the data on 
determining the freezing (thawing) temperature of 
soils, obtained by the traditional experiment during 
cooling and heating of soil samples, and a method 
based on measuring the moisture potential in the in-
vestigated samples with further thermodynamic con-
version of the obtained parameter into the freezing 
point, has been carried out. 

EXPERIMENTAL STUDY TECHNIQUE

The technique adopted in the work included the 
use of two methods for assessing the freezing-thawing 
temperatures of soils: a direct method for freezing 
point measurements based on using of the Kriolab 
Tbf experimental setup developed by KRIOLAB 
LLC, and a water-potentiometric method based on a 
one-time measurement of the pore-water potential of 
a soil sample with natural or specifi ed moisture con-
tent.

Technique of experimental determination of 
the freezing (thawing) temperature of soils. Ex-
perimental determination of the freezing point of soils 
was carried out on the KrioLab Tbf equipment with 
special software. This setup consisted of a special mo-
bile refrigerator-freezer, in which a container with the 
soil (diameter of 30 cm and a height of 40 cm) was 
placed (Fig. 1). A temperature sensor was inserted 
into the soil container through a hole in its lid, sealed 
into a needle sleeve with an outer diameter of 3 mm, 
connected to a thermo-chain, which was connected to 
a splitter. Through it, the thermo-chain produced by 
KRIOLAB LLC was connected to the ADC and then 
via a USB cable to the computer [Manual..., 2019]. 
The temperature sensors in the installation were cali-
brated with an accuracy of ±0.01 °C in a liquid ther-
mostat using a special reference temperature sensor. 

For determining the freezing point of the soil, a 
temperature in the mobile freezer was being main-
tained of –5...–10 °C, which was always lower than 
the temperature of possible supercooling of the soil. 
When determining the temperature of thawing of fro-
zen soils, the experiments were being carried out at 
temperatures 1–5 °C higher than the expected tem-
perature of complete thawing of the soil.

Determination of the freezing (thawing) tem-
perature was carried out as follows. The containers 
(sample-bottles) were tightly fi lled with the test soil 
in order to maximally exclude the possibility of dis-
tortion when measuring the temperature with a sen-
sor, which was installed in the geometric center of the 

bottle. The weighing bottles equipped with sensors 
were placed in a freezer with a preset temperature, 
after which the sensors were connected to a computer 
and the software was started in the mode of continu-
ous recording of measurements. The completion of 
measurements in the freezing cycle was carried out 
with the readings of the temperature sensors in the 
samples close to the temperature set in the freezer, 
and maintaining that temperature of the samples for 
a long time. For the subsequent determination of the 
thawing temperature, the weighing bottles with sam-
ples were removed from the freezer, and the measure-
ment of the temperature of the soil in the bottles was 
continued by means of the sensors installed in them 
until the end of the thawing cycle. At the end of the 
measurements, the moisture content of the samples 
was monitored.

The freezing point during the processing of the 
results in the freezing cycle was on the obtained dia-
gram along the ‘shelf’, i.e. a temporary area with prac-
tically zero temperature gradient. The thawing tem-
perature was determined as the point of intersection 
of two tangents to the sections of the initial stage of 
melting of pore ice and subsequent stage of intensive 
thawing of the sample.

The measurement time was more than 12 hours 
when determining the freezing point (when freezing 
samples from room temperature to –10 °C), and at 
least 8 hours when determining the thawing tempera-
ture (when defrosting from –10 °C to +10 °C) [Ma-
nual..., 2019].

Technique for determining the freezing (thaw-
ing) temperature of soils by the water-potentio-
metric method based on a single measurement. The 
technique for determining the freezing point of soils 
by the water-potentiometric method is based on mea-
suring the potential of pore water in the studied soil 
sample with subsequent thermodynamic conversion 
of the pore-water potential of into an equivalent 

Fig. 1. Principal scheme of the Kriolab Tbf setup 
for measuring the freezing (thawing) temperature 
of soils:
1 – freezer; 2 – container for soil; 3 – soil; 4 – temperature sen-
sor; 5 – fan; 6 – thermo-chain; 7 – hub for connecting addi-
tional temperature sensors; 8 – USB cable; 9 – computer with 
the Kriolab Tbf software. 
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 temperature at which the pore water is in equilibrium 
with ice in the free volume [Istomin et al., 2009]. 
Moreover, all measurements are carried out at the 
positive Celsius temperature and do not require spe-
cial refrigeration equipment for the sample prepara-
tion.

The proposed method for determining the freez-
ing point is actually an express method. That is 
achieved by quickly measuring the moisture potential 
values of the test sample, and by using a scheme for 
converting the pore water potential values through 
its activity into the freezing point.

The experimental measurement of the pore  water 
potential was carried out using the WP4-T or WP4-
C instruments [Istomin et al., 2008, 2009, 2017a] de-
veloped by the Decagon Devices (USA) [Campbell et 
al., 2007] (Fig. 2). The measuring system of those de-
vices is based on the determination of the water vapor 
pressure over wet soil using the dew point method 
[Campbell et al., 2007]. The used devices allow ob-
taining the values of the pore water potential within 
the temperature range of from 15 to 43 °C. The error 
in measuring the potential of pore water within the 
range of 0 to –5 MPa is ±0.05 MPa, and within the 
range of from –5 to –50 MPa it can increase to ±1 % 
[Chuvilin et al., 2020].

Recalculation of the measured potential value of 
pore water (ϕ) into the activity of pore water (α) is 
carried out according to the ratio:

 ρ
ϕ= αln .RT

M
 (1)

Where R is the universal gas constant (8.314 J/
(mol⋅K)); T is the temperature of the investigated 
sample of the porous medium, K; M is the molecular 
weight of water (18.015 g/mol); ρ is the density of 
water (1.0 g/cm3).

Taking into account all types of errors, the mea-
surement technique makes it possible to obtain activ-
ity values with an accuracy of 0.0005 at 0.9 ≤ α ≤ 1.0, 
and with that of about 0.0025 at 0.7 ≤ α ≤ 0.9 [Chu-
vilin et al., 2020].

To measure the potential of pore water in devices 
of the WP4 type, soil samples with natural or speci-
fi ed moisture were placed in the measuring cup of the 
device, with the internal dimensions of 3.8 cm in di-
ameter and 1.0 cm in height. Wet soil of disturbed 
structure was evenly distributed over the cup’s bot-
tom so that a soil pellet about 0.5 cm high was ob-
tained (that size is due to the specifi cs of the opera-
tion of the measuring system of the device). Undis-
turbed samples should also have a cylindrical shape 
with a diameter of about 3.8 cm and a height of about 
0.5 cm. The initial moisture content of a soil sample 
was determined by weighing it on an electronic bal-
ance with an accuracy of ±0.003 g, and the moisture 
control was carried out before and after measuring 
the potential of pore water. For the known value of 
the moisture content of the sample, the value of the 
potential of the pore water was initially measured on 
devices of the WP4 type, then the values of the pore 
water activity were calculated using the ratio given 
above. Subsequently, the activity values were recal-
culated into the equilibrium temperature, which ac-
tually represented the freezing temperature at a given 
value of the soil sample moisture. The recalculation 
of  the obtained values of pore water activity (α) 
within the range of from 1.0 to 0.6–0.7 into the equi-
valent temperature (teq, °C) was carried out accord-
ing to the formula [Istomin et al., 2017a,b; Patent 
RU 2654832 C1, 2018]:

 teq = 103.25 ln α + 5.57 (1 – α)2. (2)

The obtained temperature value is the freezing 
(thawing) temperature of the studied soil sample 
with given initial moisture content.

The time of obtaining one value of the pore wa-
ter potential in the WP4 device (the time for equili-
bration in the measuring chamber between the water 
in the sample and the air containing water vapor) is 
usually about 20–30 minutes. Only for clayey soils 
with low humidity, it can increase up to 1 hour. Dur-
ing measurements, the WP4 device was connected to 
a computer via the standard Hyper Terminal program 

Fig. 2. The WP4-T device of the Decagon (USA).
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to automate the process of receiving, accumulating 
and processing data.

Thus, the presented method for determining the 
freezing point makes it possible to carry out a large 
number of measurements with high accuracy, to ob-
tain data on freezing (thawing) temperatures for se-
veral tens of individual soil samples within a wide 
range of chemical and mineral composition and par-
ticle size distribution within one working day.

Characteristics of research objects. Methodo-
logical studies using two methods for determining the 
freezing point were carried out on natural soils typi-
cal of the upper horizons of permafrost soils of the 
Yamal Peninsula. Cores of frozen soils were taken 
from the boreholes up to 34 meters deep (Table 1), 
drilled during engineering surveys on the territory of 
the South Tambey gas fi eld.

The soils used for the comparative determination 
of the freezing temperatures by diff erent methods are 
represented within a wide range of clay particles con-
tent (sand, loam, clay) and salinity, which in the stud-
ied samples diff ers by more than an order of magni-
tude and varies from 0.22 to 2.71 % (Table 1).

To determine the freezing temperatures, soil 
samples with natural moisture content were collect-
ed. Clay samples obtained from the upper part of the 
section from a depth of about 2 m were characterized 
by the maximum moisture content (about 75 %). 
Down the section, a decrease in natural moisture was 
noted, while the minimum value (about 15–19 %) 
was characteristic of loam from the depths below 
24 m (Table 1). At the same time, the density of soils 
varied from 1.25 g/cm3 (in clay samples out of the up-
per part of the section) to 1.90–1.95 g/cm3 in silty 
sands, and the density of dry soil varied in the sam-
ples by more than 1 g/cm3 from 0.56 to 1.59 g/cm3, 
and it was the more, the lower the moisture content 
of the samples. The porosity coeffi  cient of clay also 
had maximum values 3.64, decreasing to 0.9 in loam, 
and to 0.7–0.8 in sandy samples. Soil particle density 
was 2.61–2.66 g/cm3.

According to the data of X-ray diff raction analy-
sis performed on a DRON 3 diffractometer using 
monochromatic CuKα-radiation, in all studied soils 
in the sandy fraction, the predominant mineral was 
quartz (up to 71 % in fi ne sand), plagioclase (up to 
19 %) and potassium feldspars (up to 14 %). The clay 
fraction of the studied soils was represented by chlo-
rite, illite and kaolin. In addition, the presence of am-
phibole, pyroxene, as well as traces of cristobalite, 
goethite and pyrite (no more than 1 %) was noted in 
the soils. The data on the mineral composition of the 
studied samples, obtained by the method of profi le 
processing of X-ray patterns from non-oriented prep-
arations and the calculation of the number of identi-
fi ed phases by the method of reference intensity ratio 
(Chung's method, the internal standard method), 
demonstrated a certain similarity, which is expressed 
in close values of the content of the main rock-form-
ing minerals, which may indicate similar initial con-
ditions of sedimentation.

RESULTS AND DISCUSSION

Based on two methods described above, the 
freezing (thawing) temperatures of soil samples with 
natural moisture have been determined and a com-
parison has been made, which has revealed good con-
vergence of the results (Table 2).

As can be seen from Table 2 above, the experi-
mental freezing point of the soils, measured using 
high-precision temperature sensors, practically coin-
cided with the freezing temperature calculated from 
the pore water potential measured in the same sam-
ples. In the considered soils, the diff erence between 
the experimental and calculated values did not ex-
ceed 0.05 °C and is comparable with the accuracy of 
each method. It should be noted that for most experi-
mental installations, including for determining the 
freezing point of soils, the accuracy of temperature 
measurements should be no worse than ±0.1  °C, 
which is suffi  cient for solving standard geocryological 
and geotechnical problems [Ershov, 2004].

Ta b l e  1. Brief description of the investigated soils

 Sample 
number

Sampling 
depth, m Name of soil* Water con-

tent, %
Plasticity 

index Salinity, % Soil freezing 
point**, °C

1 1.7–2.0 Light clay with organic matter 74.8 24.3 1.10 –1.0
2 4.0–4.3 Silty sand 23.3 – 0.29 –0.8
3 4.8–5.0 Fine sand 28.5 – 0.22 –0.5
4 7.5–7.7 Light loam with peat 33.9 9.7 2.71 –4.1
5 11.1–11.3 Silty sand 23.7 – 0.43 –1.1
6 14.0–14.5 Fine sand 20.2 – 0.29 –0.9
7 24.5–24.7 Light loam 14.9 8.8 0.50 –2.0
8 33.6–33.9 Light loam 18.6 8.5 0.54 –1.8

* [GOST 25100-2011, 2013].
** Calculated by [SP 25.13330.2012, 2012].
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If the freezing point values obtained by the two 
methods are rounded to tenths of a centigrade, then 
obtained calculated values coincide with the results 
of direct measurements, with a possible diff erence in 
some cases by no more than 0.1 °С. That indicates a 
fairly high reproducibility of the results obtained by 
the considered methods (Fig. 3).

The presented graph demonstrates that all ex-
perimental and calculated points have a minimum 
deviation from the diagonal. The correlation coeffi  -
cient (R2) was 0.9981. It should be noted that a high 
correlation between the two methods is observed 
within a wide range of freezing temperatures due to 
diff erent particle size distribution, water content and 
salinity (Table 1). In fact, the proposed water-poten-
tiometric method can be widely used to determine 
the freezing point of almost any natural soils and can 
be a reliable alternative to the direct experimental 
methods. In that case, one should bear in mind the 
compactness of the potentiometric device, the ab-
sence of consumables, as well as the speed of measure-
ments and calculations and their high accuracy.

At the same time, if we compare the freezing 
point results obtained by the experimental and wa-
ter-potentiometric methods with those calculated ac-
cording to [SP 25.13330.2012, 2012], it can be seen 
that the diff erences in the latter case reach 0.5–1.0 °C 
or even more, especially when comparing saline sam-
ples. Thus, the calculation method according to 
[SP 25.13330.2012, 2012] ought to be considered as a 
preliminary result, which should be further confi rmed 
by experimental determinations (Fig. 4).

It should be noted that in some cases, for exam-
ple, for soils contaminated with easily evaporating 

Ta b l e  2. Comparison of freezing temperatures obtained by experimental and calculation methods
 for the studied soils

Sample 
number Name of soil Water con-

tent, %
Pore water 
potential, 

MPa

Pore water 
activity, frac-
tion of units

Calculated 
freezing point, 

°С

Measured 
freezing 
point,°С

Diff erence in 
freezing point 

values,°С

1 Light clay with organic 
matter

74.8 –0.90 0.9935 –0.67 –0.68 +0.01

2 Silty sand 23.3 –0.73 0.9947 –0.55 –0.52 –0.03
3 Fine sand 28.5 –0.66 0.9952 –0.49 –0.49 +0.00
4 Light loam with peat 33.9 –3.79 0.9728 –2.84 –2.81 –0.03
5 Silty sand 23.7 –1.78 0.9872 –1.33 –1.31 –0.02
6 Fine sand 20.2 –1.48 0.9893 –1.11 –1.16 +0.05
7 Light loam 14.9 –1.63 0.9882 –1.22 –1.17 –0.05
8 Light loam 18.6 –0.99 0.9928 –0.74 –0.70 –0.04

Fig. 4. Comparison of the freezing point obtained 
by experimental (1) and water-potentiometric 
(2) methods with calculations (3) according to 
[SP 25.13330.2012, 2012].

Fig. 3. Comparison of results on freezing tempera-
tures obtained by experimental data and calculated 
through the activity of pore water.
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organic compounds, the use of the water-potentio-
metric method may have certain limitations. But the 
authors did not carry out special studies to determine 
the boundaries of the use of the water-potentiometric 
method for determining the freezing point of soils 
polluted with easily evaporating organic compounds.

CONCLUSIONS

The freezing point is an important characteristic 
of soils, which makes it necessary to experimentally 
determine it during various geocryological studies 
and engineering surveys. However, the standard 
technique for the experimental measurement of the 
freezing point of soils is distinguished by signifi cant 
labor intensity, energy consumption and duration, 
therefore, at present, the development of various in-
direct (experimental-calculation) methods for its as-
sessment is of particular relevance.

The water-potentiometric method for determin-
ing the freezing point of soils proposed in the paper is 
based on measuring the pore water potential with its 
subsequent conversion to an equivalent temperature, 
which is actually the freezing (or thawing) tempera-
ture. That method has a number of advantages, pri-
marily associated with the use of a simple WP4 serial 
device, which carries out all the necessary measure-
ments at room temperature in a fairly short time in-
terval (up to 30 minutes per sample). At the same 
time, to obtain the values of the freezing point of the 
studied soils, there is no need to use any refrigeration 
equipment.

A comparison of the freezing point results for the 
same soils determinate by the direct measurement 
and by the water-potentiometric method has demon-
strated good agreement with the maximum deviation 
no more than 0.05 °C, which is within the accuracy of 
experimental freezing point installations. 
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support from the Russian Science Foundation No. 18-
77-10063 and the Russian Foundation for Basic Re-
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