
1. INTRODUCTION
In the freezing process of soils, ice lenses are formed,
which grow as a consequence of water being attracted
into the freezing zone. This causes an increase in the
volume of soil and, at the same time, a decrease in the
dry density. This phenomenon has a direct impact on
the change of soil structure and texture, causing
changes in physical and mechanical properties.
Frost heave processes are particularly important from

the point of view of negative effects affecting the func-
tioning of engineering structures. As documented by
numerous studies, these phenomena are generally the
causes of various types of construction failures, includ-
ing mainly road surface deformations [1, 2], highway
embankments [3] slope landslides, disasters of
damming structures [4, 5], or railway subgrade defor-
mations [6]. They can also cause the failure of water
pipes [7, 8], and in the construction of buildings, they
can cause scratches on walls. That is why it is valuable
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Ab s t r a c t
Frost heave in soils is a significant problem of geotechnical engineering. Despite the introduction of numerous simplified
frost susceptibility criteria, there is still no clear relationship between the particle size distribution and their frost heaving
susceptibility. Therefore, an experimental attempt was made to link the graining features of the four soils with the mecha-
nisms of the formation of frost heave. The main aim of the study is to determine the influence of the content of silt and clay
fractions on the height of the frost heave. The tested soils were characterized by a varied content of the silt fraction, which,
together with smaller ones, amounted to 30%, 40%, 50% and 70%, and a variable content of the clay fraction amounting to
0%, 0%, 21% and 5% in individual soils, respectively. For the purposes of the experiment, a test stand was constructed that
allows for testing 6 identical samples at a time. The tests were carried out in an open-system test, i.e. with the possibility of
water flowing into the freezing zone. The total freezing process was carried out at -10°C and lasted 160 hours. On the basis
of the obtained results of the increase in the height of the samples, it was shown that the silt with the highest total content
of silt and clay fractions of 70% shows the highest frost heave and the smallest increase in the height of the samples in the
freezing process is shown by sandy silt with the lowest sum of both these fractions. On the basis of the analysis of the results
of the tested soils, it was found that the height of the frost heave was influenced by the presence of the clay fraction, but in
connection with the presence of the silt fraction. In the frost heave soils, the content of the silt fraction influences the
amount of the frost heave to the extent of more than two times smaller than the content of the clay fraction.

Keywo rd s : Frost heave of soils; Ice lenses; Frost susceptibility criteria; Fine-grained soils; Silt and clay fraction.
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to observe the process of crystallization and growth
of ice lenses in real-time. Wang et al. proposed [9] a
new method of monitoring the process of ice content
build-up in the soil during the freezing process.
The year 1854 is considered to be the beginning of
Volger’s research on the frost heave of soils.
However, the basis of the first frost heave hypothesis
was the Taber [10, 11] assumptions concerning the
migration of water to the freezing zone. This theory,
called a capillary theory, describes the occurrence of
increasing suction pressure during the formation of
ice lenses. Penner [12] and Gold [13] observed that
the size of this pressure is determined by the geome-
try of the porous soil matrix, in which ice lenses are
formed. These observations led to the work of
Everett [14] who spread the capillary theory.
Due to the inability to apply the capillary theory in
predicting the formation of successive ice lenses,
Miller [15] introduced the rigid ice model, which was
modified by O’Neill and Miller [16]. In this model,
the division of freezing soil into individual zones was
introduced. Of significant importance is the area
which is known as the frozen fringe, in which both ice
and water are transported to the frozen zone [17].
The thickness of the frozen fringe depends on the
temperature. Reducing the temperature gradient
reduces the thickness of the frozen fringe that limits
the flow of water to the expanding ice lenses. In the
frozen fringe, the dependence of water and ice pres-
sure on temperature is described by the generalized
Clapeyron equation. Obviously, the main factor of
water movement is hydraulic conductivity and water
content in the non-frozen zone [18, 19]. Peppin
showed that the growth rate and stability of the ice
lens depend on the degree of soil salinity [20].
An important factor influencing the size of the frost
heave is the initial degree of saturation of the sample,
which affects the process of water migration in the soil.
The water content migration process occurs mainly in
the liquid phase, however, with incomplete water satu-
ration of the soil and with temperature and pressure
differences, the movement also occurs in the form of
steam [19, 21]. Frozen samples in a closed system
exhibit frost shrinkage when the initial soil saturation
(Sr) is low, however, frost heave and frost cracking
occur when the initial soil saturation is high [22, 23].
Another explanation for the formation of frost heave
is the theory based on the adsorption force developed
by Takagi [24]. This theory describes the formation of
frost heave through the so-called solid-like stress in
non-frozen water films between the surface of ice and
soil.

Due to the complexity of assessing the degree of frost
heave of soils, many researchers have attempted to
link the basic physical properties of soils with the
phenomenon of frost heave formation. Therefore, for
practical purposes, the so-called frost susceptibility
criteria were established.
Over the years, many frost susceptibility criteria have
been developed, in which the main factor in assessing
the frost susceptibility of soils is their granulation of
soil [25, 26, 19, 27, 28]. In light of the literature, there
is no clear division of soils in terms of their frost
heave. Most of the criteria are based on the percent-
age of particles smaller than 0.02 mm as a factor
determining the amount of frost heave. The results of
the work research do not coincide with this assess-
ment.

2. MATERIALS AND METHOD
The main research goal was to determine to what
extent the variability of the grain size influences the
amount of frost heave. For this purpose, four differ-
ent soils were selected for the research, which in the
area of the Casagrande criterion are classified as
frost susceptible or slightly frost susceptible (Fig. 1).
At the same time, different contents of the silt and
clay fractions were taken into account, the role of
which in the susceptibility of the soil to frost heave is
large and completely unexplained. The grain size dis-
tribution was determined by the method of sieving
and hydrometer according to PN-EN 1997-2: 2009
[29], and the soil nomenclature was determined
according to PN-EN ISO 14688-2:2018-05 [30].
When selecting materials in soils with a clay fraction,
the criterion of the content of particles smaller than
0.02 mm, raised in the literature [19, 28, 31, 32], was
also eliminated, because their percentage was the
same.
To perform a one-factor analysis, the same initial void
ratio was determined for all investigated soils. The ini-
tial properties of the soils are summarized in Table 1.
The aim of this paper is an experimental study on the
influence of the clay and silt fraction on the frost
heave of soils. In the case of other random or natur-
al void ratios, the effect of frost heave would not be a
function of the graining characteristics, but would
also be dependent on the porosity variable, which
determines the capillary rise, which is very important
in the process of frost heave.
Due to the different particle size distribution of the
examined soils, it was not possible to prepare samples
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with the same void ratio and saturation ratio at the
same time. The reason was to reflect the conditions
of saturation which for a given soil with a given
porosity may occur in nature, where the soils in the
freezing zone are in contact with groundwater. For
this reason, frost heave tests were carried out in an
open-system test, i.e. with free water infiltration into
the freezing zone. During the freezing process, the
water level was stabilized by a gradual lowering of the
temperature in the climatic chamber and capillary
water transport, which affected the change of the ini-
tial moisture content of the sample before the
process of water crystallization in the soil. The water
supply system for the samples is based on the British
Standard [BS 812-124:1989], where the water level
was regulated and controlled by an overflow pipe.
The water supply to the lower tank during the freez-
ing process was supplied by running water.
For each variant, six identical freezing tests were per-
formed which were formed into a cylindrical shape
100 mm in diameter and 110 mm in height. The soils
to be tested were mixed with enough water to obtain
the appropriate degree of water content and were left
sealed for a period of 24 hours. From such prepared

soils, samples were formed, using a Proctor rammer
in a three-compartment cylinder, obtaining adequate
density with assumed comparable porosity indicators
and water content degrees. After shaping, the cylin-
der was removed and the samples were then covered
with stretch film to isolate them from the backfill
material and to preserve the unidirectional nature of
water migration. The practice of laboratory testing is
to conduct soil freezing experiments using standard-
ized or custom equipment. On the other hand, none
of the methods described in the literature [11, 26, 33,
34, 35, 36, 37, 38, 39, 40] contains a method of solving
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Figure 1.
Grain size distribution of soils

Table 1.
Parameters of soils

Type of
material

Dry
densityρd Particle

densityρs Porosity

n

Void
ratio
e

Saturation
ratio
Sr

[g� cm-3 ] [g� cm-3 ] [-] [-] [-]

Soil 1 (clsaSi) 1.800 2.668 0.325 0.482 0.454

Soil 2 (saCl) 1.809 2.679 0.325 0.481 0.501

Soil 3 (siSa) 1.789 2.650 0.325 0.481 0.704

Soil 4 (saSi) 1.797 2.661 0.325 0.481 0.811

c
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soil height tests without the use of rigid side guards.
The basic element of the test stand was the Weiss
C600 climatic chamber (Fig. 2a). The interior of the
chamber was equipped with a container designed for
this purpose, in which the samples subjected to the
freezing process were placed (Fig. 2b). This stand was
adapted to the so-called open ground-water system,
i.e. with the possibility of free water infiltration.
Therefore, an automatic and controlled water replen-
ishment system was made which kept the tank at a
constant level: 1cm above the lower end of the sam-
ple. Additionally, a thermostatic circuit was used,
which maintained a positive water temperature dur-
ing the test, which was controlled and monitored by
temperature sensors (Fig 2c).
The paper presents the methodology of laboratory
research on soil frost heave with the possibility of not
using casing cylinders to enable free sample growth in
the freezing process (Fig. 3a). On the basis of Taber’s
research [11] and the standardized procedure for
examining frost heave in the British Standard [33],

the space between the samples was filled with dry
sand as an insulating material reaching to the upper
surface of the sample. The formation of a clear frost
line in the soil samples indicates proper insulation
and a vertical cooling front of the samples from the
top (Fig. 3b).
The temperature measurement system used in the
tests was based on DS18B20-type semiconductor
integrated temperature sensors operating in a 1-Wire
bus system (Fig. 3c). The measurement system and
data acquisition were conducted using the freeware
LogTemp program. Temperatures were continuously
measured throughout the entire test duration.
The temperature sensing unit was constructed using a
heat-conducting copper wire with a diameter of 2 mm.
One end of the wire was immersed in the tested soil
sample at a depth of approximately 3 cm. The other
end was bent twice at a 180° angle to create a surface
for mounting the DS1820 sensor. Thermal paste was
applied to the flat surface of the sensor, and the final
attachment of the wire and sensor was secured using a
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Figure 2.
Test stand: a) general view, b) interior of the climate chamber, c) lower part of the container;
1 – climatic chamber, 2 – computer to record temperature measurements, 3 – refrigerated bath circulator, 4 – upper part of the
container with samples, 5 – lower part of the container with water, 6 – coil of thermostatic circuit, 7 – temperature sensors

Figure 3.
Measuring stand: a) soil samples without forms, b) soil samples with sand fill, c) soil sample with temperature sensors

a b c

a b c
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thermally shrinkable plastic pipe. During the freezing
process, increases in the volume of the lenses
occurred, resulting in an increase in the volume of the
tested soils. It was observed that the changes in the vol-
ume of the samples took place mainly in the vertical
direction, due to the prevention of lateral expansion by
the backfill soil. The measurement of the change in
height of the samples was performed manually with a
caliper, determining the value of the displacement of a
metal rod placed on the upper surface of the sample.
The rods were moved out above the outer shell of the
container with the initial position level marked. On the
basis of conditions being commonly used and
described in the literature [34, 35, 33, 19, 38] and own
experience, the process of freezing soil samples lasted
160 hours at −10°C.

3. RESULTS AND DISCUSSION
3.1. Temperature
The rate of heat transfer in the soil medium depends
in particular on the type of soil, thermal conductivity,
the initial water content of the soil, and the freezing
temperature. The heat transfer rate for all soils is
shown in Figure 4. The temperature inside the sam-
ples was measured at four levels (Fig. 3c) at five-
minute intervals over a 160-hour freezing period. The
water transformed into ice releases latent heat, which
has the effect on delaying the freezing process of
water in the soil, as heat must be transferred from the
water to the ice. That is why the freezing point of
water in the soil is lowered and a saturated soil medi-
um subjected to negative temperatures contains a
certain amount of unfrozen water. The water crystal-
lization in the soil occurs at various temperatures
below 0°C. This is determined by the varying granu-
lometric composition of the soil and its initial water
content.
The obtained results confirm that the temperature
distribution changed depending on the content of the
silt and clay fractions. In the first stage of the
research, the slowest heat exchange was demonstrat-
ed by the soil with the highest content of both frac-
tions and the lowest initial saturation ratio (soil 1).
However, this tendency changed in the final stage
(for 160 hours), where soil 1 reached lower tempera-
tures than soils 2 and 4 due to greater migration of
water into the freezing zone. The soils deprived of
the clay fraction (soils 3 and 4) in the first stage of the
freezing process showed lower temperature values,
which was caused by faster heat exchange in these
soils. In the further freezing process, the obtained

measurements indicate that soil 4 reached tempera-
tures similar to the soil with the content of clay frac-
tion.
The water absorption below the frost line was not
measured during the test. After the test, the degree
of moisture was determined for the frozen and
unfrozen zones.
The degree of saturation was determined using the
standard weighing-drying method by measuring the
water content of the soil using the previously defined
particle density. Before the test, three samples were
taken from the prepared test material. After the
freezing process, the water content was determined
for all six tested samples (each soil) separately for the
frozen and unfrozen zones by taking the whole part
of each zone.
The results show (see Table 2) that in soils 3 and 4,
the increase in saturation ratios in the frozen zone
after the freezing process is much smaller than in the
case of soils 1 and 2. This results in a small accumu-
lation of water in the freezing zone and a small
increase in ice lenses. In all soils the degree of mois-
ture in the unfrozen zone is lower than in the frozen
zone, this is due to the transport and holding of water
in the freezing soils, the main role of which is played
by capillary forces. In the freezing zone, the formed
ice lenses increase their volume by attracting water
from below from their immediate surroundings. This
increases the average moisture content of the freez-
ing soil, while at the same time reducing the moisture
content directly below the freezing zone.
The highest increase in water content in the freezing
zone was recorded for soil 1 (silt) with the lowest ini-
tial saturation, reaching a water content of 1.12 after
the freezing process. However, the lowest increase in
saturation ratio was recorded for soil (soil 3) with the
lowest silt fraction (30%). Based on the obtained
results, it was concluded that the samples with a
lower water content showed a higher frost heave. The
difference was due to the suction force, which
increases sharply as the water content decreases. The
suction value of the water in the non-frozen zone is
also determined by the magnitude of the temperature
below zero. The volume of water suction increases
with the decreasing freezing temperature [27].
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3.2. Ice lenses
In the freezing process, changes in the volume of sam-
ples were observed, mainly in the vertical direction,
due to the fact that lateral expansion was prevented by
the use of side insulation. Measurements and observa-
tions carried out on samples of all four soils, with dif-
ferent grain size distributions, showed differences in
the intensity of ice formation. The structure of the
formed ice lenses and their distribution in the tested
samples are mainly determined by the content of indi-
vidual fractions. Fragments of soil samples after the
test with ice lenses are shown in Figure 5.
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Figure 4.
Distribution of temperature on various levels, a) Soil 1 (clsaSi), b) Soil 2 (saCl), c) Soil 3 (siSa), d) Soil 4 (saSi)

Table 2.
Saturation ratios after the test

Type of
material

Saturation ratios Sr

before the test
after the test

frozen soil unfrozen soil

Soil 1 0.454 1.121 0.663

Soil 2 0.501 0.853 0.676

Soil 3 0.704 0.711 0.559

Soil 4 0.811 0.936 0.667

a b

dc
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In soils with a clay fraction, the increase in the height
of the samples was initially caused by the formation
of ice crystals, which consequently expanded to form
ice lenses. In these soils, thick and continuous layers
of pure ice developed (Fig. 5a), the primary source of
which was flowing water into the freezing zone. In
soils devoid of the clay fraction, thin layers of ice
were developed in the frozen zone (Fig. 5b), which
filled the pore space and had little effect on the
height increase of the samples.

3.3. Amount of frost heaving
The main research objective was to determine the
extent to which the variability of the graining charac-
teristics (in the range of fractions determining the
susceptibility of soil to frost heave) affects the
amount of the frost heave. Average increases in the
amount of frost heaving of the samples after the test
are shown in Figure 6.
The highest increase in height was obtained for sam-

ples from the primary soil (clsaSi) containing only 5%
of the clay fraction and the highest, i.e. as much as
65% of the silt fraction, for which the average growth
of samples after the freezing process was about
50 mm. The second soil (saCl) with the highest, 21%
clay fraction content, and 19% silt fraction content,
showed a height increase by half as much as that of
soil 1. The value of the height increase in the process
of freezing the soils deprived of the clay fraction did
not exceed 5 mm.
In soils not containing a clay fraction, the increase in
frost heave was not significant. The ice lenses formed
in these soils (3 and 4) filled the pore space without
significantly affecting the volume increase of the sam-
ples. However, the ice formed in soils containing a
clay fraction did not have much opportunity to pene-
trate the pore space. In the process of increasing the
volume of the ice, a repulsion of the ice from the soil
particles took place, influencing the increase in soil
volume.
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Figure 5.
Distribution of ice lenses in soil samples after freezing, a) soil 2 (saCl), b) soil 3 (siSa)

c

Figure 6.
Increase in the amount of frost heaving with time

a b
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An important factor in the growth of ice lenses in the
soil is capillary rise. This is an issue that is particular-
ly relevant to the formation of frost heave volumes in
an open ground-water system, as the height of the
capillary rise causes an increase in water migration,
which can to some extent supply the frost zone. The
size of the capillary rise is determined primarily by
the grain size of the soil, which defines the size of the
capillaries. The more fine-grained the soil, the small-
er the capillary diameter, which results in a higher
capillary rise.
In the process of water freezing in the soil, a number
of physico-chemical phenomena occur. The magni-
tude of these phenomena is determined by the min-
eral composition of the grains and particles and the
content of the individual fractions, which influences
the size of the specific surface area. The finer the par-
ticles of a given soil, the greater the specific surface
area and the greater the physico-chemical activity. In
the initial freezing process, ice is formed from free
water. In the second stage, further attraction of water
molecules occurs due to adsorption forces on the sur-
face of the ice lenses. Subsequently, the growing ice
crystal begins to attract bound water molecules locat-
ed even closer to the soil particle, reaching all the way
down to the film water layers (however, water mole-
cules more bound to the surface of the soil particle
are not subject to the attraction forces of the ice crys-
tals). As the ice crystals enlarge, the thickness of the
envelopes of bound water in close proximity decreas-
es, leading to a violation of the water balance in the
film. In this way, a forced movement of loosely bound
water is created seeking to balance the tensions on
the film surfaces and to equalize the thickness of the
bound water. Therefore, the waters in the pores of
the soil and in the thicker films in the lower soil lay-
ers gradually replenish the water deficiency caused by
the attraction of water by the ice crystals. This influ-
ences the migration of water into the colder area, as
bound water molecules are linked together in the
entire soil. This movement proceeds very slowly,
much slower than the filtration movement in the soil.
On the basis of the obtained height increments of the
samples, the relationship between the frost heave and
the content of the silt fraction and the total content
of the silt and clay fractions was determined. For this
purpose, the Pearson correlation coefficient r, pre-
sented in Table 3, was used.
The obtained correlation coefficient r in both ana-
lyzed cases is different. This parameter for the
dependence of the frost heave of the silt fraction was
r =0.54, which proves a low relationship, i.e. the lack

of an unequivocal influence of the content of this
fraction on the amount of the frost heave. On the
other hand, the assessed total share of the silt and
clay fractions in relation to the amount of the frost
heave shows a fairly strong correlation. On this basis,
it can be concluded that the amount of the frost
heave is determined by the content of both fractions
(silt and clay), but the content of each of these frac-
tions may have a different effect on the amount of the
frost heave. On the basis of the above analysis an
attempt was made to assess the impact of the content
of both discussed fractions on the amount of the frost
heave. For this purpose, the weighted arithmetic
mean (κw) was used to be able to determine the
impact of the content of both fractions, i.e.

where
fs – percentage of the silt fraction in the soil,"

fc – percentage of the clay fraction in the soil,ωs – weight of the influence of the silt fraction con-
tent in the soil on the frost heave,ωc – weight of the influence of the clay fraction con-
tent in the soil " on the frost heave.
Fig. 7 presents an estimation of the linear relation-
ship between the amount of frost heave and the meanκw for the weights ωs and ωc satisfying the relation-
ship ωc= 1.76 � ωs. It can be assumed that ωs= 1
and ωc= 1.76. Based on the results of the weighted
arithmetic means, the Pearson correlation coefficient
r was determined, which in this case was the highest,
i.e. 0.91, proving a strong linear relationship.
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Table 3.
The Pearson correlation coefficient r

Type of
material

Content
of fractions

Height
of frost

heaving Wp

Pearson
correlation
coefficient r

[%] [mm] [-]
Soil 2 (saCl)

Silt fraction

19 21.5

0.54
Soil 3 (siSa) 30 1.6
Soil 4 (saSi) 50 4.7
Soil 1 (clsaSi) 65 48.8
Soil 3 (siSa)

Silt and
clay fraction

30 1.6

0.83
Soil 2 (saCl) 40 21.5
Soil 4 (saSi) 50 4.7
Soil 1 (clsaSi) 70 48.8
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A stronger linear dependence was obtained when
comparing the weighted arithmetic mean content of
individual fractions (κw) and the natural logarithm
from the amount of the frost heave logWp . Under the
condition ωc � 2.32� ωs (e.g. ωs= 1 and ωc= 2.32)
the correlation coefficient r is the largest and has the
value r= 0.99. The estimation of the linear relation-
ship between the natural logarithm from the amount
of the frost heave and the weighted arithmetic mean
of the content of individual fractions is shown in
Figure 8. Using the linear regression equation, the
following was obtained:

logWp= 0.2466 κw – 1.8876. (1)

By equation (1), the formula describing the increase
in the height of the frost heave of the examined soils
was determined:

Wp= 0.1514 � e0.2446κw (2)

Note that the function Wp(κw) is monotonically
increasing and convex. This means that for a fixed fs,
the value of Wp increases with an increasing of fc.
However, we believe that for a fixed fs there is a value
fc* such that for any fc>fc* either the value of Wp

decreases or the rate of growth of Wp decreases. For
this reason we propose the formula (2) to estimate of
the amount of the frost heave just for the soils with
content on the clay fraction not greater than 21% (it
is the greatest content on the clay in examined soils).
Estimated values of the amount of the frost heave for
some (not examined) values of content on the clay

and silt fractions are presented in Table 4.
On the basis of the obtained results, it can be con-
cluded that the height of the frost heave of the exam-
ined soils depends exponentially on the weighted
arithmetic mean content of the clay and silt fractions
(Fig. 9):
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Figure 7.
Estimation of the linear relationship between the amount of
the frost heave and the weighted arithmetic mean content of
the silt and clay fractions, when ω_c=1.76⋅⋅ω_s

Figure 8.
Estimation of the linear relationship between the natural
logarithm from the amount of the frost heave on the weight-
ed arithmetic mean content of the clay and silt fractions

Figure 9.
The dependence of the exponential height of the frost heave
on the weighted arithmetic mean content on the clay and silt
fractions
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4. Conclusions
On the basis of the results of the research on the frost
heave of four soils, an experimental attempt was
made to determine the impact of the content of indi-
vidual fractions on the soil freezing processes. This
allowed to formulate conclusions.
• Clear ice lenses developed in the soils containing the
clay fraction, which increased in volume throughout
the freezing process. Their primary source of water
supply was flowing water from the non-frozen zone.
On the other hand, in the soils devoid of the clay
fraction, small ice layers developed in the frozen
zone, which filled the porous space and had a small
effect on the height increase of the samples.

• As demonstrated, the impact of the content of the
silt fraction itself on the frost heave processes is
small. This is evidenced by the results of studies on
soils devoid of the clay fraction (soil 3 and 4), in
which the frost heave of samples was low (1-5 mm).
This can be explained by the assumptions of the cap-
illary theory developed by Everett, in which it was
assumed that the ice lenses formed in the non-cohe-
sive soil fill the space between the particles, having a
minor effect on the sample volume increase.

• Based on the analysis of the results, it can be con-
cluded that for the examined soils (in the content
range of fc= 0–21% and fs= 19–65%), the increase
in the height of the samples in the freezing process
depends mainly on the content of the clay fraction
which has more than twice the impact (2.32) on the
frost heave than the content of the silt fraction. For
frost susceptible soils, the amount of the frost
heave is also influenced by the content of the silt
fraction, although more than twice less than the
content of the clay fraction. 

REFERENCES
[1] E. Simonsen and U. Isacsson. (1999). Thaw weaken-

ing of pavement structures in cold regions. Cold
Regions Science and Technology, p. 135–151.

[2] E. Penner and C. B. Crawford. (1983). Frost action
and foundations. Ottawa: Division of Building
Research, National Research Council of Canada.

[3] Songhe Wang, Jilin Qi, and Fengyin Liu. (2016).
Study on the reasonable height of embankment in
Qinghai-Tibet highway. Geotechnical and Geological
Engineering, 34(1), 1–14.

[4] Charles Harris, James S. Smith, Michael C. R.
Davies, and Brice Rea. (2008). An investigation of
periglacial slope stability in relation to soil properties
based on physical modeling in the geotechnical cen-
trifuge. Geomorphology, 93(3-4), 437–459.

[5] Sergey P. Doroshenko, Alexey A. Korshunov, and
Alexander L. Nevzorov. (2016). The impact of freez-
ing-thawing process on slope stability of earth struc-
ture in cold climate. Procedia Engineering, 143,
682–688.

[6] Satoshi Akagawa and Michiaki Hori. (2015). Frost
heaving in ballast railway tracks. Sciences in Cold and
Arid Regions, 7(5), 632–636.

[7] Yehuda Kleiner and Balvant Rajani. (2001).
Comprehensive review of structural deterioration of
water mains: statistical models. Urban Water, 3(3),
131–150.

[8] Yaping Wu, Yu Sheng, Yong Wang, Huijun Jin, and
Wu Chen. (2010). Stresses and deformations in a
buried oil pipeline subject to differential frost heave
in permafrost regions. Cold Regions Science and
Technology, 64(3), 256–261.

[9] Meng Wang, Xu Li, and Xiangtian Xu. (2021). An
implicit Heat-Pulse-Probe method for measuring the
soil ice content. Applied Thermal Engineering, 196,
117186.

[10] Stephen Taber. (1929). Frost heaving. The Journal of
Geology, 37(5), 428–461.

[11] Stephen Taber. (1930). The mechanics of frost heav-
ing. The Journal of Geology, 38(4), 303–317.

[12] Edward Penner. (1957). Soil moisture tension and ice
segregation. Highway Research Board Bulletin, (168).

[13] Lorne W. Gold. (1957). A possible force mechanism
associated with the freezing of water in porous mate-
rials. Highway Research Board Bulletin, (168), 65–72.

[14] D. H. Everett. (1961). The thermodynamics of frost
damage to porous solids. Transactions of the Faraday
Society, 57, 1541–1551.

[15] Robert D. Miller. (01 1978). Frost heaving in non-col-
loidal soils. Proceedings of the 3rd International
Conference on Permafrost, p. 708–713.

94 A R C H I T E C T U R E   C I V I L  E N G I N E E R I N G   E N V I R O N M E N T 3/2024

Table 4.
Estimation of the amount of the frost heave Wp[mm] for
some values of content on the clay and silt fractions
fs+fc
[%]

fc [%]

0 4 8 12 16 20

25 0.96 1.41 2.08 3.07 4.53 6.68

30 1.38 2.04 3.01 4.43 6.54 9.65

35 2.00 2.94 4.34 6.41 9.46 13.95

40 2.88 4.26 6.28 9.26 13.67 20.17

45 4.17 6.15 9.08 13.39 19.76 29.15

50 6.02 8.89 13.12 19.35 28.56 42.14

55 8.71 12.85 18.96 27.97 41.28 60.90

60 12.59 18.57 27.40 40.43 59.66 88.03

65 18.19 26.84 39.61 58.44 86.23 127.24

70 26.30 38.80 57.25 84.47 124.64 183.90



E F F E C T  O F  S I LT  A ND  C L AY  F R A C T I ON  C ON T EN T  ON  F R O S T  H E AV E  O F  F I N E - G R A I N E D  S O I L S

[16] Kevin O’Neill and Robert D. Miller. (mar 1985).
Exploration of a rigid ice model of frost heave. Water
Resources Research, 21(3), 281–296.

[17] A. C. Fowler and C. G. Noon. (1993). A simplified
numerical solution of the Miller model of secondary
frost heave. Cold Regions Science and Technology,
21(4), 327–336.

[18] Tezera F. Azmatch, David C. Sego, Lukas U.
Arenson, and Kevin W. Biggar. (2012). New ice lens
initiation condition for frost heave in fine-grained
soils. Cold Regions Science and Technology, 82, 8–13.

[19] Edwin J. Chamberlain. (1981). Frost susceptibility of
soil, review of index tests. United States Army Corps
of Engineers, Cold Regions Research & Engineering
Laboratory, Hanover, New Hampshire, U.S.A.

[20] S Peppin. (2020). Stability of ice lenses in saline soils.
Journal of Fluid Mechanics, 886.

[21] Maria Hohmann. (1997). Soil freezing – the concept
of soil water potential. state of the art. Cold Regions
Science and Technology, 25(2), 101–110.

[22] Hao Wang, Yongkang Wu, Meng Wang, and Xu Li.
(2022).  Influence of fines content and degree of sat-
uration on the freezing deformation characteristics of
unsaturated soils. Cold Regions Science and
Technology, 201, 103610.

[23] Zhenya Liu, Jiankun Liu, Xu Li, and Jianhong Fang.
(2019).  Experimental study on the volume and
strength change of an unsaturated silty clay upon
freezing. Cold Regions Science and Technology, 157,
1–12.

[24] Shunsuke Takagi. (1979). Segregation freezing as the
cause of suction force for ice lens formation.
Engineering Geology, 13(1-4), 93–100.

[25] Arthur Casagrande. (1931). Discussion of frost heav-
ing. Highway Research Board Proceedings, 11,
168–172.

[26] Gunnar Beskow. (1991). Soil freezing and frost heav-
ing with special application to roads and railroads. In
Patrick B. Black and Mark J. Hardenberg, editors,
Historical Perspectives in Frost Heave Research,
pages 37–157. United States Army Corps of
Engineers, Cold Regions Research & Engineering
Laboratory, Hanover, New Hampshire, U.S.A., 1991.

[27] David Croney and J. C. Jacobs. (1967). The frost sus-
ceptibility of soils and road materials. RRL Reports,
Road Research Laboratory, Crowthorne, 1967.

[28] A. Dücker. (1958). Is there a dividing line between
non-frost-susceptible and frost-susceptible soils?
Technical Translation, 722, (18 p.), 1958.

[29] PN-EN 1997-2: 2009. Eurocode 7. Geotechnical
design - Part 2: Ground investigation and testing,
2009.

[30] PN-EN ISO 14688-2:2018-05. Geotechnical investiga-
tion and testing – Identification and classification of
soil - Part 2: Principles for a classification, 2018.

[31] Lewis Edgers, Laurinda Bedingfield, and Nancy
Bono. (1988). Field evaluation of criteria for frost
susceptibility of soils. Transportation Research Record,
1190, 73– 85.

[32] Karen S. (1990). Henry. Laboratory investigation of
the use of geotextiles to mitigate frost heave.
Technical report, United States Army Corps of
Engineers, Cold Regions Research & Engineering
Laboratory, Hanover, New Hampshire, U.S.A., 1990.

[33] BS 812-124:1989. Testing aggregates-Method for
determination of frost-heave, 1989.

[34] ASTM-D5918:2013. Standard Test Methods for Frost
Heave and Thaw Weakening Susceptibility of Soils,
2013.

[35] H. Brandl. (2008). Freezing-thawing behavior of soils
and unbound road layers. Slovak Journal of Civil
Engineering, 3, 4–12.

[36] Lianhai Zhang, Wei Ma, Chengsong Yang, and Chang
Yuan. (2014). Investigation of the pore water pres-
sures of coarse-grained sandy soil during open-system
step-freezing and thawing tests. Engineering Geology,
181, 233–248.

[37] Jiazuo Zhou, Changfu Wei, Houzhen Wei, and Long
Tan. (2014). Experimental and theoretical characteri-
zation of frost heave and ice lenses. Cold Regions
Science and Technology, 104, 76–87.

[38] M. T. Hendry, L. U. Onwude, and D. C. Sego.
(2016)A laboratory investigation of the frost heave
susceptibility of fine-grained soil generated from the
abrasion of a diorite aggregate. Cold Regions Science
and Technology, 123, 91–98.

[39] Deniz Dagli. (2017). Laboratory investigations of
frost action mechanisms in soils. PhD thesis, Luleå
University of Technology, 2017.

[40] Deniz Dagli, Amin Zeinali, Per Gren, and Jan Laue.
(2018). Image analyses of frost heave mechanisms
based on freezing tests with free access to water. Cold
Regions Science and Technology, 146, 187–198.

C
I
V
I
L
 
E
N

G
I
N

E
E
R
I
N

G

ce

3/2024 A R C H I T E C T U R E   C I V I L  E N G I N E E R I N G   E N V I R O N M E N T    95


