
Magazine of Civil Engineering. 2021. 104(4). Article No. 10405 

Stetjukha, V.A. Frost cracks formation in permafrost regions. Magazine of Civil Engineering. 2021. 104(4). Article 
No. 10405. DOI: 10.34910/MCE.104.5 

 This work is licensed under a CC BY-NC 4.0 

 

 
ISSN 

2712-8172 
Magazine of Civil Engineering 

journal homepage: http://engstroy.spbstu.ru/ 
 

DOI: 10.34910/MCE.104.5 

Frost cracks formation in permafrost regions 
V.A. Stetjukha 
Transbaikal state University, Chita, Russia 
E-mail: stetjukha_chita@mail.ru 

Keywords: frost cracks, frozen soil, temperature drop, deformation, freezing, heat transfer 

Abstract. The object of the study is the soil susceptible to cryogenic cracking during freezing. The formation 
of cracks creates the problems in the development of mineral deposits in northern regions with sharply 
continental climates in Europe, Asia and North America. The destructive effects of cracks on the 
construction of roads and linear structures require the prediction of cryogenic cracks. The developed 
mathematical model and the method of its use provide the prediction of the processes of frost cracks 
formation in harsh climates. The calculation algorithm realizes the procedures for the step-by-step solution 
of the spatial strength problem for a fragment of a soil mass taking into account changes in temperature 
fields and physical and mechanical properties of frozen soils over time. The given example demonstrates 
the results of predicting of cryogenic cracking of the soil in the form of graphs of stress distribution in the 
freezing massif. The calculation results illustrate the ability to predict the formation of frost cracks, the ability 
to determine the main parameters and periods of cracking. The research results can be used in the design 
of objects in the conditions of propagation of soils subjected to cracking. 

1. Introduction 
The object of research is a massif of frozen soils subjected to cryogenic cracking in cold regions. In 

articles [1–3] permafrost propagation zones in the Northern Hemisphere were identified. In [4, 5], the studies 
devoted to modeling changes in the permafrost occurrence area and changes in soil characteristics over 
time are presented. The consequences of cryogenic soil cracking are observed in the form of special relief 
forms during the formation of cracks and polygons in natural conditions on the Earth's surface, during the 
formation of ice wedges. This is confirmed by field observations in Siberia, Alaska, Canada, the European 
North and several other regions [6–10]. 

Most often, cracks occur in areas with a sharply continental climate, with a low negative average 
annual air temperature, with large amplitudes of annual air temperatures, with a small thickness of snow 
cover, on the slopes [11, 12]. The formation of cryogenic cracks is also noted in territories with seasonally 
freezing soils. The size of the seasonally thawed layer in such regions can reach 2-3 meters or more. The 
average monthly temperature of frozen rocks, for example, in the Central Transbaikalia can decrease at a 
depth of 2 m to –8 °C, at a depth of 6 m – to –4 °C [13, 14]. The listed factors affect the nature and 
magnitude of temperature stresses and strains. In this case, cracks form at approximately equal distances 
from each other in mutually perpendicular directions. So-called "polygons" that are similar in shape to 
rectangles are formed. The dimensions of "polygons" depend on moisture and other properties of soils, on 
the dynamics of changes in air temperature. With an increase in the strength of the near-surface soil layer, 
the size of the polygons increases. 

The relevance of this study is due to the fact that the northern regions of our planet are distinguished 
by large reserves of minerals. Development of regions is complicated by a number of problems associated 
with the natural conditions of the regions [14, 15]. Among the problems, one can distinguish such a 
phenomenon as cryogenic cracking. The formation of frost cracks in the soil creates serious difficulties in 
the operation of roads [16], long linear objects (pipes, cables), which are located underground [14]. There 
is a threat of damage to objects; the appearance of cracks provokes the formation of ground icing [12]. 
Thus, the relevance of studying the problem is associated with the influence of frost cracking of the soil on 
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tecnogenic objects. There is a need for reliable forecasting of crack formation and taking these phenomena 
into account when designing objects in the northern regions. 

Prediction of the processes of cryogenic cracks formation is based on previous studies in a number 
of directions of research reflected in the world literature. Crack formation processes are closely related to 
the laws of soil temperature changes. As the initial data for modeling cracks, we used the results of a study 
of the dynamics of soil temperature in the Northern regions during freezing and thawing [15, 17–21]. 
A number of authors have previously established the properties of frozen soils [22–25], including their 
strength characteristics [26, 27]. There are known studies of temperature deformations of soils with different 
properties at negative temperatures, not accompanied by the formation of frost cracks [28–30]. 

The most important element in predicting the process of fracture of porous materials and cracks 
formation is mathematical modeling. From publications devoted to modeling cryogenic cracks, we can 
distinguish works that use simple formulas. One of the first crack modeling schemes proposed by 
B.N. Dostavalov and S.E. Grechishchev, are given in article [12]. Criteria for the formation and individual 
parameters of cracks here are determined by approximate empirical formulas. A key factor in such 
techniques is the magnitude of the decrease in soil temperature in relation to its average annual 
temperature. As a condition for the formation of a cryogenic crack, the excess of temperature stresses in 
the massif over the breaking stress is considered. The possibility of cracking and their parameters is 
established depending on the properties of frozen soils, which vary in each case. 

The simple analytical expressions of stresses in the soil are used in a number of modern publications 
[14, 31, 32]. In [14, 31], the authors propose to consider frozen soil as a linearly deformable material. Based 
on the solution of the thermoelasticity problem for half-space, in [31, 32] simple expressions are formed to 
calculate the stresses in soil massif, to determine the conditions for crack formation and their parameters. 
At the same time, the number of arguments in the applied empirical formulas remains insignificant. The 
joint solution of the spatial problem of heat and mass transfer and geomechanics makes it possible to use 
a much larger number of physical-mechanical and geometric parameters, climatic characteristics. This 
should provide a more objective assessment of the development of processes in the soil, since each of the 
factors can become decisive when the condition for the formation of a crack is met. 

In article [11] a model of frost cracking was presented for a particular problem under conditions of 
the development of a slope process. Here, one-dimensional simplified heat transfer equations are used. 
The model is based on ice segregation in a previously formed crack, which can be considered as a 
secondary phenomenon. The probability of cracking during seasonal freezing in the absence of permafrost 
is confirmed. The occurrence of horizontal cracks and methods for their mathematical modeling in 
connection with the formation of lenses during ice segregation are considered in [23, 33]. In relation to the 
problem being solved, the interest here is the criteria for the rupture of frozen soil during its freezing. 

The application of the finite element method to modeling the processes of freezing and thawing in 
known articles is usually limited to solving one-dimensional or two-dimensional problems [33–35]. In 
publications [33, 34], vertical displacements of the soil surface are determined when horizontal ice lenses 
are formed in soil massif. In article [35], channel slope deformations during freezing were studied using the 
finite element method in the framework of solving a two-dimensional problem. In [13], the purpose of 
research is to assess the effect of previously formed frost cracks in the soil mass on heat and mass transfer 
processes in a separate soil block located between the cracks. In this case, the role of external factors of 
influence on the strength and deformation characteristics of frozen soil used as the foundations of structures 
is established. When calculating the thermal regime in the soil block, two-dimensional heat conduction 
equations are used. Deformations and stresses in soil blocks are determined when solving a plain problem 
for a linearly deformable medium. Thus, the criteria and parameters of the formation of emerging frost 
cracks in the last presented works are not determined. When predicting frost cracks, preference should be 
given to solving the spatial problem. This makes it possible to take into account the redistribution of internal 
stresses (taking into account Poisson's ratio), temperature and moisture flows in the elements of the design 
scheme along the directions of the three coordinate axes. This approach makes it possible to use the 
available results of long-term meteorological observations, the traditional and obligatory list of materials 
obtained as a result of engineering-geological surveys as initial data. 

The presented literature review confirms the absence of solutions to the spatial problem for assessing 
the formation of vertical frost cracks, taking into account the whole complex of external factors and the 
dynamics of the process under study. The purposes of the work are to estimate the possibility of cryogenic 
cracking of frozen soil, to develop a method for predicting the formation of cracks for various geological and 
climatic conditions. Within the framework of the indicated problem, the following tasks are solved. A correct 
mathematical model of the formation of cryogenic cracks in frozen soil is formed. A methodology for using 
the model is being developed; an analysis of the results is performed. To implement the tasks, the finite 
element method and three-dimensional elements of the soil massif are used. The calculation model 
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includes the solution of the nonlinear problem of heat and mass transfer, the nonlinear problem of 
deformation of the soil mass taking into account the dynamics of the development of processes in time. 

2. Methods 
A soil massif with specified physical and mechanical properties during the formation of cryogenic 

cracks is considered. The process of thermal deformations studying is divided into 2 stages. At the first 
stage, the dynamics of changes in temperature fields in the soil mass is determined based on the 
temperature field model. The air temperature forecast is formed on the basis of the results of long-term 
weather observations. The temperature distribution near the surface of the soil massif is determined by the 
climatic conditions of the region [20]. The temperature in the near-surface part of the soil half-space is 
determined by solving the non-stationary problem of heat and mass transfer. The solution of the equations 
of heat and mass transfer determines the values of temperature drops in the elements of the soil mass. At 
the second stage the methods of mechanics of a continuous medium are applied. The obtained values of 
temperature drops are included in the composition of the load vector at the stage of determining 
deformations and stresses in the soil mass using the software package “Lira”. In this case, temperature 
drops are parameters for loading the soil massif. 

The algorithm for solving the problem of thermomechanics is presented in Fig. 1 as a combined 
mathematical model. The formation of a combined model begins with the establishment of the geometric 
dimensions and physico-mechanical properties of the studied soil masses. The composition of the model 
includes the climatic influences model, mathematical models of heat and moisture transfer processes, 
models of changes in the stress-strain state in rocks. In connection with the increase in the number of 
factors during the selection of parameters, the significance of factors is estimated by the correlation analysis 
method. 

The most important element of the combined model is the mechanism for adjusting the basic physical 
and technical parameters of soils at each calculation step at given intervals. Fig. 1 lists the main mutual 
functional dependencies of the parameters implemented in the model. The dependences of temperature 
and humidity at individual points of the soil massif on the thermal conductivity and heat capacity of the soil 
are taken into account at the stage of solving the heat and mass transfer problem. The thermal conductivity 
and heat capacity at each step are adjusted as a function of humidity of the soil mass. Thermal deformations 
are determined taking into account the changing of coefficients of linear expansion, soil temperature and 
deformation modulus. The linear expansion coefficient is adjusted at each step as a function of temperature. 

Another important feature of the technique is the use of a spatial model. The use of such a model 
provides accounting for heat transfer and moisture transfer in the direction of three coordinate axes, 
redistribution of stresses and deformations in three directions. When solving the spatial problem, the laws 
of the theory of elasticity and plasticity, the laws of heat and mass transfer in porous media are used. An 
increase in the total number of arguments in these dependencies in comparison with the use of empirical 
formulas is intended to ensure greater reliability of the results obtained. 

The finite element method is applied. Multiple solution of the problem of continuum mechanics in 
changing conditions is performed using the modern software package “Lira”. A three-dimensional soil model 
is formed from spatial finite elements into which a soil massif with variable parameters is divided. The use 
of volumetric finite elements allows to assign different properties to each of the finite elements at different 
time intervals. A fragment of the section according to the calculation model of the soil massif with a 
breakdown into finite elements is shown in Fig. 2. The movement of the soil mass at the boundaries of the 
studied model is limited by the installation of links in nodes at the outer contour of the massif. 

The change in temperature fields in the soil mass at the considered time intervals is determined on 
the basis of the theory of unsteady heat and moisture transfer [36]. The transfer of heat and moisture in the 
soil is described by differential equations: 
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where T  is soil temperature, °С; 

W  is soil humidity, %; 
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y  is vertical coordinate, m; 

τ  is time, s; 

c  is specific thermal capacity of a soil, J/(m3⋅°C); 

ε  is phase transition criterion; 

L  is specific heat of ice crystallization, J/kg; 

wD  is coefficient of diffusion of moisture, m2/s; 

δ  is thermogradient coefficient, 1/°С; 

( )/ da c= λ ⋅ρ  is coefficient of thermal diffusivity, m2/s; 

λ  is specific thermal conductivity of a soil, W/(m⋅°C);  

dρ  is density of a dry soil, kg/m3; 

vq  is density of internal thermal sources or heat sinks, J/(m3⋅h);  

wc  is heat capacity of water, J/(m3⋅°C); 

wK  is moisture transfer coefficient, m/s; 

wρ  is density of water, kg/m3. 
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Figure 1. Scheme of dynamic modeling of the development of processes in the soil. 
Moisture transfer in the saturation zone, if it presents, is described by the well-known filtration equation.  

The heat balance equation is used in the form: 
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where A  is surface albedo; 

( )s
pq τ  and ( )s

rq τ  is thermal flow conditioned by direct and scattered solar radiation to the surface, 

respectively, J/m2⋅s; 

( )1
sq τ  is effective surface radiation, J/m2⋅s; 

( )kq τ , ( )iq τ  are thermal flow conditioned by convective transfer and evaporation, respectively, 

J/m2⋅s. 

The moisture balance equation is formed on the basis of the expressions given in [2, 4]. As a result, 
the conditions for the movement of moisture into the soil are proposed to be represented in the form:  

lay kr ,W I G∆ = −  if I  ≥ krI ;    lay ,W X S E G∆ = − − −  if I  < krI ;                (4) 
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                                        (5) 

In this case, the amount of moisture supplied to the surface I  and the limiting amount of moisture 
that can be absorbed per unit of time krI  are determined from the expressions  

,I X S E= − −  w
kr

w
,qI =

ρ ⋅∆τ
                               (6) 

where X  is moisture inflow from outside, m / s; 

G  is the intensity of movement of moisture under the influence of gradients of temperature, humidity 
and gravitational forces, m / s; 

S  and E  are the intensity of runoff and evaporation of moisture, m / s; 

wq  is the maximum absorption rate during the time ∆τ , determined by the formula of I.A. Zolotar, 
kg/m2; 

layW∆  is change in moisture content in the soil layer, m / s. 

The resolving heat and moisture transfer equations take into account: heat transfer due to diffusive 
moisture transfer, phase transition criteria, moisture transfer caused by a temperature gradient, 
gravitational component of moisture transfer. The heat balance equation on the surface takes into account 
effective radiation, direct and scattered solar radiation, and heat fluxes associated with convective transport 
and evaporation. The moisture balance equation in the model takes into account evaporation, moisture 
movement associated with runoff and absorption of precipitation on the surface, moisture movement 
caused by the action of gravitational forces, temperature and humidity gradients. The interrelation of the 
constituent elements of heat and moisture balances is taken into account. The features of heat and moisture 
transfer associated with the presence of two fronts of freezing are taken into account. The mathematical 
model of heat and mass transfer used provides for the correction of parameters such as specific heat, 
thermal conductivity, moisture transfer coefficient, and others due to changes in soil temperature and 
humidity. Parameters are adjusted in the nodes and elements of the model over time. As a result, at each 
time interval, the model adapts to changing boundary conditions and the properties of its elements. 

At the stage of determining temperature deformations, the methods of continuum mechanics are 
applied. Initial information about the model includes the physicomechanical characteristics of the 
constituent elements of the soil mass, temperature gradients. When determining the internal forces in the 
soil mass, the dependences of the deformation modulus and the coefficient of linear expansion on 
temperature are taken into account. Long-period temperature fluctuations at which stresses can reach the 
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ultimate of long strength are taken into account. In the course of solving the problem of thermoelasticity 
using the software package «Lira», at lowering the temperature with a given step, the values of tensile 
stresses in the freezing soil mass are established. At some step, tensile stresses reach the breaking stress. 
In the soil model, a crack is formed by removing bonds between the finite elements of the soil massif in the 
near-surface layer. A further decrease in temperature in the algorithm for solving the problem is realized, 
and the thermoelasticity problem is solved repeatedly within a given time interval. Redistribution of stresses 
in the soil massif is reevaluated. The end of calculations is determined by the criterion of reaching the 
boundary of a given period of time. 

3. Results and Discussion 
During numerical experiments, temperature and stress fields in the soil mass were studied for the 

Central Transbaikalia region. A part of a half-space with dimensions in plan 50×50 m and a height of 5 m 
is considered as a design model. Using a larger part of the massif does not change the calculation results. 
The image of such an object is not informative, therefore it is not given, and further fragments of sections 
drawn through the half-space are used. The finite elements are prisms with dimensions in plan 1×1 m and 
heights of 0.25 and 1 m. 

The following boundary conditions are used. When solving the problem of heat and mass transfer, 
the temperature and humidity on the lower edge of the considered massif are taken constant. On the lateral 
faces, the conditions of symmetry of these parameters with respect to the faces are used. At the second 
stage, when solving the problem of geomechanics, at the boundaries of the massif, at the nodes of the 
finite element grid, links are established that are perpendicular to the planes that bound the soil massif. 

The time step for the problem of heat and mass transfer is taken equal to 4 hours, for the problem of 
geomechanics – 24 hours. A freezing soil massif composed of clay loam with a density of γ = 1.8 g/cm3 a 
Poisson's ratio of 0.3 and humidity W = 20 % is considered. The specific thermal capacity and the thermal 
conductivity of the soil in the thawed state are, respectively, c  = 2.48⋅10-6 J/(m3⋅°C), λ  = 1.1 W/(m⋅°C). 
Density of a dry soil dρ = 1400 kg/m3; coefficient of diffusion of moisture wD  = 2.8 ⋅10–8 m2/s; moisture 
transfer coefficient Kw = 0 m/s. Climatic characteristics are taken according to SP 131.13330.2018 
Construction climatology and the meteo.ru website. Variable characteristics of the frozen soil were taken 
as a function of temperature in each finite element of the model using the materials presented in 
SP 25.13330.2012 Bases and foundations on permafrost and in works [22, 24, 25, 27, 29, 37, 38]. 

The mechanism of cracking is due to a decrease in the volume of the soil as a result of its temperature 
reduction during cooling. The stresses caused by the temperature drop in the frozen soil massif are 
determined when solving the geomechanics problem using the software package “Lira”. Researchers of 
this problem traditionally consider the ultimate of long-term tensile strength as a criterion for the formation 
of cracks. The calculated stresses in each soil layer are compared with the ultimate of long-term tensile 
strength. If these stresses in the layer exceed the long-term strength limit, a crack is formed in the layer. 
For the soil considered in the example, the long-term strength limit is 259 kPa. When the stress reaches 
this value in the layer, a rupture occurs. 

Based on the results of the first stage of solving the problem, the fields of temperature and humidity 
are formed in the half-space and the physical and mechanical properties depending on them are corrected. 
The tables 1 and 2 shows the average parameters for each of the layers into which the soil massif is divided 
in the vertical direction at key stages in the development of processes associated with the formation of 
cracks. These parameters are included in the equilibrium equations solved by the finite element method 
using the software package “Lira” and are the initial data for determining the stresses and deformations in 
the considered soil mass by this software package. 

As a result of the calculations, the displacements of all nodes of the finite element network and the 
internal forces in the elements of the soil model are determined. In the process of lowering the temperature 
of the air and the upper layers of the soil massif, on November 5, tensile stresses reach 259 kPa in the 
near-surface layer of the soil. Fig. 2 shows a mosaic of stress distribution on the eve of cracking. The 
corresponding characteristics of soil elements are given in Table 1. The distance between the horizontal 
lines in all figures is 0.25 m in the near-surface layer and 1 m in the layers lying below, between the vertical 
lines – 1 m. As can be seen from the table and graphs, tensile stresses reach the breaking stress in the 
upper zone of the soil mass, taken in the calculations equal to 259 kPa [22, 27]. In the second layer from 
the surface, tensile stresses remain insignificant and reach 112 kPa. This is due to the small temperature 
difference in the indicated area. For this reason, at a depth of more than 0.25 meters, soil rupture for a 
given period of time is not predicted according to the results of calculations. Cracks are formed in the upper 
layer. 
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The distance between cracks depends on the modulus of deformation, Poisson's ratio, density, 
moisture content, coefficient of linear expansion of the soil, temperature gradient. The criterion for 
determining the distance between cracks is the absence in the upper soil layer of areas with tensile stresses 
exceeding the ultimate tensile strength of the soil after cracking. For soil with the physical and mechanical 
parameters considered in the work, this distance is 3 meters. With a larger distance between the cracks, 
this condition will not be met. The achievement of this condition is checked at the stages of lowering the 
temperature of the massif in the course of calculations. 

After the formation of cracks in the near-surface layer of the soil, the nature of the stress distribution 
in the massif changes, and the characteristics of the soil are preserved. Fig. 3 shows a mosaic of stress 
distribution in the soil after the formation of cracks. For better demonstration of the results, only typical 
fragments of the model in the area of crack formation are highlighted in the figures. As can be seen from 
the graphs, the magnitude of tensile stresses after the formation of cracks in the near-surface layer 
decreases and amounts to 253 kPa. Redistribution of stresses in the layers of the soil massif located below 
is noted. In the second row of finite elements from the top, the average stresses are 126 kPa. In the third 
row, the influence of location of cracks on the nature of stress distribution is noted. Directly under the cracks, 
the stresses are 63 kPa; in the zones remote from the cracks, they approach zero. Here, a decrease in 
stresses occurs as a result of a redistribution of the load on the layers lying above. The crack opening width 
is about 1 cm. The tensile stresses at the surface after the formation of cracks remain below the ultimate 
strength of the soil. 

With a further decrease in soil temperature on November 26, tensile stresses in some areas of the 
massif again reach the limit of long-term strength of the soil. Such areas are highlighted in Fig. 4 with a 
dark tone and are located in the second row of finite elements from the surface. Average stresses in the 
upper and third layers from the surface do not exceed 129 kPa. The characteristics of the soil are presented 
in Table 2.  

In weakened sections, the cracks continue to deepen, and already the second row of finite elements 
in the model is subject to rupture. The nature of stress distribution in the elements is shown in Fig. 5. After 
the development of cracks in depth, unloading zones with stresses up to 48 kPa are observed near the 
cracks in the upper row of soil elements. At the same time, stresses of about 96 kPa remain in the middle 
part of the polygons. In the second layer weakened by cracks, the stresses decrease to 192 kPa. Under 
the cracks, due to the weakening of the section, the load is taken by the elements of the third row, where 
the stresses reach 168 kPa. In the elements at some distance from the cracks, the stresses in the third 
layer decrease to 120 kPa. In a soil massif that does not experience large temperature drops, tensile 
stresses remain small. 

 

 
Figure 2. Distribution of stresses in the soil massif as of November 5 before crack formation 

(The numerical values on the color scale are given in kPa). 

 

 
Figure 3. Distribution of stresses in the soil massif after the formation of cracks 

(The numerical values on the color scale are given in kPa). 

Figure 4. Distribution of stresses in the soil massif after the formation of cracks  
and with a further decrease in temperature as of November 26 

(The numerical values on the color scale are given in kPa). 
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Table 1. Soil characteristics at different depths of the massif as of November 5. 

Layer 
number 

Layer 
thickness, m 

Depth of the bottom 
of the layer, m 

Average 
temperature in 
the layer, °C 

Temperature 
difference in the 

layer, °C  

Deformation 
modulus, MPa 

Coefficient of 
thermal expansion, 

 10-6 (°C)-1 

Maximum stress in the soil massif, kPa 

Before cracking After the formation 
of cracks 

1 0.25 0.25 -8.2 -7.7 160 150 259 253 
2 0.25 0.5 -3.3 -2.8 150 190 112 126 
3 0.25 0.75 -0.5 0 25 380 0 63 
4 0.25 1 -0.5 0 25 380 0 63 
5 1 2 -0.5 0 25 380 0 0 
6 1 3 -0.6 -0.1 25 380 0 0 
7 1 4 -1 -0.5 25 380 0 0 
8 1 5 -1.1 -0.6 25 380 0 0 
9 1 6 -1.2 -0.7 25 380 0 0 

 
Table 2. Soil characteristics at different depths of the massif as of November 26. 

Layer 
number 

Layer 
thickness, m 

Depth of the bottom 
of the layer, m 

Average 
temperature in the 

layer, °C 

Temperature 
difference in the 

layer, °C 

Deformation 
modulus, MPa 

Coefficient of 
thermal expansion, 

 10-6 (°C)-1 

Maximum stress in the soil massif, kPa 

Before cracking After the formation 
of cracks 

1 0.25 0.25 –17.6 –17.1 170 30 129 96 
2 0.25 0.5 –8.4 –7.9 160 150 259 192 
3 0.25 0.75 –3.5 –3 150 190 129 168 
4 0.25 1 –2.4 –1.9 150 190 65 48 
5 1 2 –1 –0.5 25 380 0 0 
6 1 3 –0.5 0 25 380 0 0 
7 1 4 –0.7 –0.2 25 380 0 0 
8 1 5 –1 –0.5 25 380 0 0 
9 1 6 –1.2 –0.7 25 380 0 0 
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Figure 5. Distribution of stresses in the soil massif after deepening cracks up to 0.5 m 
(The numerical values on the color scale are given in kPa). 

To evaluate the effectiveness of the used model of cryogenic cracking, the author compared the 
results obtained with the results obtained previously for similar conditions by the methods of Grechishchev 
and Dostalov and with the observations of these authors [12]. In both cases, the results establish the likely 
formation of cracks in November with an opening width of about 1 cm. The obtained parameters of crack 
formation correspond to the results of observations in the region in open areas without snow cover [12]. 
The advantage of the proposed method lies in the fact that in addition to determining individual parameters 
of cracks formation (opening width, distance between cracks); time factors are taken into account. There is 
an opportunity to track the dynamics of the processes of deformation of the soil massif over a given period 
of time under various variants of climatic influences. 

The models of frost cracking under consideration have a wide range of uses. They can be applied in 
practice when predicting their possible development in regions with sharply continental climate, where this 
phenomenon is common. Such estimates are of great importance in the construction of roads, airfields, 
hydraulic structures, pipelines and other engineering facilities. Crack formation models can also be used to 
predict the ground icing formation. 

4. Conclusions 
1. A mathematical model of the formation of cryogenic cracks in the soil mass has been formed, It 

reflects the thermomechanical and geomechanical processes in the freezing soil, taking into account the 
dynamics of their development. The mathematical model is distinguished by the use of the finite element 
method and three-dimensional elements of the soil massif, periodic adjustment of the model parameters in 
conditions changing with time. 

2. A methodology to assess the likelihood of cryogenic cracks formation in the conditions of 
continuously changing soil parameters and external influences over time has been developed. In contrast 
to the known techniques, the joint solution of the problems of geomechanics and heat and mass transfer 
as part of the spatial problem allows one to take into account the redistribution of internal forces, 
temperature and moisture flows in the soil mass along the directions of three coordinate axes. The 
advantages of the methodology are the adjustment of parameters, the use of a large number of parameters 
in comparison with other known methods, the use of soil characteristics in the model, traditionally obtained 
during engineering and geological surveys. 

3. Based on the results of calculations, the nature of the distribution of stresses in the massif at 
different stages of the formation and development of frost cracks at the soil surface was established within 
the selected dimensions of the soil layers and the time step. The resulting displacements of nodes and 
internal forces in the elements presented in sections drawn through the middle of the polygons take into 
account the dynamics of the formation of cracks in the soil mass within a given period of time. The analysis 
of the obtained results confirms the possibility of predicting the formation of cryogenic cracks and 
determining their parameters in the northern regions by the proposed method. The obtained results of 
predicting the cryogenic soil cracking in November are consistent with observations in the region. 

4. Since the formation of cracks poses a threat of damage to objects, the values of temperature 
deformations and stresses arising from this, of course, should be taken into account in the design 
calculations as a temporary load in the conditions of permafrost propagation in regions with low 
temperatures. The proposed technique allows to prevent the threat of damage to objects. 

References 
1. Obu, J., Westermann, S., Bartsch, A., Berdnikov, N., Christiansen, H., Dashtseren, A., Delaloye, R., Elberling, B., Etzelmuller, B., 

Kholodov, A., Khomutov, A., Kaab, A., Leibman, M., Lewkowicz, A., Panda, S., Romanovsky, V., Way, R., Westergaard-Nielsen, 
A., Wu, T., Yamkhin, J., Zou, D. Northern Hemisphere permafrost map based on TTOP modelling for 2000–2016 at 1 km2 scale. 
Earth-Science Reviews. 2019. No. 193. Pp. 299–316. DOI: 10.1016/j.earscirev.2019.04.023 

2. Czekirda, J., Westermann, S., Etzelmuller, B., Johannesson, T. Transient Modelling of Permafrost Distribution in Iceland. Frontiers 
in Earth Science. 2019. No. 7. Article 130. DOI: 10.3389/feart.2019.00130 

3. Magnin, F., Etzelmuller, B., Westermann, S., Isaksen, K., Hilger, P., Hermanns, R. Permafrost distribution in steep rock slopes in 
Norway: measurements, statistical modelling and implications for geomorphological processes. Earth Surface Dynamics. 2019. 
No. 7. Pp. 1019–1040. DOI: 10.5194/esurf-7-1019-2019 



Magazine of Civil Engineering, 104(4), 2021 

Stetjukha, V.A. 

4. Luo, J., Yin, G., Niu, F., Lin, Z., Liu, M. High Spatial Resolution Modeling of Climate Change Impacts on Permafrost Thermal 
Conditions for the Beiluhe Basin, Qinghai-Tibet Plateau. Remote Sensing. 2019. 11(11). P. 1294. DOI: 10.3390/rs11111294 

5. Tao, J., Koster, R., Reichle, R., Forman, B., Xue, Y., Chen, R., Moghaddam, M. Permafrost variability over the Northern 
Hemisphere based on the MERRA-2 reanalysis. The Cryosphere. 2019. No. 13. Pp. 2087–2110. DOI: 10.5194/tc-13-2087-2019 

6. Alekseev, V.R. Indicator geometry of cryogenic landscapes. Advances in Biology and Earth Sciences. 2017. 2(1). Pp. 73–84. 
http://jomardpublishing.com/UploadFiles/Files/journals/ABES/V2N1/AlekseevV.pdf 

7. Khimenkov, A.N., Sergeev, D.O., Vlasov, A.N., Kozireva, E.A., Rybchenko, A.A., Svetlakov, A.A. Contemporary and paleo-
cryogenic formations on Olkhon island. Earth's Cryosphere. 2015. 19(4). Pp. 48–57. 

8. Kade, A., Walker, D. Experimental Alteration of Vegetation on Nonsorted Circles: Effects on Cryogenic Activity and Implications 
for Climate Change in The Arctic. Arctic, Antarctic, and Alpine Research. 2008. 40(1). Pp. 96–103.  
DOI: 10.1657/1523-0430(06-029)[KADE]2.0.CO;2 

9. Streletskaya, I.D. Soil wedge structures in the southern coast of the Finland Gulf. Kriosfera Zemli. 2017. 21(1). Pp. 3–10. 
DOI: 10.21782/EC2541-9994-2017-1(3-10) 

10. Matsuoka, N, Christiansen, H., Watanabe, T. Ice‐wedge polygon dynamics in Svalbard: Lessons from a decade of automated 
multi‐sensor monitoring. Permafrost and Periglac Process. 2018. No. 29. Pp. 210–227. DOI: 10.1002/ppp.1985 

11. Andersen, J.L., Egholm, D.L., Knudsen, M.F., Jansen, J.D., Nielsen, S.B. The periglacial engine of mountain erosion – Part 1: 
Rates of frost cracking and frost creep. Earth Surf. Dynam. 2015. No. 3. Pp. 447–462. DOI: 10.5194/esurf-3-447-2015 www.earth-
surf-dynam.net/3/447/2015/ 

12. Stetyukha, V.A. Prognozirovaniye obrazovaniya naledey pri vozdeystviyakh fizicheskikh protsessov gornogo proizvodstva na 
okruzhayushchuyu sredu [Prediction of ice formation during environmental impacts of mining processes]. Gornyj informasionno-
analiticheskij byulleten. 2006. No. 8. Pp. 43–46. (rus) 

13. Khudyakova, A.A., Gubaydullin, M.G., Konyukhov, A.V. Model deyatelnogo sloya mnogoletnemerzlykh porod s morozoboynymi 
treshchinami i usovershenstvovaniye metodiki rascheta napryazhenno-deformirovannogo sostoyaniya gruntovykh osnovaniy [A 
model of the permafrost active layer with frost cracks and improvement of the methodology for calculating the stress-strain state 
of soil bases]. Vestnik MGTU. 2010. Vol. 13. 4(1). Pp. 810–815. (rus) 

14. Burgonutdinov, A.M., Yushkov, B.S. Uchet morozoboynykh treshchin pri stroitelstve truboprovodov [Accounting for frost cracks in 
the construction of pipelines]. Zashchita okruzhayushchey sredy v neftegazovom komplekse. 2011. No 7. Pp. 39–43. (rus) 

15. Frolov, V. Some problems of buildings and structures service within permafrost area. Procedia Engineering. 2016. No. 165. 
Pp. 385–393. DOI: 10.1016/j.proeng.2016.11.714 https://www.sciencedirect.com/science/article/pii/S1877705816-340759 

16. Burmistrova, O.N., Burgonutdinov, A.M., Pilnik, Yu.N. Mekhanizm obrazovaniya morozoboynykh treshchin na avtomobilnykh 
dorogakh, ekspluatiruyemykh v umerenno-kontinentalnom klimate [The mechanism of formation of frost cracks on roads operated 
in temperate continental climate]. Lesotekhnicheskiy zhurnal. 2016. No 4. Pp. 133–138. DOI: 10.12737/23446 
http://lestehjournal.ru/journal/2016/no-4/ (rus) 

17. Tran, A.P., Dafflon, B., Hubbard, S.S. Coupled land surface-subsurface hydrogeophysical inverse modeling to estimate soil 
organic carbon content and explore associated hydrological and thermal dynamics in the Arctic tundra. The Cryosphere. 2017. 
11(5). Pp. 2089-2109. 

18. Westermann, S., Peter, M., Langer, M., Schwamborn, G., Schirrmeister, L., Etzelmuller, B., Boike, J. Transient modeling of the 
ground thermal conditions using satellite data in the Lena River delta, Siberia. The Cryosphere. 2017. 11(3). Pp. 1441–1463. 
DOI: 10.5194/tc-11-1441-2017 

19. Wang, C., Wu, D., Kong, Y., Li, R., Shi, H. Changes of soil thermal and hydraulic regimes in northern hemisphere permafrost 
regions over the 21st century. Arctic Antarctic and Alpine Research. 2017. 49(2). Pp. 305–319. 

20. Li, A., Xia, C., Bao, C., Yin, G. Using MODIS Land Surface Temperatures for Permafrost Thermal Modeling in Beiluhe Basin on 
the Qinghai-Tibet Plateau. Sensors. 2019. No. 19. P. 4200. DOI: 10.3390/s19194200.  

21. Westermann, S., Ostby, T.I., Gisnas, K., Schuler, T.V., Etzelmuller B. A ground temperature map of the North Atlantic permafrost 
region based on remote sensing and reanalysis data. The Cryosphere. 2015. No. 9. Pp. 1303–1319.  
DOI: 10.5194/tc-9-1303-2015  

22. Akagawa, S., Nishisato, K. Tensile strength of frozen soil in the temperature range of the frozen fringe. Cold Regions Science and 
Technology. 2009. No. 57(1). Pp. 13–22. DOI: 10.1016/j.coldregions.2009.01.002  

23. Kang, Y., Liu, Q., Huang, S., Liu, X. Theoretical and numerical studies of crack initiation and propagation in rock masses under 
freezing pressure and far-field stress. Journal of Rock Mechanics and Geotechnical Engineering. 2014. 6(5). Pp. 466–476. 
DOI: 10.1016/j.jrmge.2014.05.004 

24. Zhang, B., Han, C., Yu, X. A non-destructive method to measure the thermal properties of frozen soils du ring phase transition. 
Journal of Rock Mechanics and Geotechnical Engineering. 2015. No. 7. Pp. 155–162. DOI: 10.1016/j.jrmge.20-15.03.005.  

25. Rasmussen, L., Zhang, W., Hollesen, J., Cable, S., Christiansen, H., Jansson, P-E., Elberling, B. Modelling present and future 
permafrost thermal regimes in Northeast Greenland Cold Regions. Science and Technology. 2018. No. 146. Pp. 199–213. 
www.elsevier.com/locate/coldregions 

26. Wang, P., Zhou, G. Frost-heaving pressure in geotechnical engineering materials during freezing process. International Journal 
of Mining Science and Technology. 2018. 28(2). Pp. 287–296. https://www.sciencedirect.com/science/article/pii/S20-
95268617300034 

27. Zhang, Z., Ma, W., Feng, W., Zhao, S., Roman, L.T. The freeze-thaw cycles-time analogy method for forecasting long-term frozen 
soil strength. Measurement. 2016. No. 92. Pp. 483–488. DOI: 10.1016/j.measurement.2016.06.044 
https://www.researchgate.net/publication/304401244 

28. Luo, L., Zhuang, Y., Zhang, Y., Ma, W., Zhang, Z., Mu, Y., Yang, J., Cao, X., Liang, S. Freeze/thaw-induced deformation 
monitoring and assessment of the slope in permafrost based on terrestrial laser scanner and GNSS. Remote Sensing. 2017. 9(3). 
P. 198. 

29. Roman, L.T., Merzlyakov, V.P., Maleeva, A.N. Thermal deformation of frozen soils: role of water and gas saturation. Kriosfera 
Zemli. 2017. 21(3). Pp. 23–29. 

30. Marmy, A., Salzmann, N., Scherler, M., Hauck, C. Permafrost model sensitivity to seasonal climatic changes and extreme events 
in mountainous regions. Environmental Research Letters. 2013. 8(3). Pp. 35–48. 



Magazine of Civil Engineering, 104(4), 2021 

Stetjukha, V.A. 

31. Merzlyakov, V.P., Sergeyev, D.O. Otsenka opasnosti vozniknoveniya morozoboynykh treshchin dlya oblastey s rezko 
kontinentalnym klimatom [Frost crack risk assessment for areas with sharply continental climate] Analiz, prognoz i upravleniye 
prirodnymi riskami v sovremennom mire: materialy 9-y Mezhdunarodnoy nauchno-prakticheskoy konferentsii «GEORISK–2015» 
[Analysis, forecast and management of natural risks in the modern world: materials of the 9th International Scientific and Practical 
Conference “GEORISK-2015”]. M.: RUDN, 2015. No. 2. Pp. 486–492. http://geoenv.ru/conferences/georisk-2015/georisk-2.pdf 
(rus) 

32. Burgonutdinov, A.M., Yushkov, B.S., Burmistrova, O.N. Metodika obrazovaniya morozoboynykh treshchin na avtomobilnykh 
dorogakh i sposoby borby s etim yavleniyem [Methodology for the formation of frost cracks on roads and methods of dealing with 
this phenomenon]. Fundamentalnyye issledovaniya. 2014. 8(2). Pp. 285–289. (rus) 

33. Thomas, H.R., Cleall, P., Li, Y.-C., Harris, C., Kern-Luetschg, M. Modelling of cryogenic processes in permafrost and seasonally 
frozen soils. Geotechnique. 2009. 59(3). Pp. 173–184. DOI: 10.1680/geot.2009.59.3.173 

34. Haxairea, A., Aukenthalera, M., Brinkgreve, R.B.J. Application of a Thermo-Hydro-Mechanical Model for Freezing and Thawing. 
Procedia Engineering. 2017. No. 191. Pp. 74–81. DOI: 10.1016/j.proeng.2017.05.156. http://pure.tudelft.nl/ws/files/227-
87927/1_s2.0_S1877705817322968_main.pdf 

35. Wang, E.L., Fu, Q., Liu, X.C., Li, T.X, Li, J.L. Simulating and validating the effects of slope frost heaving on canal bed saturated 
soil using coupled heat-moisture-deformation model. International Journal of Agricultural and Biological Engineering. 2017. 10(2). 
Pp. 184–193. DOI: 10.3965/j.ijabe.20171002.2551 

36. Stetyukha, V.A. Sovershenstvovaniye modeley perenosa tepla i vlagi pri otsenke vozdeystviy gornogo proizvodstva na porody v 
usloviyakh yuzhnogo Zabaykalya [Improving models of heat and moisture transfer in assessing the impacts of mining on rocks in 
southern Transbaikalia]. Gornyy informatsionno-analiticheskiy byulleten. 2004. № 10. Pp. 71–74. (rus) 

37. Merzlyakov, V.P. Koeffitsiyent teplovogo rasshireniya kak kharakteristika merzlykh gruntov [Thermal expansion coefficient as a 
characteristic of frozen soils]. Geoekologiya. 2012. No. 2. Pp. 159–167. (rus) 

38. Roman, L.T., Kotov, P.I., Tsarapov, M.N. Deformation Modulus of Frozen Ground in Compression Tests. Soil Mechanics and 
Foundation Engineering. 2016. 53(5). Pp. 357–363. 

 

Contacts: 

Vladimir Stetjukha, stetjukha_chita@mail.ru 
 
 
 

© Stetjukha, V.A., 2021 


	Frost cracks formation in permafrost regions
	1. Introduction
	2. Methods
	3. Results and Discussion
	4. Conclusions


