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Abstract:  The aim of this work is to study the influence of Poisson's ratio on the crack depth in the surface layer of 

cylindrical samples of frozen soil depending on axial compression. The initial data include values of Poisson's 

ratio from the range of its possible values from 0.05 to 0.5. In this paper, two variants of an algorithm for 

modeling the conditions for the occurrence of a crack in the surface layer of a cylindrical sample of frozen 

soil under uniaxial compression are proposed. The thickness of this layer is equal to the depth of the crack. 

The simulation showed that the initial stage of crack formation in materials with low Poisson's ratio occurs 

more slowly than in materials with high Poisson's ratio, but the final stage of crack formation in materials 

with low Poisson's ratio occurs at a higher rate than in materials with high Poisson's ratio. These observations 

lead to a model with a sigmoidal function of the thickness of the damaged surface layer on the axial load. The 

results of the study are of practical interest to developers of assessments of the bearing capacity of frozen soils 

as a brittle material. Further research may involve taking into account the dependence of Poisson's ratio on 

load.

1 ITRODUCTION 

Frozen soil is a complex multiphase material typically 

consisting of components such as mineral grains, 

frozen pore water, unfrozen pore water, and air. 

Frozen soils exhibit greater tensile fragility than 

compression. For example, the uniaxial tensile 

strength is 5 to 30% of the uniaxial compressive 

strength (Cudmani, Yan, Schindler, 2022). The 

strength of frozen soil is the result of a complex 

interaction between the granular skeleton and the ice 

matrix. Ice causes an increase in the cohesive forces 

between grains and increases shear resistance. In turn, 

the grains slow down the development and spread of 

cracks in the ice matrix. These interactions depend on 

factors such as the granulometric composition of the 

soil, the content of water, ice and solid particles, 

temperature and stress state. Prediction of the strength 
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of frozen soils and their mixtures is necessary when 

justifying projects for such objects as buildings (Sun, 

Yang, Cui, Huang, Lyu, Ma, Chang, Liu, Wang, Lin, 

Zhang, 2024), bridges (Ren, Cheng, Zhang, Pang, 

Zhu, 2024), roads (Czerniak, Grajewski, Kurowska, 

2021; Gansonré, Breul, Bacconnet, Benz, Gourvès, 

2021), airfields (Li, Xu, Zhang, Su, Li, Yao, Liang, 

2024; Banu, Attom, Abed, Vandanapu, Astillo, Al-

Lozi, Khalil, 2024), as well as when predicting the 

mobility of ground vehicles (Gorsich, Vantsevich, 

Paldan, Moradi, 2025; Vantsevich, Gorsich, 2025; 

Hua, Zhang, Fu, Zhang, Yu, Jiang, Wei, Chen, 

Kuang, 2025) and the bearing capacity of soils (Rauf, 

Ning, Ming, Haoxiang, 2024; Shen, Zou, Cao, Pan, 

Yuan, He, 2024; Ma, Lin, Zhao, Yin, Feng, Zhang, 

Guan, 2024). 

The strength of soils depends on the modulus of 

elasticity, Poisson's ratio and other characteristics 

(Mendoza-Sanchez, Alonso-Guzman, Martinez-
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Molina, Chavez-Garcia, Soto-Espitia, Delgado-

Alamilla, Obregon-Biosca, 2024). If we talk not 

about equations, but about trends associated with 

changes in strength, then experiments show that an 

increase in Poisson's ratio often leads to an increase 

in compressive strength and a decrease in tensile 

strength (Narimani, Davarpanah, Vásárhelyi, 2024). 

Accordingly, a decrease in tensile strength indicates 

an increased tendency for tensile cracks to occur. 

Therefore, an increase in Poisson's ratio accelerates 

crack growth. The verification of this working 

hypothesis by mathematical modeling methods and 

comparison with experiments known in the literature 

is attributed to the tasks of current research, as it is of 

interest for practice. 

In this article, cracking in the surface layer of 

cylindrical frozen soil samples under axial 

compression is considered at the level of simple 

models, depending on the Poisson's ratio. Ice in 

frozen ground plays approximately the same role as 

cement in ordinary concrete, which is an artificial 

analogue of rock (Zhao, Bing, 2024). Accordingly, 

some approaches developed for predicting the 

mechanical behavior of rocks can be adapted to 

modeling the state of frozen soil samples under axial 

compression (Shekov, Kolesnikov, 2024; Wang, Zhu, 

Li, 2023). This article continues the research 

(Shekov, Kolesnikov, 2024), which proves that 

during uniaxial compression, annular tensile stresses 

appear in the surface layer of a cylindrical rock 

sample, which, accordingly, cause the appearance of 

radial tensile cracks. In this case, the radial cracks are 

maximally exposed on the lateral surface of the 

sample and are oriented almost parallel to the 

longitudinal axis of the sample. The ring stresses 

reach their highest values in the middle of the sample 

height, as shown by finite element modeling. 

In the context of this work, it is important to take 

into account, first of all, the dependence of the 

Poisson's ratio on the load. The aim of the work is to 

develop a model for predicting the thickness of the 

surface layer of frozen soil samples with a crack that 

occurs in this layer during uniaxial compression, 

depending on the Poisson's ratio from the range of its 

possible values from 0.05 to 0.5. 

2 METHODOLOGY AND 

RESULTS 

2.1 Methodology  

This section contains two variants of a simple 

algorithm for modeling the mechanical conditions of 

cracks in the surface layer of a cylindrical frozen soil 

sample under uniaxial compression. The model is 

based on the Mohr strength condition and the radial 

stress hypothesis, which adds new possibilities to the 

published approach to solving a similar problem 

Shekov, Kolesnikov, 2024). When modeling, we 

used a number of simplifications, so the calculation 

results may differ from the true values both up and 

down. From a methodological point of view, in order 

to reduce the deviation of the approximate solution 

from the true one, it is advisable to use at least two 

algorithms or models, then average the approximate 

calculation results and thereby reduce the deviation of 

the approximate solution from the true one. 

Considering this circumstance, the main research 

issue of the current work is the implementation of the 

indicated methodological approach in modeling the 

conditions for the occurrence of cracks in the surface 

layer of a cylindrical sample of frozen soil under 

uniaxial compression.  

2.2 Algorithm 1  

In the study, the following equation (1) is 

substantiated for determining the circumferential 

stress 𝜎𝑡 in the surface layer of a cylindrical sample 

with an initial radius 𝑅 under uniaxial compression 

with axial stress 𝜎𝑐 (Shekov, Kolesnikov, 2024):  

       𝜎𝑡 = 𝜎𝑅 (
𝑅

𝑡
− 1).                             (1) 

Here 𝑡 is the thickness of the layer with the crack. 

Applying Dinnik's hypothesis, we model the effect of 

axial stress 𝜎𝑐 on radial stress 𝜎𝑅 by the relation 𝜎𝑅 =
𝑛𝜎𝑐, where 𝑛 = 𝜇/(1 − 𝜇). Thus, 

𝜎𝑡 =
𝜇

1−𝜇
𝜎𝑐 (

𝑅

𝑡
− 1).                           (2) 

If, with increasing axial load, the stress (2) 

exceeds the tensile strength of the soil, a crack will 

appear. The strength of the soil under tension and 

compression is denoted, respectively, as 𝜎𝑡_𝑝𝑒𝑎𝑘 and 

𝜎𝑐_𝑝𝑒𝑎𝑘 The known Mohr strength conditions after 

simplifying transformations lead to equation (3):  

𝜎𝑡 = 𝜎𝑡_𝑝𝑒𝑎𝑘 − 𝑚𝜎𝑐;  

𝑚 =
𝜎𝑡_𝑝𝑒𝑎𝑘

 𝜎𝑐_𝑝𝑒𝑎𝑘
 .                       (3) 

From equations (2) and (3), we find after the 

transformations: 
𝑡

𝑅
=

1

1− 
𝑚

𝑛
 + 

𝜎𝑡_𝑝𝑒𝑎𝑘

𝑛𝜎𝑐

 .                  (4) 

Figure 1 shows the results of calculations using 

equations (3) and (4). As initial data, we used the 

values of the strength of frozen soil (𝑡 = −10°C) 
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under tension and compression from the article (Hu, 

Li, Tian, Hu, 2021): 𝜎𝑡_𝑝𝑒𝑎𝑘 = 0.725 MPa; 

𝜎𝑐_𝑝𝑒𝑎𝑘 =3.398 MPa; cylindrical samples, 61.8 mm 

(diameter) × 125 mm (height).  

Figure 1 shows that for the same axial stress, an 

increase in Poisson's ratio leads to an increase in the 

thickness of the surface layer with a crack. For 

example, if the axial stress is 1 MPa, then an increase 

in Poisson's ratio from 0.1 to 0.3 leads to a significant 

increase in the thickness of the surface layer with a 

crack, respectively, from 0.18R to 0.42R. Thus, the 

simulation results confirm the working hypothesis 

formulated in Section 1 that an increase in Poisson's 

ratio accelerates crack growth at early stages of 

loading. 

 
Figure 1: Thickness of the surface layer with a crack as a 

function of axial compressive stress for different values of 

Poisson's ratio 𝜇. 𝑛 =
𝜇

1−𝜇
 . 

2.3 Algorithm 2  

As noted above, we used a number of simplifications 

in the modeling, so the calculation results may differ 

from the true values. To reduce the deviation of the 

approximate solution from the true one, it is advisable 

to use at least two algorithms or models, then average 

the approximate calculation results and thereby 

reduce the deviation of the approximate solution from 

the true one. In this section, we will consider the 

application of an alternative method for determining 

the voltage 𝜎𝑅 by the ratio 𝜎𝑅 = 𝑛𝜎𝑐, where 𝑛 = 𝜇. 

Thus, instead of equation (2), we write 

𝜎𝑡 = 𝜇𝜎𝑐 (
𝑅

𝑡
− 1).                        (5) 

From equations (3) and (5), we find after the 

transformations: 
𝑡

𝑅
=

1

1− 
𝑚

𝜇
 + 

𝜎𝑡_𝑝𝑒𝑎𝑘

𝜇𝜎𝑐

 .                       (6) 

Figure 2 shows the results of calculations using 

equations (3) and (5).  

 
Figure 2: Thickness of the surface layer with a crack as a 

function of axial compressive stress for different values of 

Poisson's ratio μ. 𝑛 = 𝜇.  

 

The initial data for Figures 2 and 1 are the same: 

the values of the strength of frozen soil (𝑡 = −10°C) 

under tension and compression from the article (Hu, 

Li, Tian, Hu, 2021): 𝜎𝑡_𝑝𝑒𝑎𝑘 =0.725 

MPa; 𝜎𝑐_𝑝𝑒𝑎𝑘 =3.398 MPa; cylindrical samples, 61.8 

mm (diameter) × 125 mm (height). 

2.4 Comparison of results  

A comparison of Figures 1 and 2 shows that using an 

alternative hypothesis (𝑛 = 𝜇 instead of 𝑛 =
𝜇

1−𝜇
). It 

affects the modeling result in quantitative terms, 

without changing trends. Additional information is 

presented in Figures 3 and 4, where solid lines show 

the results of calculations using algorithms 1 and 2, 

and dotted lines show the averaged results of 

simulations using the same algorithms. 

 

 

Figure 3: The thickness of the surface layer with a crack 

depends on the axial stress according to algorithm 1 for 

different values of the Poisson's ratio 𝜇. 
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Figure 4: The thickness of the surface layer with a crack 

depends on the axial stress according to algorithm 2 for 

different values of the Poisson's ratio 𝜇. 

3 DISCUSSION  

The analysis of the presented results (Figure 3) 

predicts crack growth with an increase in the 

Poisson's ratio at the same axial stress, which 

confirms the working hypothesis formulated in 

Section 1 of this study that an increase in the Poisson's 

ratio accelerates crack growth. In general terms, this 

is true. The analysis of Figure 3 makes it possible to 

identify additional patterns of influence of the 

Poisson's ratio on crack formation in the initial and 

final stages of loading, which are important for 

practice. 

Indeed, comparing the slopes of the tangents to 

the curves in Fig. 3 allows us to compare crack 

formation rates for materials with different Poisson 

coefficients in the range from 0.05 to 0.5. At the 

initial stage of loading, an increase in the Poisson's 

ratio leads to an increase in the rate of crack formation 

and an increase in the thickness of the surface layer 

with cracks (i.e., the depth of the crack). At the final 

stage of loading, an increase in the Poisson's ratio 

leads to a decrease in the rate of crack formation in 

the same layer.  

This observation suggests that, theoretically, 

materials with a lower Poisson ratio can have a longer 

service life under moderate loads than materials with 

a higher Poisson ratio under the same conditions. 

However, the final stage of damage to materials with 

a low Poisson's ratio is realized at a higher rate than 

in materials with high Poisson's ratio values. 

The initial stage of cracking of materials with a 

low Poisson's ratio is realized at a lower rate than 

materials with a high Poisson's ratio. At the initial 

stage of loading, the loads are small, and an increase 

in the Poisson's ratio causes an accelerated increase in 

the thickness of the surface layer with a crack. This 

observation predicts that under moderate loads, a 

material with a high Poisson's ratio contains more 

cracks and therefore its service life is shorter than that 

of a material with a low Poisson's ratio. For reference: 

the Poisson's ratio of rocks such as marble and 

sandstone can take values from the ranges from 0.17 

to 0.40 and from 0.09 to 0.46, respectively (Lógó, 

Vásárhelyi, 2019). 

We emphasize that in this work, models were used 

that do not take into account the dependence of the 

Poisson's ratio on the load. At the same time, the 

study (Narimani, Davarpanah, Vásárhelyi, 2024) 

showed that the Poisson's ratio for materials such as 

marble and red sandstone increases from about 0.1 at 

the beginning of loading to 0.4 at the final stage of 

loading. Therefore, two stages of deformation of such 

a material should be distinguished: if at the first stage 

it is the behavior of a material with a low Poisson's 

ratio, then at the second stage it is the behavior of a 

material with an increased Poisson's ratio. As a result, 

we obtain a sigmoid curve (Fig. 4), which is also 

found in other studies (Kumar, Cao, 2021).  

 

 

Figure 4: The assumed curve if the Poisson's ratio increases 

under load. 

It should be noted that frozen soil in this work was 

considered as an analog of rock. However, 

unaccounted-for differences such as the dependence 

of the coefficient on the load (Narimani, Davarpanah, 

Vásárhelyi, 2024) and other factors (Yuan, Du, Shen, 

2024; Yan, Chang, Manda, Li, Wang, Jing, 2024; 

Feng, Ma, Lacidogna, Pan, Wang, Su, 2023, Narimani; 

Kovács, Vásárhelyi, 2025; Shekov, Kolesnikov, 2025) 

may affect the simulation results, which may become 

the subject of further research. It is also important to 

take into account that crack growth depends not only 

on the Poisson's ratio, but also on other factors such 

as the tensile and compressive strength of the 
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material, stress level, humidity, crack geometry, grain 

shape and size (Li, Zhou, Geng, Qin, Wang, Li, 2025; 

Jing, Lacidogna, Zhao, Marin Montanari, Rojo Tanzi, 

Iturrioz, 2025; Cheng, Zhang, 2023; Kolesnikov, 

Shekov, 2022 ; Kolesnikov, Shekov, Gavrilov, 2025). 

4 CONCLUSIONS  

In this paper, crack formation in the surface layer of 

cylindrical frozen soil samples under axial 

compression is considered at the model level, 

depending on the Poisson's ratio. The research is 

focused on developing a model for predicting the 

thickness of the surface layer of frozen soil samples 

with a crack that occurs in this layer during uniaxial 

compression, depending on the Poisson's ratio from 

the range of its possible values from 0.05 to 0.5. 

Two algorithm variants are proposed for 

modeling the mechanical conditions of crack 

appearance in the surface layer of a cylindrical frozen 

soil sample under uniaxial compression. The 

thickness of this layer is equal to the depth of the 

crack.  

Modeling has shown that the initial stage of 

cracking of materials with a low Poisson's ratio is 

realized at a lower rate than materials with a high 

Poisson's ratio. The final stage of damage to materials 

with a low Poisson's ratio is realized at a higher rate 

than materials with a high Poisson's ratio. These 

observations lead to the appearance of a sigmoidal 

dependence of the thickness of the crack surface layer 

on the axial load. The results of the work contribute 

to the development of estimates of cracking and 

bearing capacity of frozen soil as a fragile material. 
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