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ABSTRACT: 

 

Current paper focuses on the laboratory experiments performed wit aim to test the deformation in the frozen loam soil specimens. 

Loam frozen soils are subject to the external effects, such as climate and environmental impacts including temperature changes. Soil 

heave is one of the key features restraining possible area development: construction of buildings, roads and railways. Necessarily, 

this requires the improvements of methods of the assessment of heave. This research evaluated the compressive strength and 

deformation in several specimens of the frozen soil. The approach included varying load and physical properties of soil specimens: 

porosity, pore filling, moisture, density of soil particles and dry soil density. Besides during the experiment, the external conditions 

were changed: decreased temperature and increased load pressure. The experiment is based on the UPG-MG4-01. The paper 

presented the laboratory tests of heave and compressive strength of the frozen soils using applied geotechnical methods.  

 

 

 

1. INTRODUCTION 

The physical processes of the frost heave in soil have been 

studied since as early as 17th century and progressed 

significantly up to present time due to the importance of the soil 

evaluation in engineering and construction. Frost heave reflects 

the destructive aspects of the frost action in freezing soil. It 

refers to the volume expansion during a process of soil freezing. 

In geomorphology, intensive frost heaving may create specific 

raised-soil landforms which have different geometries, e.g. 

circles, polygons, stripes. Unstable soil creates difficulties and 

danger in the construction of roads, buildings and highways. 

 

The physical nature of the process of heave in soils is well 

described in a variety of the existing works (Taber, 1929, 1930; 

Ravaska and Vesala, 2000; Muller et al. 2008; Lein et al. 2019). 

If freezing of saturated soils results in no heaving, water is 

forced through the soil voids below the zone of freezing, 

compressing or expelling air. Heaving takes place when water is 

pulled through the soil to build up ice layers which grow in 

thickness. Heave also includes the development of ice lenses 

inside the columns of soil (Akagawa et al. 2006; Arenson et al. 

2006). Since force is required to pull water through clay, the 

water is put under the high tension.  

 

The first explanation of the frost heave was based on the 

capillary theory and was detailed constantly by numerous 

studies on geotechnical engineering (Penner, 1961; Penner & 

Ueda, 1977; Rempel, 2012; Deprez et al. 2020). Heaving is 

limited by the tensile stress that is developing in water and by 

downward growth of the ice crystals in soil voids. Frost heave is 

usually caused by the water transfer and accumulation in soils, 

as described previously (Logan et al. 2020; Penner, 1960).  

 

Another important feature of the heave in soils is that various 

types of soils demonstrate difference in the frost heave 

performance, compressibility and other soil properties. Frost 

heave of the ground soils may negatively influence the stability 

of buildings and constructions, because soil volume may 

increase during the freezing period. The variations in the heave 

of foundations could depend on various factors. These include 

among others soil type (silty, clay, fine-grained, etc.), hydration 

and moisture degree (Konrad, 1980). 

 

The importance of the heave frost processes for the construction 

of road works and buildings explains numerous publication on 

soil heave and frost soils throughout the 20th century (Puppala 

et al. 2004; Crowther, 2015; Konrad, 1994; Nagare, 2011; Li 

and Sun, 2008) and in recent research papers (Dahlin et al. 

1999; Lindh and Hermansson, 2001; Lemenkov, 2018a, 2018e). 

Favourable conditions for the development of frost heave 

include the following factors: 1) frost-susceptible soil, 2) inflow 

of water below the water table; 3) local cold climate (freezing). 

Frost-susceptible soils are those vulnerable to the frost heave 

soil types that have pore sizes between the fine particles and 

surface area that enable capillary flow, e.g. silt and loam 

(Michalowski and Zhu, 2007; Zhang and Michalowski, 2014).  
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The studies of the heave frost advanced rapidly since 1960s. 

This is caused by the rapid progress in geotechnical engineering 

methodology including updated technical devices and improved 

laboratory equipment for the soil testing. The progress in the 

geotechnical engineering continued further up to 1980s when 

the statistical data analysis facilitated existing research methods 

of data analysis (Jackson et al., 1966; Hagerty and Peck, 1971; 

Selvadurai and Shinde, 1993; Ketcham et al. 1997; Huang et al. 

2004). These works presented a sound theoretical background 

for further development of the experiments on frost heave, 

based on the updated modern techniques and methods, 

asreflected in a series of the existing papers (Zhou et al. 2006; 

Darrow et al. 2008; Ferris, 2009; Wersäll and Massarsch, 2013; 

Zheng and Kanie, 2015; Shen et al. 2020; Chen et al. 2021). 

The methodological principles and approaches presented in 

these works were analysed and used in the present research with 

an application to the regional characteristics of the soil 

specimens used in the performed experiment.  

 

Ground heave, caused by the impact of the hydrological and 

climatic external factors, e.g. in frost-susceptible regions, can 

lead to the significant vertical deformations in the foundation 

and frame of buildings, pavement and roads (Widianto et al. 

2009; Chen et al. 2012; Zhang et al. 2018). In particular, frost 

heave in soils can lead to vertical deformation of the low-rise 

buildings. Since heaving of soils often corresponds to the non-

linear functions, the rise in building foundations also occur 

unevenly. This may lead to the fracture of buildings over time. 

Therefore, the hydrogeological risk analysis of the soil heaving 

is a necessary research step before the construction works. The 

uneven heave of clay and fine-grained soils causes uneven loads 

on the surfaces, building foundation and pavement (Long et al. 

2018; Zhu et al. 2021). The reasons for the uneven soil heaving 

are different. For instance, soil heave in the southern regions 

can be caused by the heterogeneous geological formations 

under a shallow foundation, or by variations in local climate 

settings, e.g. uneven soil heating, differences in soil insulation, 

heated and unheated rooms on the same building foundation. 

 

Current study presented a series of experiments performed in 

the soil laboratory (Fig. 1). The aim was to study physical and 

mechanical properties of soils. Technically, the work has been 

carried out according to the existing standards for frozen, 

freezing and thawing soils. This method determines soil 

temperature as a part of the engineering survey for designed and 

constructed structures. The research included the evaluation of 

the frost heave degree applied to the specimens of the fine-

grained loams and clay soils. 

 

 

2. DATA 

The hydrogeological, geological and technical properties of the 

tested soils have been determined by the enlarged aquifer of the 

groundwaters in the saturated loam soils below the water table. 

The thickness of the sediments is about 5-8 m, regional 

filtration coefficients vary within range of 0.3-0.14 for clay soils 

and loams. Within the tested area, the aquifers are separated by 

the water-resistant clays with a thickness of 2-5 m. 

 

Current paper is focused on the loam soil. The tested specimens 

of the loamy soil contain up to 30% clay and 70% sand. In dry 

conditions, loams are less hard than clay soils; in wet conditions 

loams have low ductility and stickiness. Loams are considered 

as heaving soils, as they contain over 15% of clay aggregate of 

the total mass in their structure. 

 

Because loams in the study area are prone to freeze and 

subsidence, the engineering construction on this type of soil 

requires accurate evaluations of the physical and mechanical 

properties of soil. Soil subsidence, i.e. sinking or settling of the 

ground surface, results in sags (local geomorphic depressions) 

formed on the surface due to the variety of the environmental 

impact factors and trigger processes. Therefore, adjusting the 

hydrological regime in the area of soil subsidence presents a 

geotechnical challenge (López-Fernández et al. 2013). 

 

   
Figure 1. Illustrations of the experimental setup: a) Container 

fixed in a frame (left); Placing soil sample in the lower area 

(centre). Soil sample in cylinder (right) 

 

Assessing the suitability of the region for possible construction 

of roads and buildings includes the analysis of possible changes 

in soils under various weather conditions and external pressure. 

The average depth of freezing in the studied region is 800 mm, 

which varies depending on local hydrogeological and climatic 

conditions. Evaluating the soil column under the controlled 

laboratory settings can assist in understanding of the effects of 

various impact factors controlling the freezing of the active 

layer in the terrain. Therefore, testing freezing depth in soil 

specimens is necessary for hydrogeological analysis of the 

specific area selected as a potential place for planned 

construction of road. It should also be noted that soil hydration 

is an important factor increasing the degree of ground heaving. 

 

Soil moisture profile fully saturated before freezing is especially 

important due to the seasonal river flooding, repetitive seasonal 

rains at the onset of spring period which significantly change 

the groundwater level (Wang et al. 2020). Soil moisture profile 

during the winter period controls the ice content in the surface 

layer of soils. As a result, seasonal freezing-thawing processes 

in soil may cause soil compaction and lead to the damages in 

the infrastructure (e.g. Lin et al. 2018; Wu et al. 2021). 

 

 

3. METHODS 

3.1 Data pre-processing 

The study has been carried out based on the existing standard 

GOST 28622-2012 by UPG–MG4.01/N Soil measuring device 

used to measure heave in soils. The work has been performed 

stepwise according to the methodology described below. The 

preliminary research step included sampling of the undisturbed 
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soil, which was cut out of the soil monolith (a vertical slice of 

soil) by cutting ring method using the cylindrical shape. 

Afterwards, testing device (equipment UPG–MG4.01/N) has 

been installed and connected to the network. The program was 

installed using the “Instrument network” menu. Each sample 

was placed to the freezer thereafter. The water-thermal regime 

of the soil in laboratory conditions was provided by maintaining 

the two conditions:  

 freezing of soil samples was performed only from the 

upper end of the cylinder; 

 the temperature regime was set up on the lower and 

upper thermal plates as well as the surfaces of the soil 

samples. 

The methodology of this work has followed the existing 

standards and knowledge on the evaluation of the frost heave in 

construction engineering works (Brown, 1965; Nishikawa and 

Sakuraba, 2002). 

 

3.2 Data processing 

At the initial stage of the experiment, soil specimens were 

installed. Sampling and preparation of the loamy soil specimens 

for testing were carried out according to the existing standards. 

The clip was placed together with a soil sample on a lower 

thermal plate (Fig. 1, in the centre). By this time, a thermal 

container with a lower thermal plate has been prepared for the 

experiment (Fig. 1). 

 

3.3 Soil sampling 

At the next step, a filter paper was placed on the bottom of the 

container, to prevent the infiltration of sand into the 

compartment with water. The capillary-porous fine sand was 

poured into the container up to the edges of the cylinder. The 

water was filled in to the cylinder using a medical syringe.  

 

The lower end surface of the soil was tightly attached to the 

material. The cartridge inside the cylinder was lubricated by a 

thin layer of grease (petroleum jelly). Then the soil samples 

were placed into a holder consisting of five rings 30 mm high. 

The soil samples were previously prepared and stored in the 

rings using the standard method of soil compaction.  

 

3.4 Instalment of thermal plates  

At the next stage, after a thermal insulating case was installed 

on the top of the cylinder containing soil, the upper thermal 

plate has been installed on the ground. The measurement device 

containing soil sample has been placed on the base of the frame 

(Fig. 1). The upper and lower thermal plates were connected to 

the joints of the control unit device according to the numbering 

of the thermal containers. Afterwards, the freezing sensor has 

been connected. At the next step, the temperature and pressure 

parameters were set up in the settings mode of the device.  

 

3.5 Fixing temperature 

At the same time, following parameters were installed in the 

upper line of the display: Ta is the air temperature in the 

refrigerator; current time is the time since the start of the 

experiment. The second line in the first column displays the 

series number and number of current measurement. The other 

columns included the numbers of thermal containers. The table 

also included the following parameters: temperature of the 

upper thermal plate Tut,°С, temperature of lower thermal plate 

Tlt,°С, temperature of the lower end of the sample Tcont,°С. 

 

The air temperature in the refrigerator was fixed as a constant to 

ensure the average temperature on the upper thermal plates, 

which was equal to 1±0.5°С. This ensured that soils samples 

could be subjected to bidirectional, one-dimensional freezing. 

The time of the temperature stabilization reached 7 hours. Such 

temperature conditions were maintained for 24 hours. 

Afterwards, the temperature of the upper thermal plates 

automatically decreased to the temperature Tut,°С=15.5°С set 

in the “Settings” mode.  

 

3.6 Determining frost heaving 

At the final step, frost heaving of the soil samples was 

determined. Frost heave of the samples is expressed as the 

volumetric strain, which leads to the increase of volume due to  

the crystallization of pores and migrating water with the 

formation of crystals and ice lenses. Soil deformations caused 

by the frost heaving were measured with an accuracy of 0.01 

mm. The total experiment time for these soil samples was 57 

hours. The test was completed by the signal of the indicator 

warning activation of the freezing sensor. Measured values of 

the Tut,°С, Tlt,°С, Tcont,°С, h and P were automatically 

recorded in real time during the test and archived as files. 

 

4. RESULTS 

This paper presents the results of the experimental testing of the 

temperature regime of the frozen loamy soils. The results of 

laboratory tests of soils are shown in Table 1 and Figures 2–7. 

The tested soil samples experience seasonal freezing and 

thawing. The experiments were performed using standard 

method of assessment of soil frost heave using device UPG–

MG4.01/N, at the temperatures from –4.6°С to –4.1°С. The 

displacement of the soil samples at temperature of –4.3°С 

reached 0.91 mm.  

 

Series No 
T upper, 

 °С 
T, lower,  

°С 
T control, 

°С 
Pressure,  

MPa 
Hf, Displacement, 

mm 

7 15 -4,3 0,9 0,4 0,001 1,21 

7 16 -3,9 0,9 0,4 0,001 1,30 

7 17 -4,2 0,9 0,4 0,001 1,41 

7 18 -4,3 0,9 0,3 0,001 1,53 

7 19 -4,3 1,0 0,4 0,001 1,61 

7 20 -4,2 0,9 0,3 0,001 1,69 

7 21 -4,1 1,0 0,3 0,001 1,79 

7 22 -4,2 0,9 0,2 0,002 1,89 

7 23 -4,1 0,9 0,4 0,002 1,99 

7 24 -4,0 0,9 0,2 0,002 2,09 

7 25 -4,1 0,9 0,2 0,002 2,21 

7 26 -4,2 0,9 0,2 0,002 2,34 

7 27 -4,2 1,0 0,0 0,002 2,41 

Table 1. Example of the series of measurements 

The experimental tests in all five thermal containers were 

finished by freezing sensor indicator. Data obtained during the 

experiment were transfer to a PC via USB from the UPG–
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MG4.01/N device and archived to a file using the software for 

transmitting the datasets directly from the UPG–MG4.01/N 

“Grunt” device. 

 

The technical part of the experiment has been performed using 

the UPG-MG4.01/N thermometric equipment. The temperature 

of soils was measured by analysing the temperature of the upper 

and lower thermal plates in real time regime. The experimental 

method was based on the analysis of the temperature regime of 

given soils samples prepared and tested for engineering and 

construction surveys in natural and disturbed conditions (with 

and without external temperature exposure). Methodologically, 

the use of the UPG-MG4.01 demonstrated high effectiveness in 

soil sampling and estimating the frost heave.  

 

  Figure 2. Results of the experimental testing of the 

compressive strength in soil specimens with porosity 47.05%. 

 

Figure 3. Results of the experimental testing of the compressive 

strength in soil specimens with porosity 51.30% 

 

First, this device provides optimal freezing process of the soil 

samples from the upper thermal plate. Second, fixed 

temperature regime has been set and maintained for the lower 

and upper thermal plates during the whole experiment 

continuously, which ensured the correctness and objectiveness 

of the experiment. Third, a continuous flow of water to the 

freezing line of the soil was ensured during the freezing of the 

soil specimens.  

 

The obtained data shown that decrease of the temperature to –

4.6°С has a significant effect on the frost heaving of the 

refractory and loam soils of a given study area. This effect can 

be seen as an increase in the short-term volume of the soil 

samples with the increase in their hydration saturation under the 

external temperature effects. On the contrary, the decrease is 

observed in their volume during thawing. According to the 

results of the experiments, the calculated degree of heaving in 

the soil specimens is 0.91 mm at the temperature of –4.3°С T.  

Figure 4. Results of the experimental testing of the compressive 

strength in soil specimens with porosity 59.85% 
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Figure 5. Results of the experimental testing of the 

compressive strength in soil specimens with porosity 

69.28% 
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Figure 6. Results of the experimental testing of the compressive 

strength in the soil specimens with porosity 71.00% 

 

The experimental part of this work includes the quantitative 

estimation of the frost heaving of the selected soil specimens. 

The functionality of the UPG-MG4.01 device enabled to 

measure the relative deformation of the frost heaving εfh.  

Figure 7. Results of the experimental testing of the compressive 

strength in the soil specimens with porosity 72.48% 

 
5. DISCUSSION 

The novelty of this work consists in the application of the 

advanced geotechnical methods for evaluating of heave in the 

frozen soils. The heave testing has been performed using the 

special device by a series of the laboratory tests. The results 

demonstrated that heave, temperature and water intake in the 

specimens of the frozen soil demonstrate correlation and effects 

during compression test experiments. The results support the 

theoretical descriptions of the soil performance (Jame, 1978; 

Guymon et al. 1993; Hayashi et al. 2007). This study presents 

the foundation for further testing of the frozen soil's heave. 

 

Various experimental methods have been used for the 

measurements of the frost heave and freeze durability of soils 

(McCabe and Kettle, 1995; Rempel et al. 2004, Lemenkov, 

2018c; Penner, 1959; Dirksen, 1964). These studies were 

mostly developed as applications and case studies for natural 

soils with few examples for the stabilized soils. Soil heave may 

vary depending on the soil type and chemical content 

(Lemenkov, 2018d).  

Soil samples stabilized with a lime-slag binder and samples 

stabilized with a cement binder showed only a very small frost 

heave. The fine-grained soils are often regarded as problematic 

soils in earthworks due to the high water sensitivity and frost 

heave. Soil treated with a low amount of lime could become 

more frost-susceptible than the untreated soil specimens (Lindh, 

2004).   

 

Rapid progress in computerization and the onset of the 

automation in data analysis in geosciences enabled the 

development of the methods of data analysis (Schenke and 

Lemenkova, 2008; Klaučo et al. 2013; Houston and Houston, 

2017; Lemenkov, 2018b; Xie et al. 2018; Lemenkova, 2019, 

2020; Lemenkov and Lemenkova, 2021a). Regarding the soil 

science and geotechnical measurements of frost heave, the 

active use of the computed-assisted data processing and soil 

sampling improves the quality and speed of data analysis and 

should be recommended in similar studies. 

 

 

 

6. CONCLUSION 

The actuality of the work is caused by the need for the precise 

measurements of the soil properties. Testing soils aims to 

estimate their suitability for the construction works. The frost 

heave of soils, i.e. their ability to retain water in their volume is 

one of the most significant negative soil characteristics for 

building constructions. The hydrated saturated loamy soils can 

be prone to the frost heaving, which causes difficulties in 

building constructions and planning.  

 

Measuring quality and suitability of soils in specific areas is 

necessary before construction works, which is crucial for the 

regions with rapid development. Hence, this work is a 

contribution to the development and improvement of the 

technical methods aimed for accurate assessment of the heaving 

of refractory and loam soils based on the use of the UPG–

MG4.01/N equipment. The described workflow can be used as 

an example in similar experiments on the heave soils testing. 

The presented experiments are aimed to contribute to a better 

understanding of the frozen soils heaving generated from the 

field investigations in frozen soils by the UPG–MG4.01/N.   

 

The assessment of the physical and mechanical properties of 

soil is important, because it enables to estimate the load on the 

structure and evaluate how the loads are being transmitted to the 

earth with possible consequences on a structure of building 

(Duncan, 1992). Errors in the hydrogeological calculations or 

the incorrect assessment of the compression strength of soil can 

result in cracked or rickety buildings. The correction of such 

errors is often very costly in the industry. Thus, the quality of 

the buildings’s structure, the exploitation reliability and 

possible risks, directly depend on the reliable and accurate 

assessment of the suitability of soil for the construction works. 

This work contributed to the development of testing methods by 

a case study of the frozen soils evaluated for compressive 

strength. 
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