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Evaluation of frost heave in clay soils  

Abstract. Frost heaving in clayey soils with a low coefficient of permeability raises a lot of 

questions regarding the cryosuction, surface tension forces, and accompanying phase 

transfer of water. The freeze-thaw laboratory test results were considered in this work in 

terms of temperature and volumetric parameters change, dry density, and water mass 

transfer. The article presents a model for calculating the mass transfer of water (vapour) 

in the gas state under the influence of cryogenic forces. Findings include the improved 

understanding of the heat and mass transfer phenomenon during the unidirectional 

freezing of soils in an open system. Most of the tests for engineering properties registered 

a slight reduction in relation to strength, cohesion, and angle of internal friction. 

However, there was a significant increase in the coefficient of permeability after the 

freeze-thaw cycles with initially dense compacted soil samples, which was due to 

loosening and moistening of the soil samples during the heave at sub-zero temperatures. 

The conceptual model for frost heave in soils was developed based on the vapour mass 

transfer. There was presented algorithm of vapour flow calculation in unsaturated soils 

using fundamental thermodynamic equations. 

Keywords: frost heave, temperature monitoring, moisture transfer, clayey soils, 

laboratory testing, vapour transfer. 
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Introduction 

 

Clayey soils are well-known as frost susceptible soils, despite they have very low permeability 

and high surface tension. The surface tension in the ground water is around                 [1]. The 

soil structure in the freezing fringe includes the moisture in three phases: the solid part - ice lenses; the 

liquid phase – hydroscopic and capillary water; and the gas phase – saturated and unsaturated vapour. 

It should be noted that ground soils are subject to unidirectional freezing, which is usually derived from 

the top downwards. Ice lenses nucleation starts in the pores and channels with gravimetric water, 

where the pore water pressure is close to atmospheric level. Withdrawal of the thermal energy during 

soil freezing induces the following phase transformations: the segregation of water in the liquid phase 

to ice, accompanied by thermal energy release and condensation of the gas phase to liquid, according to 

the phase equilibrium.  A sharp reduction of the water and gas phases in the freezing pores has been 

ascribed to the analogy of drying by Henry [2]. 

Arenson et al. [3] has also noted that vertical veins do not grow in thickness as the horizontal 

lenses do over time. However, Arenson et al. did not identify a phase in which moisture is transported. 

They mentioned some concerns about the suction required to drive the hydraulic conductivity at 

atmospheric pressure, by determining that the negative pressure should be not less than 900 kPa to 

draw up the water. 

Among all structures, the most vulnerable to frost heaving are highways. Due to the high 

density and increased thermal conductivity of the pavement and sub–base materials the temperature 

field in highway subsoils differs only slightly when compared to soils in a natural state [4]. Dynamic 

traffic load increases the pressure and melts some parts of the ice for a short period of time in highway 

subsoils [5]. The mechanism of short-term load application to the frozen subsoils can be explained by  
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a regelation theory, when that part of the ice located closest to the soil particles starts to melt under the 

pressure. The liquefied water migrates upwards to the cold side as soon as the dynamic load is removed 

and refreezes in the new place. The dynamic loading here acts as a piston pump. 

The study focuses on moisture mass transfer in unsaturated soils, as this is the most likely state of 

soils under highways in the winter period. The article considers determination of moisture mass 

transfer implemented with vapour flow.  

 

 Research methods 

 

Frost susceptible soils were conducted for 2 freezing-thawing cycles in open system laboratory 

tests, so the samples were supplied from the base by deionized water (Figure 1). In test 1 nine soil 

samples of 1 meter length sandy clay soil were compacted artificially to the maximum dry density and 

placed to the environmental chamber and simultaneously frozen from the top. In test 2 the length of the 

samples was reduced twice to 50 cm, while column 1 was compacted with the least dry density, 

increasing in every other column, and reaching the maximum density in column 9.  The characteristics 

of the freeze-thaw cycles are presented in Table 1.  The initial parameters of the soil samples are 

presented in Table 2. 

 

 

Figure 1.  Environmental chamber for freeze-thaw cycles with a capacity of nine 1m length soil columns 
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Evaluation of frost heave in clay soils 

 

Table 1 

Freeze-thaw test characteristics 

 

Test 

no. 

Sample 

length 

Base water 

supply  

Dry density of the 

sample 

Sample testing technique 

1 100cm Deionised 

water 

All samples compacted 

with max dry density: 

1.80 Mg/m3 

Three columns removed after the first 

freeze cycle, three columns after the first 

thaw and  the remained three after the 

second freeze cycle 

2 50cm Deionised 

water 

Samples compacted with 

varied dry density:  

1.18-1.80 Mg/m3 

Nine columns kept until the end of the 

second freeze cycle 

 

Table 2  

Initial soil samples characteristics 

Characteristic Symbol Unit Value Annotation 

Initial moisture content W % 17.2 See Figure 3.1 – according to 95% max. 

dry density – moisture content 

relationship 

Angle of internal friction φ ° 24.1° CD direct shear test, moisture content 

W=17.2% Cohesion   C kN/m² 10 

Particle density of sandy 

clay 

ρs Mg/m³ 2.615  Soil mixture by mass: 50% sand and 

50% kaolinite   

Average dry density before 

freezing cycle  

ρd Mg/m³ 1.814 ± 

0.012 

BS Light compaction test operating 

with 2.5 kg rammer. The mechanical 

energy  applied to the soil is 596 kJ/m³ 
Initially bulk density at the 

beginning of the test  

ρ Mg/m³ 2.128 ± 

0.015 

Uniformity coefficient Cu - 2.4 Uniformly-graded sand 

Coefficient of curvature Cc - 3.65   

Activity of Clays  A - 0.25   Inactive clays  

Liquid limit   wL % 37.18 CI – Medium plasticity 

cone penetrometer test used 

Plastic Limit   wP % 23.77 Fraction of soil sample passed through 

0.425 mm sieve Average linear shrinkage LS % 5 

Plasticity Index PI % 13 

 

A slow unidirectional freezing technique was used during the freezing to provide enough time 

for the cryosuction processes [6, 7]. The temperature drop was set by 2 0C every 24 hours for 12 days 

and reduced down to -23 °C at the temperature control unit.  Temperature sensors were inserted in the 

center of each sample by every 10 cm of the length. 96 thermocouples continuously recorded the 

temperature via Pica loggers while frost heave was monitored by vertical linear gauges. The base of the 

soil samples were kept unfrozen during the entire experiment. By the end of the freeze-thaw cycles the 

moisture redistribution over the sample length was determined according to standard BS 1377-4:1990 by 

weight difference of the wet and oven dried sample at 105 °C for 24 hours. 
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The heat change Q in a mold section over the time t was found as the sum of the cooling heat 

and the latent heat during the phase transfer:  

            (1) 

where,    – heat energy is used for cooling the vapour mass to the temperature ΔT (equation 

5.5); and      heat energy used for the phase transfer (eq. 5.7). 

  =mvapour,   ·C·ΔT               (2) 

where, mvapour   ,  - mass of vapour at the starting time    g;C – specific heat of vapour passing 

through the cumulative air voids cross section, J/kg·ºC; ΔT – temperature change, ºC; and   – time 

interval, h. 

Density of the vapour is calculated for each period of time, corresponding to the temperature 

and saturated vapour pressure: 

           
          

       

 (3) 

where,           - vapour density for period of time, g/cm³. 

Heat energy for the phase transfer includes the latent heat for the condensation and 

solidification of the vapour mass difference at the beginning    and end time    of the calculation period. 

  =(mvapour,1- mvapour,2)·L (4) 

where, mvapour,2 – mass of the vapour at the end period     L – is a total latent heat L=        

where      - specific latent heat for condensation                    and    - specific latent heat for 

solidification           
     

  
 of 1 kg of water). 

The volume of vapour Vvapour  is equal to the speed of vapour passing through the air voids’ cross 

section A over the time  :  

                       (5) 

where,   – average speed of vapour, cm/h; and            – cumulative section cross of the air 

voids’            
    

 

 
, cm², corresponding to the porosity coefficient and moisture content (Figure 2). 

Substituting the         in equation (2) the vapour speed was found at the starting time and at 

the end: 

        
 

             
 

(6) 

  

The mass of ice built from the vapour passing through the air voids channels in a 10 cm length 

mould section with correspondent cumulative cross section      and speed v over time   is calculated:  

                                         (7) 

where,       - mass of built ice in grams;          – is taken as an average density value of the 

vapour densities at the start and end time point, g/cm³ . 
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Figure 2.  Calculation of the vapour rate passing through the cumulative air voids channel in the 

mould section over time   

  

Results and discussion 

 

In Test 1, the temperature drop was less pronounced due to the formation of ice lenses at the top 

of the soil columns and the resulting latent heat released for the increased amount of water. The top 5 

cm of soil in Figure 3a dropped down sub-zero temperatures, while the temperature distribution over 

the length of the samples stayed in a range of +5 - +10 °C. Ice lens formation was observed at the top of 

the sample, which appears to act as a heat insulator and prevented the further freezing of the soil. In 

Test 2 the temperature distribution changed with a range of soil density, although did not obtain a 

steady pattern of freezing rate in terms of ınıtıal density. This is possible because the freezing rate of 2 

°C per day provided sufficient time for temperature distribution across the entire length. Notably, a 

deceleration of the freezing rate was observed in the second freezing cycle. The temperature field 

distribution with time in Test 2 was similar to Test 1, where the temperature contours in the second 

freezing cycle were higher compared to Test 1.  

а) 
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b) 

 
 

 

Figure 3. Temperature contours in column 1 in Test 1 and 2, supplied with deionized water from the 

column base wıth (a) max and (b) variable soil densities. 

The average duration of testing comprised over 600 h. The relationship between the surface temperature 

and frost heave value over time for the soil samples compacted with maximum dry density is presented in 

Figure 3. In both tests, the greatest variety of volumetric deformation in the vertical axis was registered by 

the end of the second freezing cycle. The frost heaving value for test 1 twice exceeds the frost heaving in 

test 2 correspondently to the length of the sample. In Test 3 with a deionized water supply, the maximum 

rates of frost heave were achieved in columns 7 and 8, where the dry density was close to the maximum 

value 1.65-1.79 Mg/m³, while the loose soil samples, with a dry density 1.18-1.47 Mg/m³, registered very 

weak heaving in the first cycle and consolidation or compression in the second cycle compared to the 

initial volume. 
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a)  

 

b) 

 
Figure 4. Relationship between surface temperature and frost heave: a - Test 1 b -Test 3 
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Regarding the moisture intake, there was a significant increase in moisture, reaching 40% in the 

top 10 cm layer of the soil samples in Test 1, which were draining and moistening the 20 cm under this 

layer during the thawing period. Although the water was drawn upwards again as the second freezing 

cycle started. According to the results in Test 2, the moisture content represents advanced water intake 

in the loose soil, with a dry density range between 1.18-1.65Mg/m³, comparing to dense soils with dry 

density 1.8 Mg/m³.  Except for sample 4, in all the columns the moisture content reached 24.5% or above 

by the end of the test. The reason for low moisture intakes in sample 4 could have been due to 

occasional violation of the water supply during the freeze-thaw test.  

a) 

 
b) 

Figure 5. Moisture intake during Test 1 (a) and Test 2 (b) with maximum dry density and 1 m soil sample 

height 
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Ice lens formation in the top 10 cm layer caused a highly irregular distribution of moisture, 

which was confirmed by the centimeter sampling in Figure and also in the soil structure. The moisture 

intake in Test 2, with a shallow 45 cm depth groundwater supply table was higher than for Test 1, 

where the water supply was located at 95 cm depth and the soil samples were made with maximum dry 

density. For this reason, the moisture content between 15 and 45 cm from the soil surface was relatively 

stable and depended just on the density of the soil samplesa) 

а) 

  
b) 

 
Figure 6. Moisture redistribution by the sample length after two freeze-thaw cycles with a 

deionized water supply: a –Test 1, b –Test 2 
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The coefficient of permeability of soil columns in Test 1 varied in the range of 2.9-8.8x10-9 m/s. 

Here, the moisture transfer was induced by cryosuction forces. The amount of transported moisture is 

related to the cooling rate and thus to the amount of energy lost, which is distributed to the phase 

transfer energy and cooling of each soil component, according to its heat conductivity. 

Calculations of the vapor mass transfer are presented in Tables 3 and 4 on the example of 

column 1 in Test 2. The length of the soils sample in Test 3 was 50 cm, which was composed of five 

assembled mould sections, each 10 cm in length.  

Table 3 

Initial density characteristic in Column 1, Test 2 

Sample 

section 

Volume 

 of solids, 

cm³ 

Volume  

of voids, 

cm³ 

Voids 

ratio e= 

ρs/ρdry-1  

Volume of 

air ,  

cm ³ 

Tempe

rature 

at 590 

h 

Saturated 

vapour 

pressure 

over ice, Psi, 

Pa 

Mass of 

vapour at 

590, g 

 

Density of the 

saturated 

vapour at 

590h, Mg/m³ 

#11 370.62 448.46 1.21 180.55 -10.99 237.93 3.55·10-4 1.97·10-6 

#12 352.97 432.43 1.23 228.13 -10.30 253.24 4.76·10-4 2.09·10-6 

#13 352.97 432.43 1.23 198.83 -9.49 272.16 4.45·10-4 2.24·10-6 

#14 352.97 432.43 1.23 129.85 -8.36 300.63 3.19·10-4 2.46·10-6 

#15 352.97 432.43 1.23 154.52 -6.46 354.77 4.45·10-4 2.88·10-6 

 

Table 4 

Calculation of the moisture mass transfer in freezing soils on the example of Test 2, column 1 

Sam

ple 

secti

on 

Tempera

ture  at 

614 h, °C 

Saturated 

vapour 

pressure 

over ice, 

Psi, Pa 

Mass of 

vapour at 

614 h, g 

The heat 

realised in 

24 hours 

Q·t=m·C·Δ

Τ ,  J 

Vapour rate 

v=4·N/(C·ρ·π·d²

·ΔΤ), cm per 

24 h 

Vapour 

rate, 

cm/h 

Build-up of 

ice mass 

between the 

period 

590/614 h, 

g/hour 

#11 -13.30 193.26 2.91·10-4 0.1702 9.008 0.375 2.67·10-6 

#12 -12.60 205.98 3.91·10-4 0.2269 9.014 0.376 3.56·10-6 

#13 -11.68 223.81 3.69·10-4 0.2016 9.067 0.378 3.16·10-6 

#14 -10.43 250.35 2.68·10-4 0.1363 9.126 0.380 2.14·10-6 

#15 -8.96 284.98 3.61·10-4 0.2237 8.956 0.373 3.51·10-6 

The average vapour rate was around         . The build-up of ice mass between the period in 

24-hour period varied in a range of 2.14·10-6 -3.56·10-6 g, depending on the void ratio and temperature 

change.  Here, it is assumed that the porosity coefficient of the sample remains constant during the 

calculation period. Consequently, the volume of the air voids and the cumulative cross-section of the air 

voids also remained constant. It should be noted that only heat consumed for the gas phase energy 

exchange was considered in this problem. The solid and liquid parts have also been cooled down with 

the heat withdrawn by the cooling machine. However, they are not counted, because all the necessary 

energy exchange has been done by an automatic set of temperature controls. 
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Conclusion 

 

There was considered positioning of the soil structure, based on the experimental data of the 

measured temperature, vertical linear volumetric change registered by testing time, and the obtained 

moisture-density relation.  

Further outcomes have been concluded from the presented material: 

1. The obtained results have improved understanding of the heat and mass transfer phenomenon 

during the unidirectional freezing of soils in an open system. 

2. Most of the tests for engineering properties registered a slight reduction in strength, cohesion, 

and angle of internal friction. However, there was a significant increase in the coefficient of 

permeability after the freeze-thaw cycles with initially dense compacted soil samples, which was 

due to loosening and moistening of the soil samples during the heave at sub-zero temperatures.  

3. The conceptual model for frost heave in soils was developed based on the vapour mass transfer. 

The algorithm of vapour flow calculation in unsaturated soils was presented using fundamental 

thermodynamic equations. 

4. The model is suitable for numerical solutions, like finite element analysis or a model like a 

coupled heat-water transfer, in terms of considering the vapour flow and considering the 

cryosuction forces. The latent heat for the phase transitions and the dynamic change of the 

coefficient of porosity and air void volume needs also to be considered. 
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Сазды тпрысақтасдыо аяздан қатуын анықтау 

 

Аодатра. Өткізгіштік кпэффициенті төмен тазды тпрысақта өтетін аѐздыо қатуы 

ксиптакциѐға, беттік кесілу күштесіне жюне тудыо фазалық ауытуына қатытты көртеген тұсақтас 

туғызады. Бұл жұмытта мұздату-есіту зестханалық зесттеулесініо нютижелесі бпйынша 

темресатуса мен көлемдік расаметслесдіо өзгесуі, құсғақ тпрысақтыо тығыздығы жюне ту 

маттатыныо татымалдануы қасаттысылды. Ксипгендік күштесдіо ютесінен газ күйіндегі тудыо 

(будыо) татымалдануын етертеу мпделі келтісілген. Зесттеу нютижелесі ашық жүйедегі 

тпрысақты біс бағытты мұздату кезіндегі жылу жюне матта алмату құбылыты тусалы түтінікті 

жақтастуды қамтиды. Инженеслік қатиеттесге асналған тынақтасдыо көршілігінде үйкеліт күші, 

бесіктігі жюне ішкі үйкеліт бұсышыныо шамалы төмендеуі тіскелді. Алайда, баттарқыда 

тығыздалған тпрысақ тынамаласымен мұздату-есіту циклдасынан кейін өткізгіштік 

кпэффициентініо едюуіс өтуі байқалды. Бұл нөлдік темресатусада үйінді кезінде тпрысақ 

үлгілесініо қпртытуына жюне ылғалдануына байланытты бплды. Буланған маттаныо 

татымалдануына негізделген тпрысақта аѐздан ітінудіо тұжысымдамалық мпделі жаталған. Сумен 

қанықраған тпрысақтағы бу шығынын етертеу алгпситмі ісгелі тесмпдинамикалық теодеулес 

көмегімен ұтынылды. 

Түйін төздес: аѐзды көтесу, темресатусаны бақылау, ылғалдыо бесілуі, тазды 

тпрысақтас, зестханалық тынақ, будыо бесілуі. 
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Оценка мпспзнпгп ручения глиниттых гсунтпв 

 

Аннптация. Мпспзнпе ручение в глиниттых гсунтах т низким кпэффициентпм 

рспницаемптти вызывает мнпжеттвп впрсптпв, катаящихтѐ ксипгенных тил, рпвесхнпттнпгп 

натѐжениѐ и тпрутттвуящегп фазпвпгп ресехпда впды. В сабпте саттмптсены сезультаты 

лабпсатпсных итрытаний зампсаживаниѐ-пттаиваниѐ т тпчки зсениѐ изменениѐ темресатусных 

и пбъемных расаметспв, рлптнптти в тухпм тпттпѐнии и маттпресенпта впды. Пседттавлена 

мпдель длѐ сатчета маттпресенпта впды (раса) в газпвпм тпттпѐнии рпд дейттвием ксипгенных 

тил. Результаты иттледпваний вклячаят улучшеннпе рпнимание ѐвлениѐ терлпматтпресенпта 

рси пднпнарсавленнпм рспмесзании рпчв в птксытпй титтеме. В бпльшинттве итрытаний 

инженесных твпйттв былп засегиттсиспванп небпльшпе тнижение тпптнпшениѐ рспчнптти, 

тцерлениѐ и угла внутсеннегп тсениѐ. Однакп наблядалпть значительнпе увеличение 

кпэффициента рспницаемптти рптле циклпв зампсаживаниѐ-пттаиваниѐ т изначальнп рлптными 

урлптненными пбсазцами гсунта, чтп былп твѐзанп т сазсыхлением и увлажнением пбсазцпв  
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гсунта вп всемѐ втручиваниѐ рси птсицательных темресатусах. На птнпве распматтпресенпта 

сазсабптана кпнцертуальнаѐ мпдель мпспзнпгп ручениѐ гсунтпв. Алгпситм сатчета распвпгп 

рптпка в ненатыщенных гсунтах рседттавлен т итрпльзпванием фундаментальных усавнений 

тесмпдинамики. 

Ключевые тлпва: мпспзнпе ручение, мпнитпсинг темресатусы, влагпресенпт, 

глиниттые рпчвы, лабпсатпсные итрытаниѐ, расппбмен. 
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