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ABSTRACT 

Phase change of the water in the soil skeleton under cold climate conditions (also known as 
frost action in soils) affects soil properties and can be responsible for serious alterations in a soil 
body. This can cause damage (due to the volumetric expansion known as frost heave) to 
structures on or below the ground surface such as foundations, roads, railways, retaining walls, 
pipelines, etc. In order to improve the current design methods for roads against frost action, 
the Swedish Transport Administration (Trafikverket) has initiated a research program to revise 
the existing frost heave estimation methods and to improve the frost susceptibility classification 
system for subgrade soils. 

Literature was reviewed to gather the details of different freezing test equipment used around 
the world and to identify common trends and practices for laboratory freezing tests. Based on 
the literature review and the collaboration with the University of Oulu, Finland an 
experimental apparatus was assembled for studying frost action in the laboratory. A detailed 
description of the experimental apparatus is given. Top to down freezing of specimens (10cm 
height and diameter) can be monitored while keeping track of water intake, vertical 
displacements (heave) and the temperature profile within the sample. Loads can be applied at 
the top of the sample to study the effects of overburden. Moreover, the test setup was modified 
with a camera system to have the option of recording the experiments. 

Disturbed samples of two different soil types were tested. Experiments with fixed and varying 
temperature boundary conditions were conducted to assess the validity of the assumptions for 
the frost heave estimation methods currently in use in Sweden. To this end, a qualitative 
relationship between frost heave and heat extraction rates based on theoretical equations could 
be established. It was shown that there is a significant difference between the preliminary 
findings of the experimental work and the current system being used in Sweden to quantify 
heave. 

Image analysis techniques were used on two experiments that were recorded by the camera 
system. Image recording and correlation analyses provided detailed information about frost 
front penetration and ice lens formation(s) under varying temperature boundary conditions. 
Thawing has also been regarded in further studies. Results of the image analyses were 
compared to readings from conventional displacement measurements during the same test. 
Significant agreement between the results of image analyses and displacement measurements 
has been found. Image analysis was shown to be a viable method in further understanding of 
frost heave mechanisms. 

Shortcomings and disadvantages of utilizing the theoretical equations as well as the image 
analysis techniques are discussed. Potential remedies for overcoming the drawbacks associated 
with each approach are suggested. The work is concluded by discussing the potential 
improvements, planned upgrades (addition of pore pressure transducers) and the future 
experiments to be conducted.  
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initial conditions (-4 C at the top cap). The lowest ice lens has formed as a result of the frost 
penetration due to the new boundary condition on the top cap (-5 C) and its thickness kept 
increasing once the thermal equilibrium was reached.

 

 

 

 

 

 

 

   
 

H=1.2625mm 

Figure 15 Heave calculated by means of speckle analyses over a period of 20 hours 

Thawing 

At the end of Test#1 the sample was thawed by increasing the temperature in the 
surroundings until the entire sample thawed. As a result, the sample thawed from bottom to 
top (Figure 16). Neither correlation plots nor speckle analyses could be utilized as thawing 
took place too quickly. The surface of the cell, thus the visibility, was heavily disturbed by 
condensation. Therefore, images document the changes within the sample qualitatively 
without any further analysis being carried out. Excess water can be seen to be entrapped within 
the sample under the thawing period. 
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Figure 16 Thawing. The image sequence represents a time frame of 40 hours. Excess water is 
trapped inside the sample during thawing. 

Discussion 

Capillarity, Suction and Segregational (Secondary) Heave 

It has been well established that the main reason for heaving is not only due to the volumetric 
expansion of pore water upon freezing (Rempel, 2010). Taber (1929) has demonstrated that 
samples saturated with benzene (benzene is a liquid that shrinks upon freezing) can still heave 
significantly. Therefore, main reason for heaving is the suction of available water in the 
surroundings to the frost front, i.e. the mass transfer taking place under the thermal gradient. 
This is termed as segregational (or secondary) heave and the significance of it is demonstrated 
in Figure 10 and Figure 11. The sample continues to heave at different rates after 1.5 and even 
3 days of freezing provided that there is free water available in the surroundings. 

Combined effect of capillarity and suction on segregational heave can be seen in Figure 6. It is 
interesting to note how the concavity of the border separating the wetter zone from the drier 
one changes as the water level within the sample approaches to the frost front. Once the water 
reaches the frost front, the border between the wet and dry zone takes a convex shape. 
Although this is partly due to the parabolic shape of the frost front as a result of heat flow not 
being strictly one dimensional, suction is clearly visible as a thin ice lens starts to grow at the 
frost front, shortly after, as shown in Figure 17. 
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Figure 17 Formation of an ice lens as a result of the suction at the frost front 

Figure 17 is also interesting in the sense that it supports the validity of the assumption by 
Konrad and Morgenstern (1981) that the frozen region above the warmest ice lens does not 
contribute much to heaving. Results show that the frozen part of the sample behaves as one 
rigid body and does not undergo any major changes and the displacements are caused mainly 
due to the growth of the warmest (the active) ice lens.  

Validation of Image Analysis Technique 
The accuracy of the speckle pattern analysis was assessed by comparing the calculated results to 
the LVDT readings logged during experiments. Results from Test#2 were used for this 
purpose (Figure 15). Total amount of heave is calculated as 1.26 mm by image analyses. 
Corresponding displacements measured by the LVDT under the same period are presented in 
Figure 18. Agreement between image analysis technique and LVDT measurements is strong. 

 

Figure 18 Comparison between LVDT readings and image analyses 
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Relationship between Heave and Heat Extraction Rates 

Heave values presented in Figure 7 to Figure 11 have also been used in an attempt to establish 
a qualitative relationship between heave and heat extraction rates, even though this is a difficult 
task for the tests with the opening in the insulation for the camera. This is due to the complex 
nature of the tests (i.e. heat flow is not strictly one dimensional; convection is another mode of 
heat transfer through the opening). However, arranging the magnitude of heat extraction rates 
at certain points during the test, relative to each other, is still possible. Given that heat 
extraction rates are highest during the beginning stages of an experiment and reduces gradually, 
it is possible to plot heave rates versus the relative heat extraction rates (Figure 19). 

 

Figure 19 Qualitative relationship between heave and heat extraction rates. The dashed line 
represents the progression of the experiment 

It should be considered that exact distances between relative heat extraction rates in Figure 19 
are not known. Nevertheless, it is interesting to note that the highest heave rate does not 
necessarily take place during high heat extraction rates. This can be explained due to the lack 
of time it takes for water transfer to reach the freezing front under high gradients where the 
frost front penetrates rapidly. Moreover, as the heat extraction rates reduce gradually, frost 
penetration is not as fast and there is enough time for water to be transported to the freezing 
front, increasing the thickness of the ice lens, further contributing to heaving. Very low heat 
extraction rates do not generate suction which is strong enough to attract as much water from 
the surroundings compared to that of occurring under relatively higher heat extraction rates, 
but heaving still continues as long as water is available. By extension, it is possible to infer that 
ice lens formations occur under relatively low thermal gradients. Results show that ice lenses 
can grow uninterrupted once the thermal equilibrium is reached (i.e. stationary frost front 
conditions). 

Similar trends (Figure 20) have been noted by Konrad (1987) in freezing tests under different 
temperature boundary conditions conducted on one type of soil (Devon silt). The samples 
were found to experience different heave rates under different heat extraction rates with a very 
clear peak. Interestingly, it has also been found that under a specific value of heat extraction 
rate, the same type of soil might undergo different heave rates. The reason for the same soil 
type experiencing different heave rates for a fixed value of heat extraction is outside the scope 
of this work, but can be attributed to different sample heights and temperature boundary 
conditions applied during these experiments. 



21 
 

 

Figure 20 Segregational heave rate versus net heat extraction rate for Devon silt (Konrad, 1987) 

Disturbance in the Temperature Profile due to the Opening 

Making an opening in the insulation as shown in Figure 3 disturbs the one dimensional heat 
flow and results in different temperature profiles in the sample (Figure 21). The frost front 
penetrated deeper in areas that were covered properly by the insulation. In contrast, frost 
penetration was not as deep in areas where the sample was directly exposed to surrounding 
temperatures. After the surrounding temperature was reduced during Test#1, the opening 
caused an adverse effect. This is schematically explained in Figure 22, right. When the 
surrounding temperature was +4 C, heat flows from surroundings into the sample. As a result, 
frost penetration was not as deep around the opening compared to the penetration in the well-
insulated regions of the sample (Figure 22, left). When the surrounding temperature was 
reduced to -1 C, heat flows from the lower part of the sample into the surroundings. 
Consequently, frost penetration was deeper around the opening because more heat has been 
extracted from that region compared to the insulated areas in the sample.  

This effect was expected to be more apparent during the study of frost penetration. Figure 23 
presents the temperature profile in the sample during the freezing phase of Test#1. Frost 
penetration, based on thermocouple readings, is given in Figure 24. The thermocouples are 
located on the opposite side of the opening. The frost front is assumed to coincide with the 
position of the 0 C isotherm. The location of the 0 C isotherm is calculated via linear 
interpolation between two consequent thermocouple readings. Frost penetration values 
obtained via image analyses are also given in the same figure, for comparison. There are two 
set of values for frost penetration calculated via image analyses in Figure 24. The first set (the 
black scatter) indicates the position of the frost front including the ice lens. The second set (the 
dark blue scatter) is obtained by correcting for the thickness of the ice lens. As a result, the 
position of the frost front remains stationary in this set after the thermal equilibrium is reached.  
The agreement between the results of image analyses and thermocouple readings is 
coincidental and was not expected. It has to be stated that the position of the thermocouples 
might have shifted from their initial position during the test. This change might occur due to 
frost penetration and heave, as the thermocouples penetrate roughly 1 cm into the soil sample. 
Depending on their location (in the frozen or unfrozen part), thermocouples are expected to 
move upwards (if they are located in the frozen part, trapped in the heaving part) or 
downwards (if they are located in the unfrozen part and being slightly pushed by the pressure 
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initiated by the growth of the ice lens which is also responsible for the vertical expansion of the 
sample). Thus, the exact location of the thermocouples is not known during the test. It should 
be noted that this is a general drawback for frost tests where thermocouples penetrate into the 
sample and not specific to this study. If the disturbing effect of the opening can be minimized 
by reducing the width of it, image analyses could be regarded as a better tool to follow frost 
front progression compared to thermocouples as they rely on visual inspection and allow for 
ice lens thickness corrections which is not possible in the case of thermocouples. 

 

Figure 21 Effect of the opening on the temperature profile and ice lens formations 

 

Figure 22 Effect of temperature boundary conditions on ice lens formations 
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Figure 23 Temperature profile in the sample during the freezing phase of Test#1 

 

Figure 24 Frost penetration comparison between thermocouple readings and image analyses. Black 
scatter represents the frost depth to the bottom of the ice lens. Blue scatter represents the frost 
depth on top of the ice lens. 

Thawing 

Despite the fact that no analyses could have been carried out, visual inspection can still provide 
valuable information about the thawing process. As the thaw front progresses upwards, it 
causes ice lenses to melt and the phase change of ice results in considerable amount of water 
being trapped inside the sample. This process is indicative of what might occur in soil bodies 
with limited drainage capacity during thawing period. The water that is trapped inside the 
sample will generate excess pore pressure which will then reduce the effective stress; causing 
reductions in the bearing capacity. 
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When drainage is limited, excess water cannot leave the soil body at the same rate it was drawn 
to during freezing (Figure 16). It is also worth noting that excess water can remain in the 
sample even though the sample has completely thawed and drainage is governed by the 
hydraulic conductivity. Once the sample is thawed, excess water can drain in upward and 
downward directions. This also explains the upward movement of the water body entrapped 
within the sample upon thawing in Figure 16. 

Conclusion 

A freezing test apparatus was modified with a camera system to study frost action in soils in 
more detail. Results show the usefulness of this complementary modification; providing more 
insight on different processes occurring during freezing. 

It is possible to keep track of the frost penetration as well as the corresponding heave via image 
analyses. Frost penetration occurs rapidly in the beginning stages of an experiment and ice 
lenses start to form when the rate of frost penetration slows down. Raw images demonstrate 
that layered ice lens profiles can occur within a soil body under sufficiently low frost 
penetration rates. Images analyses also demonstrate that, in soil bodies where layered ice lens 
formations exist, the ice lens growth takes place only in the warmest ice lens and the growth 
continues as long as water is available in the surroundings under steady state conditions. 
Speckle analyses and the displacement patterns further support the argument that the frozen 
part of the soil body acts as one rigid mass and heaves only at the warmest ice lens which also 
roughly marks the lower boundary of the frozen part of the soil. 

Changes in the sample under varied temperature boundary conditions were studied. These 
were particularly useful as they provided insight about the ice lens formation dynamics. It is 
clear that the ice lens profile within a soil body is controlled by the temperature conditions on 
the surface and in the surroundings. Consequently, any change in these temperatures will have 
a direct effect on the formation or vanishing of ice lenses. 

Findings of the experimental work also demonstrate the significance of ground water depth in 
relation to the frost depth. It can be concluded that a significant amount of heave can be 
expected for cases where the frost depth gets closer or reaches the groundwater depth during 
cold periods. The importance of drainage conditions under thawing periods were also pointed 
out. For soils with a limited drainage capacity, the water drawn to the freezing front during 
cold periods might end up being trapped inside the soil body that results in excess pore 
pressures and reduced effective stress which leads to reductions in bearing capacity.  

It was also shown that the results can be used in conjunction with the measurements of other 
systems (such as temperature data and LVDT measurements) to have visual information about 
the sample at a certain instant during a test. Displacements calculated by means of image 
analyses were compared to those recorded by the LVDT and at the end a significant agreement 
was found. This can also mean that under certain conditions the method has the potential to 
replace some of the traditional measurement techniques. 

Shortcomings of image analyses when used in freezing tests were also identified and remedies 
were suggested to overcome these problems. Overall, image analysis is found to be a viable 
option as it allows for more detailed analyses compared to those of traditional frost testing. 
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ABSTRACT 
Frost heave and thaw weakening are two common concerns in designing and constructing roads 
throughout cold region areas. Cold regions can be defined in terms of air temperature and frost 
penetration by frozen ground engineering. Researchers have been studying frost action in soil for 
the past 85 years in order to design ways to reduce the costly damage to roads. Conducting the 
test on frost-susceptible soil must be done in order to retrieve data for frost heave and thaw 
weakening modeling in the soil body during a certain freezing-thawing cycle. This paper reviews 
and discusses the apparatuses used for this purposes. The studied apparatuses are cylindrical and 
provide heat through one dimension. The studied apparatuses mostly differ in the diameter and 
length of their cylindrical cell; likewise, temperature gradients differ from one apparatus to 
another. In this study the LTU’s apparatus which was primarily designed to investigate the 
research related questions concerning freezing and thawing phenomena is presented in detail. The 
theory of segregation potential is applied for evaluation of the frost heave test and the thaw 
consolidation theory is applied for the thaw test. The main goal of the project is to conduct a 
series of experimental tests on various types of soil while exposing them to frost action in the 
apparatus to propose a classification system for the different types of soil in question with respect 
to their susceptibility to the frost action phenomena. 
 
Keywords: Frost heave, Thaw weakening, Laboratory freezing test, Cold regions. 
 
 

1 INTRODUCTION 

Freeze-thaw action occurs in the cold regions 
of the world. As long as soil is frost- 
susceptible and temperature is cold enough to 
freeze the soil moisture, the freeze-thaw 
action is likely to happen. Large parts of 
northern Europe, Alaska, Canada, southern 
part of south America and large parts of the 
United States are known as cold regions. 
Cold region areas can be either permafrost 
area (where the ground is partly frozen even 
in summer) or seasonal frost. In these regions 
soil structures are subject to freezing during 
winter time and also thaw weakening during 
spring. Consequently, frost heave in 

pavement structures and thaw weakening 
occur during freeze-thaw action. Seasonal 
temperature decrements result in changed 
mechanical properties of subgrade soil. 
Expansion (heave) of the saturated freezing 
soil may be about 9% of the freezing pore 
water volume and if there is access to an 
external source of water, this water will also 
be drawn into the frost front thereby forming 
ice lenses.  Ice lenses expand upwards and 
consequently secondary frost heaves form 
inside the soil. The resulting frozen soil in the 
subgrade increase the stiffness of the 
unbound layers in the winter as well as 
frozen soil due to ice bonding of the soil 
particles in the base and sub-base layers. 
During winter the stiffness of the pavement 
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structure increases which is not an issue from 
a structural point of view. Frost heave is not 
problematic as long as it does not result in an 
uneven pavement, yet this is highly unlikely. 
On the other hand during spring, thaw 
weakening occurs and the reduction of 
stiffness in the pavement structure will cause 
road settlement. Thawed ice trapped between 
the deeper frozen layers and the surface 
saturates the thawed part of the pavement 
structure and as results consolidation occurs.   
The excessive water can weaken the 
pavement materials to the point where load 
restrictions must be applied to prevent 
pavement failure. These load restrictions are 
a severe burden on the trucking industry and 
the economic vitality of the affected regions.        
(Miller, 1980) 
 
The damage to pavement due to freeze-thaw 
action in the road costs millions of euros 
annually. Therefore, it is highly important for 
road authorities to understand the phenomena 
in order to reduce the costs of maintenance 
and/or rehabilitations, as well as costs 
sustained by customers. Research on freeze-
thaw action has been in focus for over 85 
years with numerous studies being conducted 
in the 1980’s. Researchers have simulated 
freeze-thaw action in their bench-scale 
studies in order to understand the 
fundamental mechanisms associated with 
freeze-thaw action and susceptibility of the 
commonly used materials in the pavement 
structure. The purpose of this paper is to 
review some of the equipment employed in 
freeze-thaw tests, and also some important 
findings from different laboratory tests are 
discussed. Finally Lulea University of 
Technology’s setup is presented and 
explained in detail.  

2 FROST ACTION IN SOIL 

Frost heave is vertical displacement of the 
soil surface due to freezing. It involves heave 
formation as a result of the freezing of the in-
situ moisture of soil, followed by formation 
of secondary frost heave due to segregation. 
Freezing of the soil moisture is termed in-situ 
freezing. Due to the negative pore pressure at 
the frost front, free water (in case there is 

access to free water) is drawn into the frost 
front and forms ice lenses. Depending on 
how quickly the frost penetration develops, 
in-situ freezing will be affected accordingly. 
In general, the main portion of heave is 
primarily formed as a result of formation of 
ice lenses, and partly due to in-situ freezing. 
In the event of a quick soil freezing process, 
the role of in-situ freezing becomes more 
pronounced, however, the segregation 
process (formation of ice lenses) still 
accounts for a larger portion of the heave 
formed. When winter commences and the 
soil surface temperature starts to decrease 
frost front develops downwards. Ice lenses 
will form whenever extracted energy from 
soil in the frost front is equal to the energy 
provided by the underlying soil in the form of 
latent heat or the heat of crystallization 
released as water freezes.  The growth of ice 
lenses depends on accessibility to free water 
and stability in thermal gradients.  
 
Thawing in frozen soil can be explained in a 
way similar to that explained for freezing. 
When the air temperature is positive, thaw 
front starts to develop downwards as long as 
soil is frozen (seasonal frost conditions). 
However, the thawing process is hindered 
according to the thermal condition 
(permafrost condition). Thaw settlement 
involves a phase change, from ice to water; it 
also involves the outwards flow of excess 
water.  Drainability plays an important role 
when it comes to excess pore pressure in 
thawed soil. Depending on how fine-grained 
the soil is, consolidation in thawed soil has a 
higher impact on thaw settlement. 
(Andersland O.B. Ladanyi B. 2012). Typical 
thaw settlement test result is shown in figure 
1. Where e is void ratio, ef is donates the 
frozen void ratio and eth the thawed void 
ratio. When pressure increased by an amount 
Δ , consolidation will occur until new 
equilibrium void ratio e is attained at point d.    
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Figure 1 Typical void ratio pressure curve for 
frozen soil subjected to thawing. (Andersland O.B. 
Ladanyi B. 2012 
 

3 PARAMETERS TO BE CONSIDERED 

Temperature profile, frost heave, thaw 
settlement and pore pressure are common 
measurements during the freeze-thaw tests. 
Depending on the purpose of the research, 
one or several parameters can be measured 
during the freeze-thaw tests. Frost front 
penetration and thaw front penetration are 
determined using the temperature profile. 
The frost heave measurement during 
tests can be recorded applying the 
LVDT (linear variable differential 
transformer) transducer. The frost heave 
test will be used to verify the existing 
theories regarding frost heave 
determination. It is important to keep 
track of water intake in the freezing soil. 
Keeping track of pore pressure during 
the tests gives a better understanding of 
thaw settlement and thaw weakening. In 
order to understand the importance of 
these measurements, frost front 
calculations, thaw consolidation 
theories, and segregation potential 
theory will be discussed briefly. 

3.1 The modified Berggren equation 
This equation yields a value for frost 
penetration which is the product of a 
correction factor and the frost front 
penetration value calculated from the Stefan 

equation. The Stefan equation assumes a 
linear temperature distribution. Equation 1 is 
the Stefan equation  for calculating frost front 
penetration (Andersland O.B. Ladanyi B. 
2012).  
 

 (1) 
 

Where X is frost depth in meters, t is time in 
seconds, and is a constant and  is 
computed using equation 2. 

 
 

 

 (2) 
 
Where ks  is thermal conductivity, T0 

(oC) is annual temperature, and L (J/m3) is 
latent heat.  The Stefan equation does not 
take account of the volumetric heat; therefore 
the values calculated for frost front 
penetration are overestimated in the literature 
when the Stefan equation is applied. The 
modified Berggren equation gives the 
ultimate frost depth reached by the frost line 
within the soil. . 
 Figure 2 Correction coefficients in the modified 

Berggren equation. (Andersland O.B. Ladanyi B. 
2012) 
The dimensionless correction coefficient, λ, 
is multiplied by the frost penetration depth 
computed from the Stefan equation. 
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Both and μ in figure 2 are dimensionless.
is thermal ratio and μ is fusion parameter. 

(3) 

(4) 

Where cv (kJ/m3.oC) is the soil volumetric 
heat capacity, L(kJ/m3) is the volumetric 
latent heat,v0 is initial surface temperature, vs
is surface temperature at the onset of the
freezing period, Isf is the surface freezing 
index and t is the duration of the freezing 
index. 

3.2 Thaw consolidation theory 

Based on the thaw consolidation theory 
assumptions, frozen soil is uniform, isotropic, 
homogeneous, and temperature is constant 
throughout the entire frozen fraction. Warm 
temperature from the top surface makes the 
frozen fraction start to thaw while the heat 
flow is assumed to be one dimensional 
(Andersland O.B. Ladanyi B. 2012). 
Figure 3 shows the one dimensional thaw 

consolidation theory.  

Figure 3 One-dimensional thaw consolidations. 
(Andersland O.B. Ladanyi B. 2012)
Thaw depth (X) is computed from equation 
1. Where is the thermal constant which 
depends on the initial temperature of the soil, 
the step temperature applied to the surface of 
the soil, and the thermal properties of both 
frozen and thawed soil. The Terzaghi 

consolidation theory for saturated soil is 
assumed to be valid for the thawed region.  

3.3 Segregation potential theory  

The Segregation potential theory (SP) was 
introduced by Konrad and Morgensten in 
1980. It is defined as the ratio of water 
migration rate to the overall migration rate in 
the frozen fringe, in order to characterize a 
freezing soil. (Kujala, 1991). 
Due to negative pore pressure at the frozen 
fringe, water will be drawn in and new ice 
lenses start to form. As long as the ice lens 
develops frost front does not move. Equation 
5 is the segregation potential equation by 
Konrad and Morgensen (Konrad, 1980). 

(5) 
Where v(t) is the flow of water to the 
growing ice lens at the time of the formation 
of the final ice lens, grad Tf (t) is the overall 
thermal gradient in the frozen fringe and 
SP(t) is a constant. This theory can be used to 
calculate the amount of heave as a result of 
freezing in the soil. Overburden load has a
descending exponential impact on the 
segregation potential (Konrad, 1980). 

4 FROST HEAVE AND THAW 
WEAKENING APPARATUSES  

Frost and thawing problems were highlighted 
in 1930 by Stephen Taber. Researchers in 
cold regions tried to conduct laboratory scale 
tests in order to simulate frost action in soil 
and understand it. The main goal of freezing-
thawing tests within these years was soil 
classification with respect to frost and thaw 
susceptibility. Several classifications have 
been proposed based on frost susceptibility of 
soil and still there is hope to improve it. In 
this paper we review some of the lab setups 
within the past 85 years. The reviewed frost 
heave and thaw weakening apparatuses have 
similarities and the principles are the same. 
They are all cylindrical in shape and the heat 
flow is one dimensional. The differences are 
mainly the accessibility to free water, 
diameter, height, temperature gradients,
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overburden pressure, cooling system, and 
degree of saturations.  According to the 
literature, none of the test apparatuses is 100 
percent desirable. Most of them are not able 
to accommodate course- grained materials, 
for instance the base materials, because of the 
small diameter of the cylinder. (Chamberlain, 
E.J. 1981) 
In other words, similarities of freezing-
thawing apparatuses are: 

 Specimen is cylindrical, 
 Water is provided from the bottom (if 

applicable) 
 Surface of the specimen is exposed to 

the freezing or thawing temperature 
 Heat source is at the bottom 
 Specimen is insulated 

 
Direction of freezing is from top to bottom in 
most of the cases. In this study, the reviewed 
freezing thawing apparatuses are classified 
into two groups with respect to the cooling 
system:  
 

1. Circulating air (top cap) and heated 
water (bottom cap): 

In this case the entire freezing-thawing 
apparatus should be placed in a cold 
chamber. During the freezing test, circulation 
of the freezing air removes heat from the 
specimen surface while during the thawing 
test, the specimen surface extracts heat from 
the circulating air. 
 

2. Circulating glycol/alcohol water: 
In this case a cooling unit circulates a cold 
coolant such as a mixture of glycol/alcohol-
water, through the top cap placed on the 
surface of the specimen. In order to provide 
heat at the other end, the coolant should be 
circulated through the bottom cap as well. 
Two separated cooling unites are needed for 
each specimen. Although the specimen is 
insulated, the entire freezing-thawing 
apparatus should be maintained at a constant 
temperature (cold chamber) in order to 
prevent heat extraction from the ambient.  
 
Three different conditions are found in the 
literature regarding the water supplied to the 
specimen for frost heave and thaw weakening 

tests: Konrad (1980) used fully saturated soil 
before the test and tried to keep it saturated 
during the test by keeping the water level as 
high as the surface of the specimen. Some 
researchers used saturated specimens, but 
they kept the water level at the base of the 
specimen.  In some cases unsaturated 
specimens were used. (Kujala 1991). 
 
In most of the cases overburden pressure can 
be applied although there are few exceptions. 
(Kujala 1991). 
 
Table 1 mentions some of the selected 
apparatuses used. In most cases the principal 
goal is to classify soil frost susceptibility.  
 
 
 
Table 1 Diameter, height and temperature 
gradient of some apparatuses. 

Research Year  D 
(cm) 

H 
(cm) 

Cold 
end 
(oC) 

Temperature 
gradient 
(oC/cm) 

Taber 1930 8.4 16 -17 1.22 
Alekseeva 1957 6 10 -7 0.80 

USACE 1970 14 12.7 -15 1.50 
Aguirre-
Puente 1970 7.5 25 -5.7 0.27 

Vlad 1980 10 20 -25 1.45 

Brandl 1970 30 50 -24 0.56 

Brandl 1980 12.5 15 -15 1.27 
Henry 2001 10 15 -1.4 0.21 

Kolisoja 2003 15 15 -3 0.27 
 

5 ASTM: D5918 

The American Society for Testing and 
Materials (ASTM) proposed a standard for 
frost heave and thaw weakening tests. It is 
standard test methods for frost heave and 
thaw weakening susceptibility of soils. It 
should be used for soils where frost-
susceptibility considerations are met, 
meaning that particle size should exceed the 
limit of 3% finer than 20 mm. This test is to 
estimate the relative degree of frost-
susceptibility of soil used in pavement 
systems. ASTM proposes two freeze-thaw 
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cycles on compacted soil specimens, 146 mm 
in diameter and 150 mm in height. The soil 
specimen is frozen and thawed by applying 
specified constant temperatures in steps at the 
top and bottom of the specimen. Water can 
be supplied freely or the test can be run 
without access to free water. A surcharge of 
3.5 kPa can be applied to the top. Test 
procedure can be completed within five days. 

Table 2 shows frost susceptibility criteria 
based on ASTM. It is classified in six 
categories from negligible frost-susceptible 
soil to very high frost susceptible soil. 

Table 2 Frost-susceptibility criteria (American 
Society for Testing and Materials 2013)

Classification
8-h

Heave 
rate 

mm/day

Bearing 
ratio 
after 

thaw, %
Symbol

Negligible <1 >20 NFS

Very low 1 to 2 20 to 15 VL
Low 2 to 4 15 to 10 L

Medium 4 to 8 10 to 5 M

High 8 to 16 5 to 2 H

Very high >16 <2 VH

The bearing ratio is determined after the 
second thawing cycle. The ASTM method 
can be used to determine the frost-
susceptibility of soil and thaw weakening 
susceptibility.   

This method is not applicable to permafrost 
conditions and is only recommended for 
seasonal frost conditions.  The amount of 
frost heave or thaw weakening cannot be 
predicted by the ASTM method. A schematic 
of the ASTM apparatus is illustrated in figure 
4.

Figure 4 Specimen assembly for freezing tests by 
ASTM D 5918. (American Society for Testing and 
Materials 2013)

6 LTU APPARATUS 

Lulea University of Technology (LTU) began 
specializing in frost action on soil during the 
70s and 80s. Interest in this topic has 
experienced a resurgence in Sweden and 
LTU has seized the opportunity to continue 
research on frost action. The setup was 
further developed recently by Oulu university 
researchers in Finland. The new apparatus at 
LTU is based on the improved design and 
great support is received from Finnish 
colleagues. To begin, we reviewed the most 
recent progress and improvements. The 
principles of LTU apparatus are quite similar 
to the reviewed apparatuses. Heat flow is one 
dimensional, water is supplied from the 
bottom, side insulated, glycol-water coolant 
is supplied to both cold and warm ends, it is 
also possible to apply overburden load, the 
apparatus is cylindrical with a diameter of 
10cm, and the specimen is 10cm in height. 
There is also a possibility to use taller 
specimens for the same apparatus if there is a 
need to do so.  
A schematic of the LTU apparatus including 

the data logger system is shown in figure 5. 
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Figure 5 Sketch of LTU freezing-thawing 
apparatus(Kujala 1991) 
 
Transparent cell is used and after the 
freezing-thawing test, there is a possibility to 
check out the soil profile and the formed ice 
lenses due to the freezing tests allows image 
analysis of the freezing-thawing test. In this 
case insulation shouldn’t be used; therefore, 
heat flow will be three dimensional. A 
comparison between the images gives 
frost/thaw penetration as well as frost 
heave/thaw settlement. Frost/thaw 
penetration and frost heave/thaw settlement 
can be computed by image analysis. There is 
a possibility to compare the calculated 
frost/thaw penetration and the measured frost 
heave/thaw settlement to image analysis 
results in order to verify the functionality of 
the apparatus.  Figure 6 the specimen it is 
exposed to freezing tests after 4 days. 
 

Figure 7 Freezing-thawing apparatus parts 

 

 
 
Figure 6 Specimen during freezing test after 4 
days 
 
Friction between the top cap and cell during 
frost heave was one of the main concerns at 
LTU. The manufactured apparatus reduces 
friction between the top cap and cell and 
between the cell and frozen soil by allowing 
the cell to move upwards as the soil freezes. 
Thus preventing the soil and top cap from 
moving against the cell. 
Figure 7 shows different parts of the 
freezing-thawing apparatus. Freezing units, 
load cells, membrane, thermocouples, and the 
data logger are not shown in this figure.  
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Figure 8 LTU frost lab 
 
The specimen should be prepared and 
compacted to a desired degree of compaction. 
Compaction is done in five layers to prepare 
a uniform specimen in terms of density and 
fine particles. Prior to compaction a desired 
amount of water (10% water content) will be 
added to the soil. When conducting a 
freezing test on a saturated specimen, a 
membrane must be wrapped around the cell 
after placing the cell on the bottom cap. The 
membrane is important to keep the moisture 
in the specimen and to secondly fill the gap 
between the cell and the edge of the bottom 
cap, while the water level is kept at the level 
of the specimen surface. There is a possibility 
to run the test on undisturbed samples. If so, 
the core sample should be prepared with a 
diameter of 10cm (equal to that of the 
apparatus cylinder), then gently transferred to 
the freezing-thawing cylinder. Five holes are 
created on the cell for thermocouples, and 
five holes for pore pressure transducers. Two 
holes have been created for drainage in order 
to keep the water level at the bottom of the 
specimen during the experiment.   
 
 
 
 

Thermocouples should be attached gently and 
ASTM recommends that thermocouples be 
inserted 6.5 mm into the specimen. After 
assembling the unit and connecting it to the 
cooling units, thermocouples, LVDT, pore 
pressure transducers and load cell will be 
connected to the data logger. The freezing-
thawing apparatus is shown in figure 8. 
 

7 FREEZING-THAWING TEST DATA 

Several pre-tests have been conducted at 
LTU and in this paper some topline results 
are presented. During the freezing test water 
intake has been recorded (which causes the 
ice lenses when the sample is saturated), frost 
heave and frost depth. Five thermocouples 
are used to measure temperature in the soil in 
2 cm intervals. When the frost depth is 
located between two of the thermocouples 
interpolation method is applied to find the 
zero temperature location (frost front). Frost 
heave, water intake and frost penetration will 
be used for modeling and frost susceptibility 
classification.   
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Figure 9 Thermocouples data for freezing test  
 
Figure 9 shows the thermocouples data. Two 
thermocouples are attached to the cold and 
warm ends and the rest are inserted into the 
soil to represent soil profile temperature. 
Frost penetration depth and heave measured 
by LVDT from one of the pre-tests are 
illustrated in figure 10 and 11 respectively. 
Basically these are input data for further 
investigations. 
 
These data has been discussed and analyzed 
in the other paper written by the same 
authors. Dagli et al. (2016) discussed the 
relationship between heave and net heat 
extraction rate based on these data. 

 
Figure 10 Frost penetration curve (mm) 
 
 
 
 
 
 
 

 
 
 
 

 
 
Figure 11 Frost heave (mm)LVDT readings 
 

8 CONCLUDING REMARKS 

The LTU apparatus is one of the most latest 
bench-scale apparatus designed for freezing 
and thawing tests. In terms of basic design 
such as dimension, heat flow, insulation etc.  
there are similarities to the pervious setups 
and thanks to more advanced data loggers 
and transducers, LTU apparatuses is more 
friendly user.  Moreover, LTU apparatus is 
the most complete setup in terms of both 
frost and thaw action in the soil. In addition 
to modeling frost action there is a possibility 
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to improve soil susceptibility classification. 
For classification, plenty of freezing-thawing 
tests on various types of soil should be 
conducted as well as basic soil mechanic 
laboratory tests. Soil will be classified based 
on their properties and the degree of frost 
susceptibility will be defined.  
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