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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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CHAPTER I - INTRODUCTION 

Frost Action 

Phase change of the water in the soil skeleton under cold climate conditions affects soil 
properties and can be responsible for serious alterations in a soil body; causing damages to 
structures on or below the ground surface such as foundations, roads, railways, retaining walls 
and pipelines, etc. The cold climate phenomenon also known as frost action in soils is the 
direct cause of the damages.  

Frost penetration (or frost depth) and frost heave are the main consequences of frost action 
where the former is the study of the depth down to which the soil body freezes while the latter 
deals with the displacements occurring due to volumetric expansion in the soil body upon 
freezing. These two processes occur simultaneously in nature and might create significant 
damages in the infrastructure which needs to be maintained at significant costs on a yearly 
basis. Frost action could also be responsible for consolidation of soil layers below the frost 
depth and upward movement of large stone blocks (also known as stone heave). It should also 
be noted that frost penetration or soil freezing as a field application does not always necessarily 
have undesired outcomes; for it can also be used to temporarily increase the strength and 
reduce hydraulic conductivity of a soil body when used purposely. Preservation of permafrost 
in areas where permafrost occurs is a valid concern in this regard considering the effects of the 
climate change in the recent years. 

Figure 1 is a schematic representation of the temperature distribution in a soil body frozen 
down to a certain depth during winter. There are three regions of interest, namely, frozen and 
unfrozen parts of the soil as well as the transition zone that separates them. The depth of this 
zone is termed as the frost depth (or frost front) and its location varies based on the 
temperature conditions at the surface. It penetrates down during cold periods and the rate of 
penetration depends on the temperature gradient. During the early stages of winter, where 
thermal gradient is relatively large, the rate of penetration is highest. Towards the end of 
winter, where the surface temperatures are relatively higher (but still negative), the rate of frost 
penetration gradually slows down and stops eventually. Upon initiation of thawing period 
(positive surface temperatures), the frozen part of the soil body starts to melt and the zone that 
separates frozen part from the unfrozen one (termed as thaw front) moves upwards (Figure 2). 
The part of the soil body that is subjected to freeze-thaw cycles during a year (seasonal frost) is 
called as the active zone. Thaw weakening is also a very important component of frost action 
in areas where seasonal frost exists, but is outside the scope of this work.  

Soil bodies expand in volume upon freezing as water turns to ice. Water expands 9% in 
volume as the phase change occurs and the total amount of the deformations due to freezing 
(termed as heave) depends on the combined effect of the following three factors: 

 Cold temperatures 
 Available water in the surroundings 

 Frost susceptibility of the soil 
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Figure 1 Schematic representation of a partially frozen soil body (after Mitchell, 1976) 

 

Figure 2 Progression of frost/thaw fronts (Andersland and Ladanyi, 2004) 

The effect of cold temperatures is intuitive. Temperatures at the surface will have a direct 
effect on frost depth and the volume of soil that is frozen. One approach to take the effect of 
cold temperatures into account is the degree-day concept (Andersland and Ladanyi, 2004). 
According to this, cold temperatures are coupled with the time period they occur and often 
represented by a parameter called the freezing (or frost) index (Isf or F). Freezing index is 
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defined as the number of negative degree-days during one season (see Figure 3). Consequently, 
freezing index has the unit of C time ( C hours or C days). 

 

Figure 3 Annual variation in surface temperature (after Andersland and Ladanyi, 2004) 

The effect of available water in the surroundings on frost heave might not be obvious. 9% 
expansion in volume due to the phase change of water to ice cannot account for the large 
displacements observed under cold periods. Thus, the volumetric expansion of water that is 
already in the pores cannot be the main reason for frost heave. Taber (1929) has shown that soil 
samples saturated with benzene (benzene is a liquid that shrinks upon freezing) can still heave 
significantly. This important finding suggests that heave is, instead, mainly caused by the mass 
transfer (of water) to the freezing front. Therefore, total heave can be divided into two 
components, namely, primary (due to freezing of pore water) and secondary heave (also 
termed as segregational heave; freezing of water as a result of mass transfer). Mass transfer of 
water under negative temperatures necessitates the presence of water (in liquid form) beyond 
the freezing point of water; existence of which has been confirmed in laboratory experiments.
The impurities (presence of minerals) in the pore water and the particle interactions between 
the solid grains and the surrounding water molecules are the main reasons for the phenomenon 
also known as freezing point depression. 

The driving force that causes the mass transfer of water to the freezing front is rooted in the 
thermal gradient, freezing point depression and thermodynamics (Mitchell, 1976). Takagi 
(1979) explains the generation of a suction force that draws water to the freezing surface by 
means of thermodynamics. According to his theory, water exists in two forms in a soil body; 
the portion that is in the pores and the portion that is adsorbed around the solid grains. The 
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thickness of the thin water film around solid grains under freezing remains constant due to 
interparticle interactions. Freezing around this thin water layer attracts water molecules from 
the surroundings and is identified as the reason for negative pressures (suction) that draw water 
from surroundings. The study also states that this mass transfer occurs at temperatures slightly 
below the ordinary freezing point for water. 

Wilen and Dash (1995), in their study of frost heave dynamics at a single crystal interface, have 
confirmed the existence of the thin water layer film(s) and further demonstrated that the mass 
transfer of water from the surroundings is due to the existence of this unfrozen layer of water. 

Rempel et al. (2001) reported similar findings that the presence of pre-melted layers of water 
films that separate the solid grains from the surrounding ice is responsible for the mass transfer 
and thus for frost heave. 

To summarize, migration of water from the surroundings to the freezing front causes ice lenses 
to form (see Figure 4) and growth of these ice lenses over time due to mass transfer is the main 
reason for large deformations occurring in frost susceptible soils during cold periods (Figure 5). 

 

Figure 4 Ice lenses in a permafrost core (Friis-Baastad, 2013)  

The extent of damages due to frost action (Figure 5) is correlated with the frost susceptibility 
of the soil. Heaving behavior varies among different soil types. This suggests that soils can be 
classified based on their degree of sensitivity to frost action. Silt sized soils are the most frost 
susceptible soil types due to their natural ability to generate suction (due to relatively small 
pore sizes) and ability to allow for water transfer. On the other hand, sand sized and coarser 
soils are the least frost susceptible due to their lack of ability to generate suction (as a result of 
large pore spaces). Clay sized soils are less frost susceptible in the short term due to their 
naturally low hydraulic conductivity, but can undergo significant amounts of heave if the 
necessary conditions are met over the long term.  
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Figure 5 Damages in a pavement structure due to frost heave 

Damages caused by frost action can be mitigated by lowering the foundation level below the 
frost depth, replacing the frost susceptible material with a less susceptible one, preventing the 
transfer of water from the layers below by means of drainage layer(s) and by using insulation 
layer(s) to prevent frost depth penetrating further into the soil. 

Problem Statement 

Research in frost action is conducted in parts of the world that are affected the most. The 
popularity of the subject varies based on the research needs of the time and the topic still 
remains relevant in Sweden today within the context of the research program “Bana och Väg 
För Framtiden” (BVFF – Make Way For Future) sponsored by the Swedish Transport 
Administration (Trafikverket). The main goals of the research program are to improve the 
existing methods of heave estimation and frost susceptibility classification. 

Challenges with the Current Swedish Heave Estimation Method 
The current method for heave estimation is based on the laboratory and field work done at the 
Swedish National Road and Transport Research Institute (VTI). Based on the laboratory tests 
done at the time by Hermansson (1999, 2000, 2004), no dependency between the net heat 
extraction rate or the mass transport (water intake) and the heave rate could be established. Net 
heat extraction rate is defined as the heat flow out of the freezing front minus the heat flow 
into the freezing front, but can also be an indirect measure of temperature gradient. As a result, 
the relationship in Figure 6 was proposed for heave calculations. 
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Figure 6 Relationship between heave and net heat extraction rates in the current Swedish model 
(Hermansson, 1999) 

There are numerous challenges with the current method used for pavement design. Firstly, no 
attempt is made in the current frost heave model to separate segregational heave from the total 
heave. Displacements due to heaving are assessed as a whole rather than being treated 
separately as primary and secondary heave. 

Secondly, a threshold value of heat extraction rate is defined in Figure 6, up to which heave 
rate is assumed to be proportional to the heat extraction rate. When this threshold is exceeded, 
heave rate is assumed to be constant and no longer be affected by the heat extraction rate. As a 
result, at relatively higher heat extraction rates, the same amount of heave will be estimated 
which might not necessarily be the case. For such high rates it might also result in 
overestimation of heave. 

In addition, the relationship in Figure 6 cannot sufficiently predict ice lens formations in a soil 
body. Figure 7 shows the characteristics and distribution of ice lenses throughout a soil profile. 
Relatively thicker ice lenses observed at the lower depths of a soil body can be attributed to 
the segregational heave. At the beginning of the winter period where the advancement of the 
frost line is rapid due to higher heat extraction rates, the thickness of the ice lenses are 
relatively small. This can be explained due to the lack of time it takes for the surrounding 
water to reach the frost front due to high frost penetration rates. Towards the end of the 
winter period, however, frost front almost comes to a halt (i.e. quasi-stationary) and there 
usually is enough time for the water to be drawn to the freezing front which causes the 
formation of thicker ice lenses. The relationship defined in Figure 6 contradicts this physical 
phenomenon as the highest heave rate is always assumed to occur during high heat extraction 
rates. 
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Figure 7 Characteristics of ice lenses and frost heaving (Mitchell, 1976) 

A one dimensional finite difference heat flow model is currently in use to estimate heave based 
on the findings of the experimental study. The soil body to be analyzed consists of multiple 
layers defined by their respective thickness, porosity and degree of saturation. Thermal 
properties (thermal conductivity, heat capacity, etc.) of the soil is calculated based on these 
input parameters. The layer thickness increases gradually with depth from about 10cm right 
below the surface to about 50cm at 5m depth (Hermansson, 1999). The mass transfer aspect of 
the frost heave phenomenon is disregarded in the current model. In other words, each layer in 
the finite difference scheme is assumed to always have a constant access to water. As long as the 
net heat extraction rate is above the threshold value, the soil will heave at the maximum rate. 
Furthermore, this maximum rate of heave is an input parameter to be decided by the user who 
might not always have an access to such information for various soil types. Lack of such 
information can also make it difficult to capture the heaving behavior (or frost susceptibility) 
for different soil materials. 

Moreover, frost heave is not always uniform. Differential heave might occur due to the non-
homogenous soil profiles, variations in vegetation and snow cover, variations in water content 
and hydraulic conductivity. Consequently, approaches to deal with the uneven deformations 
due to heave could assist when dealing with frost action.  

Thus, it can be concluded that the existing method is a simplistic approach to a relatively 
complex problem and there is room for improvements.  

Challenges with the Current Frost Susceptibility Classification System 
Most of the frost susceptibility classification systems, including the current Swedish practice, 
are based on particle size distribution (psd). The Swedish frost susceptibility classification 
system divides soils into four main categories in terms of frost susceptibility (Table 1). These 
four categories can be translated roughly as “not frost susceptible”, “somewhat frost susceptible”, 
“moderately frost susceptible” and “highly frost susceptible”. 

Although particle size distribution is indicative of frost susceptibility and a good starting point 
for a frost susceptibility classification system, it might not be a sufficient criterion just by itself. 
After the preliminary screening based on the gradation curve, the problem of classifying 
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different soil types that belong to the same susceptibility group, relative to each other, remains 
to be solved. In other words, the existing frost susceptibility classification is too broad as it is 
and there is a need for a more detailed system. 

Table 1 Swedish frost susceptibility classification system (Vägverket, 2008) 

 

Objective and Scope 

Simplicity of the current heave prediction method combined with a too broad frost 
susceptibility classification system does not allow for detailed analyses and design decisions. In 
the current model the effects of mass transfer (of water) and frost susceptibility are not captured 
to the desired degree. 

Therefore, the aim of this work is to study the frost action phenomenon and underlying 
mechanisms in a detailed manner by means of laboratory freezing tests and incorporate the 
findings into the existing heave estimation practice. In addition, another objective is to come 
up with a more detailed frost susceptibility classification system. Consequently, the work 
presented here includes: 

 Construction of a frost testing apparatus for open system (with free access to water) 
freezing tests, 

 Laboratory tests to study frost heave mechanisms to establish a relationship between 
heave and heat extraction rates, 

 Investigation of heaving behavior for different soil types by means of laboratory 
freezing tests for frost susceptibility classification. 
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A freezing test apparatus was assembled to study frost action mechanisms in the laboratory to 
address the first objective. Chapter three and the third paper appended at the end deals with 
the details of the work done. Chamberlain (1981) has reported that there have been many 
institutions around the world dealing with the subject at different points in time. It is 
important also to note that there is no universally accepted testing method or standard for the 
laboratory freezing tests for soil materials. As a result, laboratory tests conducted within the 
context of this work do not follow a specific standard. Suggestions on how a freezing test can 
be standardized are outside the scope of this work. However, freezing tests have been carried 
out in a consistent manner to have identical conditions during tests to make as systematic and 
accurate analyses and comparisons as possible. Detailed descriptions of the experiments are 
given in chapter three; results of which are presented and discussed in chapters four and five, 
respectively. The findings are also documented in one conference and one journal paper which 
are also appended at the end of the thesis. 

The thesis is concluded by describing the planned work for the future which includes 
upgrading or adding new components to the experimental apparatus and the new laboratory 
tests to be undertaken. 

  



10 
 

 

  



11 
 

CHAPTER II - LITERATURE REVIEW 

The origin of research on frost action dates back to the early works of Stephen Taber and 
Gunnar Beskow (Black and Hardenberg, 1991; Rempel, 2010). Taber (1929) provided the first 
insights to the frost heave mechanisms and correctly identified the mass transfer of water to the 
freezing front to be the main cause of frost heave. He also hinted at the existence of thin film 
of water adsorbed by the solid grains long before the technology existed to identify them. 

Black (1991), in his review of literature from early 1900s until the end of 20th century, 
summarizes that the majority of the early research has focused on frost heave mechanisms at 
the microstructural level; investigating the interactions between pore water and solid grains. 
The idea was to identify the underlying mechanisms and governing physical, chemical and 
thermodynamical equations at the microstructural level before coming up with a model that 
can successfully predict heaving behavior at macro level. As Black (1991) noted himself, the 
very first works that tried to explain frost heave mechanisms in the microstructural level have 
resulted in hypotheses that created controversy. Majority of the explanations given at this stage 
were not sufficient enough to meet the requirements governed by the theoretical equations. In 
other words there was a significant gap between measured and theoretically predicted 
parameters, such as heaving pressures and temperatures at which ice starts or stops to penetrate 
into the sample. Moreover, there were difficulties to replicate the findings in further freezing 
tests. 

During mid-1900s the idea of studying frost action physically, based on laboratory tests on 
variety of soil materials, emerged. The logic behind this approach was to establish empirical 
relationships between heaving behavior and soil properties of practical interest (such as particle 
size distribution, Atterberg limits, porosity and water content or a combination of these) by 
avoiding the complex nature of the problem, as much as possible, at the microstructural level. 
One of the earliest examples of the research done at the macro level is the work done at the 
U.S. Arctic Construction and Facilities Engineering Laboratories by Linell and Kaplar (1959) 
where an attempt was made to correlate heaving behavior with other engineering properties 
without much success. 

The emergence of these two different approaches was important as the research at the 
microstructural level later on specialized in the study of heaving behavior and the development 
of constitutive models whereas the research at macro level provided tools for a better frost 
susceptibility classification system. Therefore, the literature review in the thesis is divided into 
two groups, at micro and macro levels, and the details of research conducted in each category 
are summarized based on their relevance to the objectives of the work presented here. The 
chapter begins with introducing the necessary theoretical background and continues with a 
chronological summary of literature review. 

Theoretical Considerations 

The solution to the problem of heat conduction with a phase change boundary was proposed 
by Neumann around 1860s (Mitchell, 1976) and is also known as the Neumann solution. It is 
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applicable to semi-infinite, homogeneous media with a step change in surface temperatures and 
is the only complete analytical solution to the one dimensional heat flow problems with a 
phase change boundary (Lunardini, 1980). The solution procedure is iterative and it is used to 
estimate the depth of frost (or thaw) with respect to time. A similar approach based on the 
Neumann solution is incorporated in the existing pavement design method of the Swedish 
Transport Administration to calculate frost depth (Hermansson, 1999). 

By neglecting the heat flow from unfrozen layers (warmer) to the frozen part, Stefan (1891) 
greatly simplified the Neumann solution for calculating the frost/thaw depth. For 
freezing/thawing problems with a moving phase change boundary, there are three regions of 
interest as identified in Figure 8, namely, frozen soil, unfrozen soil and the phase change 
boundary position of which changes with time. The governing differential equations in each 
region are given in Figure 8.  

 

Figure 8 Thermal conditions and governing equations for the heat transfer in a partially frozen soil 
body (Mitchell, 1976) 

One obtains the temperature profile in the frozen part by solving the differential equation: 
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Where f  is thermal diffusivity [m2/s] (defined as ff Ck - the ratio between the thermal 

conductivity, fk , and the volumetric heat capacity, fC , of the frozen part), fT  is the 

temperature distribution along the frozen part down to the phase change boundary and z is the 
depth. 

Similarly, to obtain the temperature profile in the unfrozen part the following differential 
equation needs to be solved: 

t
T

z
T uu

u 2

2

 ( 2 ) 

Where u  is thermal diffusivity [m2/s] (defined as uu Ck - the ratio between the thermal 

conductivity, uk , and the volumetric heat capacity, uC , of the unfrozen part), uT  is the 

temperature distribution along the unfrozen part and z is the depth. 

Finally, the conservation of energy (termed as the latent heat condition in Figure 8) along the 
phase change boundary can be formulated as: 
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Where L is the volumetric latent heat of fusion of water, zT f  and zTu are the 

temperature gradients in the frozen and unfrozen parts, respectively and tz  is the rate of 

frost penetration. 

Neglecting the heat flow from the unfrozen parts to the frozen region, Equation (3) reduces 
to: 
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f  ( 4 ) 

If one dimensional heat flow is assumed, the temperature gradient in the frozen part becomes: 

Z
TT

z
T msf  

Where sT  and mT  are the surface and freezing/melting temperatures and Z is the frost depth. 

Assuming that water freezes at 0 C, the thermal gradient expression in the frozen zone 
becomes: 

Z
T

Z
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z
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Substituting the above term in Equation (4) yields: 
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Rearranging the terms: 
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Integrating both sides of the equation: 
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Where F is the freezing index ( tTs ), as defined earlier. Equation (5) is known as the Stefan 

solution and it reasonably predicts the frost depth for one dimensional heat flow problems 
through homogeneous media where the temperature of the unfrozen part is near the 
freezing/melting point. For other cases, it should be noted that the Stefan solution over 
predicts the frost depth as it neglects the heat flow from unfrozen to frozen parts. 

Solution procedures by Neumann and Stefan were mainly developed for homogeneous 
materials and did not have porous soil materials as their primary focus. Berggren (1943) was the 
first to apply these solution techniques to soil systems. Later on, Aldrich and Paynter (1953) 
further revised the Stefan solution to arrive at what is known as modified Berggren equation 
today (Lunardini, 1980). The modified Berggren solution is formulated as follows: 

F
L

k
Z f2  ( 6 ) 

Where [-] is an empirical correction factor to be determined from charts (for details see 
Aldrich and Paynter, 1953; Lunardini, 1980; Andersland and Ladanyi, 2004). The modified 
Berggren equation empirically corrects the Stefan solution based on the analytical solution 
obtained from the Neumann solution. 

Regardless of the solution technique chosen, it is clear that one needs to determine the thermal 
properties of soil for any kind of heat flow analyses. Farouki (1981) did a very detailed review 
on determining and estimating the thermal properties of soils. In his work, multitude of test 
methods to determine the thermal conductivity of soils were covered. There are different 
approaches for determining the thermal properties of a soil specimen. For example, tests can be 
conducted under different heat flow conditions (steady state or transient); which implies that 
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determining the thermal properties of a soil sample is not a straightforward task. The possibility 
of conducting experiments under different modes of heat transfer, the composite nature of a 
soil body (which is affected by the degree of water and air present in the soil skeleton), the 
state of the soil sample (frozen or unfrozen) and the temperature at which the thermal 
properties are being determined (as the thermal conductivity is a function of temperature) adds 
to the complexity of the task. As a result, some researchers have come up with empirical 
equations for estimating the thermal properties of soils; based on porosity, water content and 
solid composition (see Farouki, 1981 for details). Among these empirical equations that have 
been proposed, the ones established by Johansen (1975) are widely used in literature due to 
their simplicity and degree of accuracy. Johansen’s equations can accurately estimate the 
thermal properties of fine and coarse soils having a degree of saturation greater than 0.1 
(Andersland and Ladanyi, 2004; Côté and Konrad, 2005). The equation to estimate the 
thermal conductivity has the following general form: 

dryedrysat kKkkk  ( 7 ) 

ds

d
dryk

947.0
7.64137.0

 ( 8 ) 

Where k  is the thermal conductivity of the soil [W/m C] (to be calculated separately for 

frozen and unfrozen states), satk   is the thermal conductivity [W/m C] of the soil in saturated 

state, dryk   is thermal conductivity [W/m C] of the soil in dry state as defined in Equation (8), 

d  is the dry density [kg/m3] (the unit is important as the equation is not dimensionless), s  is 

the density of solid particles [kg/m3] and eK  is called Kersten’s number (and is unitless). To 

calculate the thermal conductivity for the unfrozen state, the parameters satk  and eK  become: 

1log7.0 re SK  ( 9 ) 

n
w

n
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Where rS  is the degree of saturation, sk  is the thermal conductivity of solid particles [W/m 

C], wk  is the thermal conductivity of water [W/m C] and n is the porosity. Substituting the 

value of wk , Equation (10) becomes: 

nn
ssat kk 57.01  ( 11 ) 

Similarly for the frozen state, the parameters satk  and eK  become: 

re SK  ( 12 ) 
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Where ik  is the thermal conductivity of ice [W/m C] and uw  is the unfrozen water content. 

The unfrozen water content as a function of temperature can be determined in laboratory (see 
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Andersland and Ladanyi, 2004, pp. 32-35) using the liquid limit test. Substituting the value of 

ik  and rearranging the terms Equation (13) becomes: 

uwnn
ssat kk 269.02.21  ( 14 ) 

In addition to the thermal conductivity, heat capacity is another thermal property that is 
necessary for heat flow calculations. Heat capacity is defined as the amount of heat required to 
increase the temperature of a material by 1 C [J/g C] or [kJ/kg C]. For geotechnical 
applications, however, it is more practical to use volumetric heat capacity due to the way that the 
Neumann solution is formulated (requires volumetric heat capacity). The volumetric heat 
capacity for unfrozen soils is defined as: 

)( wccC wsdu  ( 15 ) 

Where uC  is the volumetric heat capacity [J/m3 C] in the unfrozen state, sc  and wc  are the 

heat capacity (gravimetric) [J/g C] values of solids and the water, respectively and w is the 
water content. 

For frozen soils the volumetric heat capacity is defined as: 

)( iiuwsdf wcwccC  ( 16 ) 

Where fC  is the volumetric heat capacity [J/m3 C] in the frozen state, ic  is the heat capacity 

(gravimetric) [J/g C] of ice and iw  is the ice content in the frozen state. The values of w, uw  

and iw  are related to each other with the following expression: 

iu www  ( 17 ) 

The equations given above along with the literature review section that follows form the 
theoretical background of the work presented in this thesis. The governing equation at the 
phase change boundary (Equation (3)) is of particular interest for establishing a relationship 
between heave and heat extraction rates not only in literature but also within the context of 
this work. 

Historical Perspectives 

Frost Research at the Microstructural Level 
The attempts to tackle the frost heave phenomenon at the microstructural level begin with the 
utilization of the Clapeyron equation developed in the 1800s. For a system consisting of ice 
and water with pressures Pi and Pw, respectively, at a temperature T the thermal equilibrium 
can be described as: 
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Where, w  is the density of water, L is the latent heat and mT  is the melting/freezing 

temperature. Equation (18) focuses on the thermodynamical equilibrium between water and 
ice phases only along the boundary where they are in contact. The surrounding soil is not 
considered in the equation. The equation can be re-arranged to obtain an explicit expression 
for the pressure of water that is in contact with ice: 

TT
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L
PP m

m

w
iw  ( 19 ) 

Under constant Pi, it can be observed that decreasing temperatures (so that the difference 
TTm  increases) result in a decrease in water pressure. The reduction in the water pressure 

will create a hydraulic gradient (as the surrounding water pressure is higher) which is essentially 
responsible for the mass transfer of water. 

Researchers (Gold, 1957; Penner, 1959; Everett, 1961) have tried to explain the frost heave 
mechanisms by combining Clapeyron equation with the capillary theory. This approach relies 
on the surface tension effect and the porous soil matrix to explain the ice lens formations and 
expressed mathematically as: 

iw

iw
wi r
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Where, iw  is the surface tension at the ice-water interface and iwr is the radius of the ice-

water interface, see Figure 9. 

 

Figure 9 Schematic representation of ice-water interaction at the phase change interface 

Combining Equation (19) and Equation (20) yields: 
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Where, iT  is defined as the ice-entry temperature threshold. For temperatures below iT , it is 

assumed that frost heave halts and ice starts to penetrate deeper into the pores of the soil 
structure. 

Although significant agreement was found between the theoretical values of iT  and iP  for soil 

samples containing particles of single size via freezing experiments, it was shown that the 
theory was not applicable for samples with particles of mixed sizes (Michalowski, 1993; Voller 
et al., 2003; Peppin and Style, 2013). 

In addition, capillary theory could not be expanded to explain the initiation of the new ice lens 
layers, their band-like appearance and distribution along the soil body (Peppin and Style, 
2013).  

The inability of the capillary theory to account for the layered ice lens formations in a soil 
body led researchers to look for alternative mechanisms and thus the development of the 
secondary heave theory (Miller, 1978). According to this, the amount of heave that is elucidated 
by the capillarity theory is termed as the “primary heave” and the term “secondary heave” was put 
forth to account for the more significant damages caused by the formation of ice lenses. In 
order to explain the layered ice lens structure that might occur in a freezing soil body, 
secondary heave theory makes use of a region called the “frozen fringe”. By definition, at the 
microstructural level, frozen fringe is the area located between the bottom of the warmest ice 
lens and the freezing temperature isotherm which penetrates deeper into the soil with 
decreasing surface temperatures. In the frozen fringe the water may exist both in liquid form 
and as ice. The frozen fringe and the secondary heave concept accounts for the transport of 
water into the frozen fringe and allows for more detailed analyses to explain the layered ice 
lens formations. Discretization of the soil body into three distinct zones combined with the 
utilization of physical, thermodynamical treatments at the micro level along with the 
conservation laws (conservation of energy and mass) led to the development of solution 
procedures to model the heaving behavior. The model developed by Miller, also known as the 
“Rigid Ice Model”, combined all the aforementioned mechanisms in one solution procedure. 
The drawbacks were the required amount of parameters (to be determined experimentally or 
approximated) and the computational effort needed for the solution procedure (O’Neill and 
Miller, 1985). 

Takagi (1979) proposed an alternative freezing mechanism termed as “segregational” freezing 
which is different than the freezing of the pore water (termed as “in-situ” freezing) without 
relying on the concept of frozen fringe. Segregational freezing was defined as a freezing 
mechanism that generates suction along with it. The driving force for the water transfer was 
identified as the freezing of the thin water layer adsorbed around solid particles. The 
mechanism Takagi described is referred as “adsorption force theory” in literature. 

Gilpin (1980) developed a simpler model based on the secondary heave theory to simplify 
initial complexities of the rigid ice model by Miller (1978). Gilpin’s starting point was the 
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treatment of the thin water layer behavior near a solid boundary. Similar to Miller’s work, 
Gilpin also adopted the frozen fringe concept and divided the soil body into three distinct 
zones (frozen zone, frozen fringe and the unfrozen zone) during freezing. Gilpin’s model 
couples heat flow with mass transfer of water. As a result, it requires a wide range of parameters 
such as hydraulic and thermal conductivities in the frozen and unfrozen parts as well as the 
frozen fringe. The difficulty of experimentally determining these properties was circumvented 
by proposing equations that approximated them. Physical/thermodynamical treatment of the 
water/ice – particle attraction is used define conditions for ice lens initiation and particle 
separation. Consequently the model has the prediction capabilities for ice formations 
throughout the soil body during freezing. 

Miller’s secondary heave theory was important as it allowed for the development of the first 
model that can predict the ice lens formations and heave rate as a function of environmental 
conditions (Rempel, 2010; Peppin and Style, 2013). Starting with model developed by 
O’Neill and Miller (1985), secondary heave theory garnered much attention and led to the 
development of many other models (see Peppin and Style, 2013 for an extensive list of 
references) to quantify frost heave and predict ice lens formations. 

Although the rigid ice model and other models developed based on the secondary heave 
concept were successful in predicting the characteristics of the ice lenses and their formations 
in a quantitative manner, it was argued that a strong theoretical background to explain the 
underlying micro-scale physical mechanisms was lacking (Rempel, 2010). 

At the end of the 20th century, the research capabilities at the microstructural level were 
substantially improved by means of delicate experiments tailored to study the phenomenon. 
This made it possible to study the existence of the long-theorized thin water films around solid 
grains and their contribution to water migration along the phase change boundary. The 
experiment done by Wilen and Dash (1995) clearly establishes the role of the thin water films 
(also termed as “surface-melted” or “pre-melted” fluid) in facilitating water transfer at the phase 
change boundary. The experimental setup is given in Figure 10. The drawing (to the left) 
given in Figure 10 is the plan view of the apparatus photographed (to the right). 

  

Figure 10 Experimental setup to study the frost heave dynamics (after Wilen and Dash, 1995) 
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The cell is made of a thin hollow disk of fiberglass and is in contact with a glass plate at the 
bottom (Figure 10) and covered by a PVC membrane at the top throughout the entire test. 
Water is supplied around the periphery and the sample is cooled at the center with a 
temperature value T1 below the freezing point. Temperature around the periphery is 
maintained at T2 which is above the freezing point to create a radiant thermal gradient. With 
these initial conditions, the flow and ice growth measurements were carried out by taking 
pictures at the crystal (ice) – liquid boundary. Deformation patterns in the membrane in these 
images were used to quantify ice growth (Figure 11). 

 

Figure 11 Deformation pattern along the (ice) crystal – liquid interface. Red circle indicates the 
zone that the measurements are taken from (after Wilen and Dash, 1995) 

The upward displacement pattern in the membrane indicates liquid flow from the warmer 
regions to the phase change boundary and the liquid flow confirms the presence of thin water 
films (pre-melted or surface-melted films) along the crystal-liquid interface. 

The possibility of studying frost heave dynamics at the crystal-liquid interface level prompted 
more rigorous analyses at the microstructural level (see Rempel et al., 2001; Rempel, 2007) 
that form the backbone of the majority of the computational efforts to model frost heave. 

Going through the literature in the recent years, it can be deduced that a consensus on the key 
elements of frost heave mechanisms and how to incorporate them for modeling purposes has 
still not been reached. The scope of the analyses shifts towards the domain of thermodynamics 
and physics with increasing level of complexity. Although such complexity might be required 
to establish a solid theoretical background for the modeling efforts, it is of little use in its 
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current state to a practicing engineer. The complexity of the analyses at the microstructural 
level led some researchers to look for more practical and sometimes empirical solutions at the 
macrostructural level some of which are covered in the next section. 

Frost Research at the Macrostructural Level 
Research at the macro level essentially deals with freezing experiments in laboratory or in the 
field. Freezing experiments in the laboratory are also a part of frost susceptibility studies where 
the goal is to classify soils based on their heaving behavior. Tests are typically done on 
cylindrical soil samples with varying height to diameter ratios. Instead of focusing on the micro 
structure (or the frozen fringe), attempts are made to express the changes due to frost action in 
terms of other well established parameters such as particle size distribution, stiffness parameters, 
hydraulic conductivity or pore pressures. 

Studies at the macro level begin with works of Taber (1929) and Beskow (1935). Taber (1929) 
was the first to conduct systematic laboratory freezing experiments to study the frost action 
phenomenon. He correctly identified the mass transfer of water to the phase change region as 
the main reason of frost heave by means of laboratory testing. His experiments on soil samples 
saturated with benzene (benzene is a liquid that shrinks upon freezing) assisted him to deduce 
the volumetric expansion of pore water upon freezing is not the driving mechanism behind the 
damages done by frost action.  He was also the first to suggest that the presence of unfrozen 
thin water films absorbed around the solid grains facilitates the liquid flow in the freezing front. 
Taber has also looked at factors (such as grain size distribution, water content, rate and 
direction of cooling, depth of freezing and the effect of overburden) influencing frost heaving. 
Considering the technological limitations at the time the research was conducted, it can be 
concluded that this work was significantly accurate and remains to be one of the most 
insightful works done on the subject. 

Swedish researcher Beskow (1935) studied frost action by means of laboratory and field tests. 
Originally written in Swedish, the work was and still is one of the most complete studies 
undertaken on frost action so that it was translated to English upon the request of Casagrande 
(professor at Harvard Graduate School of Engineering) in 1938. One of the distinguished 
features of the work are the detailed pictures and drawings of the soil samples upon freezing. 
Beskow has also studied the relationship between heave and rate of freezing, grain size 
distribution, overburden, distance to groundwater, influence of dissolved substances in the soil 
and the water content. 

Another study worth mentioning is the work done by Casagrande (1931). The criterion 
Casagrande suggested, based on the field observations and the particle size distribution (percent 
finer than 0.02mm, in particular), to assess the frost susceptibility of soils is the backbone of the 
frost susceptibility classification systems around the world even today. 

Linell and Kaplar (1959) made an attempt to correlate the heaving characteristics of different 
soil types with some of the most commonly used and practical engineering properties. They 
have conducted many systematical laboratory tests using equipment similar to Taber’s, but the 
effort did not lead to success. At the same time, many institutions dealing with frost action 
around the world were conducting freezing tests in the laboratory to come up with various 
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frost susceptibility criteria for classification purposes. Chamberlain (1981) did a very detailed 
review of frost susceptibility index tests starting with the early works of Taber and Beskow 
until 1981. The report was concluded by stating none of the methods were found to be 
universally applicable. The report also identified the need for standardization of freezing tests 
considering the variety of methods in practice. 

Frost Susceptibility Criteria 
Various frost susceptibility classification systems, including practices from Germany, Norway, 
Finland and U.S were studied. The majority of the classification systems are based only on the 
particle size distribution with the exception of the U.S. Table 2 and Figure 12 as an example 
summarize the details of the German frost susceptibility classification system. 

Table 2 German frost susceptibility classification system (Floss, 1997) 

Classification Group Frost Susceptibility Soil Classification (DIN 18196) 

F1 Not Susceptible GW, GI, GE, SW, SI, SE 

F2 Moderately 
Susceptible 

TA, 
OT, OH, OK 

{ST, GT 
SU, GU}1 

F3 Very Susceptible 

TL, TM 
UL, UM, UA 

OU 
ST*, GT* 
SU*, GU* 

1 Classified as F1 for percentage of particles finer than 0.063mm of 5 % at U  15 or 
15 % at U  6. Between 6 < U < 15, the border that separates F1 and F2 is linear 

based on the fines content (finer than 0.063mm), see Figure 12. 
 

 

Figure 12 German frost susceptibility classification system (Floss, 1997) 
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There are three susceptibility groups (not susceptible, moderately susceptible and very 
susceptible) and the soil types in each group are determined based on grain size distribution 
and German standard DIN 18196. The influencing factors are the fines content (percent finer 
than 0.063mm) and the coefficient of uniformity (Figure 12). 

Finnish frost susceptibility classification is also based on the particle size distribution. In Figure 
13 the grain size plot is divided into four areas. Soil types with a gradation curve that lies in 
region 1 (always frost sensitive area) are regarded as frost susceptible. The boundary between 
region 3 and region 4 is Casagrande's (1931) frost susceptibility criterion where 3% of the 
particles are smaller than 0.02 mm and the coefficient of uniformity is 15. The boundary 
between region 1 and region 2 is where 10% of the particles are smaller than 0.02 mm and the 
coefficient of uniformity is 5. According to the Finnish classification system, soil types that 
have the lower portion of their grain size distribution curves located to the left of region 2, 3 
and 4 are frost susceptible. Soils with grain size distribution curves that are located either to the 
right of or entirely within regions 2, 3 or 4 are regarded as non-frost-susceptible (Chamberlain, 
1981). 

 

Figure 13 Finnish frost susceptibility classification system (Chamberlain, 1981) 
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Norwegian frost susceptibility classification relies also on the particle size distribution (see 
Table 3). There are four categories; not frost susceptible, slightly frost susceptible, moderately 
frost susceptible and highly frost susceptible. 

Table 3 Norwegian frost susceptibility classfication system (Aksnes, 2013) 

Frost Susceptibility 
Category 

of material <22.4mm 
% by mass 

<2 m <20 m <200 m 

Not frost susceptible (T1) <3 
Slightly frost susceptible (T2) 3 - 12 
Moderately frost susceptible 

(T3) 
* >12 

 
Highly frost susceptible (T4) <40 >12 >50 

* Soil types with more than 40% < 2 m are also regarded as moderately frost susceptible (T3) 

 

The influence of Casagrande’s criterion (percent finer than 0.02.mm) is apparent also in Table 
3. Soils having percentage of particles less than 3% that are finer than 0.02mm are regarded as 
not frost susceptible. Soils having percentage of particles between 3-12% that are finer than 
0.02mm are regarded as slightly frost susceptible. Moderately frost susceptible soils are defined 
as those having percentage of particles more than 12% that are finer than 0.02mm. Finally, 
highly frost susceptible soils are defined as having percent of particles more than 12% that are 
finer than 0.22mm and percent of particles more than 50% that are finer than 0.2mm. 

Among all the frost susceptibility classification systems around the world, the most 
comprehensive is the U.S. Army Corps of Engineers (USACE) frost design soil classification 
system; as it combines the preliminary screening based on grain size distribution with 
laboratory freezing tests. The entire classification procedure consists of three stages. The first 
level of classification is done based on the percentage of particles smaller than 0.02mm. Gravels 
and sands containing percentage of particles less than 1.5% and 3% finer than 0.02mm, 
respectively, are classified as negligible. Soils that do not meet this condition are required to be 
completely classified according to the unified soil classification system (USCS). Based on this, 
Figure 14 can be used for preliminary classification. Due to the wide range of possibilities in 
the degrees of frost susceptibility in Figure 14, USACE recommends a freezing test when more 
precise information on heaving behavior is needed (Andersland and Ladanyi, 2004). 
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Figure 14 Frost susceptibility of soils on the basis of soil type and particle size (Andersland and 
Ladanyi, 2004) 

Laboratory and Modeling Work 
The concept of secondary heave and frozen fringe resulted in many different theories trying to 
explain the frost action phenomenon at the end of 1970s. After Miller’s rigid ice model, which 
dealt with frost action at the micro level, the segregation potential was another theory that 
made use of the frozen fringe concept. Based on one dimensional heat flow, Konrad and 
Morgenstern (1981) analyzed the frozen fringe in terms of more practical properties (such as 
the hydraulic conductivity and the water intake) by means of laboratory testing. Assuming that 
the Clapeyron equation holds at the bottom of the ice lens, the water flow is continuous across 
the frozen fringe that can be characterized by an overall permeability and a uniform 
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temperature profile along the frozen fringe, the segregation potential theory postulates that 
mass transfer (also termed as the water intake) is proportional to the temperature gradient in 
the frozen fringe. The proportionality constant is termed as the segregation potential (SP) of a 
soil which is determined experimentally in laboratory and assumed to be a unique soil 
property. SP theory garnered much attention due to its practical implications. Advantages of 
using SP parameter were twofold. First, SP made it possible to classify soils relative to each 
other on a measurable and more precise basis. Second, SP could also be used for estimating 
frost heave based on the heat and mass transfer equations along the phase change boundary. 
Rate of heave can be formulated as follows: 

heave onal)(segregatisecondary 
heave situ)-(inprimary 

v
dt
dzn

dt
dh 09.109.0  ( 22 ) 

Where dtdh  is the heave rate, n is the porosity, dtdZ  is the frost penetration rate and v is 

the velocity of the water arriving at the frozen fringe (water intake velocity). Segregation 
potential theory assumes that the water intake velocity is proportional to the temperature 
gradient (gradT) in the frozen fringe by a proportionality constant, SP, which can be 
formulated as: 

gradTSPv  ( 23 ) 

Combining Equation (22) and Equation (23) yields: 

gradTSP
dt
dzn

dt
dh 09.109.0  ( 24 ) 

Because of establishing a connection between the temperature gradient and the water intake 
velocity, SP theory is one of the widely used methods to estimate heave and for frost 
susceptibility classification purposes even today. On this basis further developments were made 
by many other researchers in the following years (see Saarelainen, 1992; Konrad and Shen, 
1996; Ito et al., 1998; Zhiqiang et al., 2010). Although it can be argued that the SP theory is 
essentially a micro level approach, as it is formulated on the basis of the frozen fringe concept, 
in this thesis it is presented under the category of macro level studies due to the need for 
laboratory experiments to determine the SP parameter. 

Segregation potential theory has also been criticized and questioned by some researchers. 
Uniqueness of the SP parameter to represent heaving behavior was questioned by Gassen and 
Sego (1989). The experiments conducted by Horiguchi (1979) to show that heaving occurs 
not only in soils, but also in all granular materials further support this claim. Similarly, Rempel 
(2007) draws attention to the ad hoc nature (created for a particular purpose) of the SP 
parameter and claims that such force-parameterizations tend to obscure the underlying physics 
of the frost action phenomenon. The instant that the SP parameter should be determined 
during a freezing experiment might not always be very obvious. A less direct criticism towards 
the SP theory is related to the existence of frozen fringe. As Peppin and Style (2013) points 
out, it is difficult to prove the existence of a frozen fringe in every single freezing experiment 
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and there are experiments reported in literature where the frozen fringe was not observable 
(Watanabe and Mizoguchi, 2000). 

In the course of frost research at macro level, attempts to formulate the heaving behavior using 
constitutive relations for modeling purposes have also been made. The idea is to define the 
heaving behavior in terms of more practical parameters, rather empirically, without going into 
the details at micro level. Therefore the focus of such an approach is not the underlying physics 
but the prediction capabilities. To this end, Blanchard and Frémond (1985) proposed the 
“porosity rate function” to account for the changes in volume due to freezing. The porosity rate 
function does not deal with the specifics of ice lens formation(s). Ice growth and the 
corresponding increase in volume are instead represented through changes in porosity (see 
Blanchard and Frémond, 1985 for more details).  

Michalowski (1993) and Michalowski and Zhu (2006) have further developed the porosity rate 
function. The proposed constitutive relation for the porosity rate function was formulated in a 
way that the volumetric changes due to freezing were a function of thermal gradient, porosity 
and overburden. This constitutive model can be utilized in numerical calculations via finite 
element method (FEM). Although the end result was a relatively simpler model (due to its 
macroscale focus) that can predict volumetric changes and can be calibrated to replicate 
experimental results, the parameters required to run the model necessitates freezing tests to be 
done in a certain way and its field-scale prediction capabilities were unknown. In addition, 
there were some physical inconsistencies with the porosity rate function formulation (as 
pointed out by Zhiqiang et al., 2010). In order to address the latter problem, Zhiqiang et al. 
(2010) modified the porosity rate function based on the segregation potential theory. They 
showed that this model was able to accurately replicate the results of freezing experiments. 

There are many studies dealing with modeling of frost heave (at micro and macro levels) in 
literature (Shen and Ladanyi, 1987; Konrad and Shen, 1996; Shoop and Bigl, 1997; 
Hermansson, 1999; Bronfenbrener, 2009; Bronfenbrener and Bronfenbrener, 2010; Zhiqiang 
et al., 2010; Sheng et al., 2013). The effort required to cover all of them is behind the scope of 
this work. This variety can be seen as an indication of the lack of consensus when it comes to 
dealing with frost action. The complex nature of the problem due to the interaction of 
different mechanisms (i.e. heat and mass transfer occurring simultaneously) seems to lead 
researchers focus on one aspect of the problem. On one hand, this focus usually is the 
prediction accuracy and capability of the model for modeling purposes at the macro level. This 
might sometimes result in neglecting or over simplifying certain mechanisms (such as the mass 
transfer aspect of the problem or the formation of ice lenses). On the other hand, focusing on 
the micro level results in models that require too many parameters to run which might not 
always be very practical to determine experimentally. The need for determining certain 
parameters experimentally combined with the variety of the testing equipment and practices 
currently in use (as will be shown in the next chapter) might further complicate things. The 
latest addition to the modeling attempts is the work done at Norwegian University of Science 
and Technology. Amiri et al. (2016) have developed a constitutive model that couples heat and 
mass flow with the stress-strain relationships. The resultant model requires more than 16 input 
parameters, which clearly demonstrates the aforementioned problem, and is now available as a 
user-defined soil model (UDSM) in the commercial FEM software PLAXIS. 
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Of all the work conducted at the macrostructural level, the research that focused on 
investigating the relationship between heave and heat extraction rates are particularly 
interesting due to the stated challenges with the existing heave estimation methods in Sweden. 
The relationship between heave and net heat extraction rates at the frost front has been 
investigated by several researchers at different points during the history of frost action and cold 
region soil mechanics studies. 

Two kinds of conclusions have usually been reached; while the first group of authors (Beskow, 
1928, 1929, 1935; U.S. Army Corps of Engineers, 1958; Loch, 1977; Hermansson, 1999, 
2000, 2004) has claimed that there exists no direct relationship between heave and net heat 
extraction rates, the second group (Penner, 1960, 1963, 1972; Kaplar, 1970, 1971; Horiguchi, 
1979; Loch, 1979; Konrad, 1987) has tried to show the opposite. 

Beskow (1928, 1929, 1935), based on his observations of the field as well as laboratory 
experiments, stated that the rate of frost heaving is approximately independent of the rate of 
freezing for relatively permeable soils under constant pressure (overburden). By extension, this 
means that the amount of water sucked to the freezing front is also independent of the freezing 
rate. However, he also adds that if freezing takes place rapidly, the water sucked up to the frost 
line is divided into small layers (of ice) and if freezing occurs slowly, the ice layers are large. 
Therefore, the variations in the water content of the frozen soil (a measure of the amount of 
ice stratification) reflects the changes in the rate of freezing; thick ice layers are found during 
slow freezing and thin during fast. On a similar note, U.S. Army Corps of Engineers (1958) 
did not report any dependency between the heat extraction and heave rates based on the 
freezing experiments they have conducted in their investigation. Loch (1977) found a constant 
heave rate (independent of time and heat extraction) for large heat extraction rates (large 
enough to freeze the entire sample within two days). Hermansson (1999, 2000, 2004) did not 
report any dependency between neither heat extraction rate nor water intake and the heave 
rate in his laboratory and field scale experiments. 

Penner (1960, 1963, 1972) observed a different behavior in his experiments. He used 
calibrated heat transducers placed at the opposite ends of the soil samples during freezing tests 
to measure heat flow in and out of the sample. His results showed that the heave rate was 
directly proportional to heat extraction rate. Kaplar (1970, 1971) reported similar findings. The 
analyses of freezing experiments with different frost penetration rates showed that the heave 
rate was directly proportional to the freezing (or heat extraction) rate, contrary to Beskow’s 
findings. Kaplar’s data indicate that the heave rate increases with the rate of frost penetration to 
some maximum value and decreases then on with increasing penetration rates. Horiguchi 
(1979) also studied the relationship between heave rate and the rate of heat removal. He used 
powder materials (which have simpler structures than soil) instead of soils in freezing 
experiments. Similar to Kaplar, Horiguchi used a heat-flow meter placed on top of the sample 
to measure heat flow. He found that the heave rate increased with the rate of heat removal up 
to a maximum value and then decreased. Moreover, he found that this maximum value 
increased proportional to the amount of fines present in the tested material (the finer the 
material larger the peak). Loch (1979) reported a dependency between freezing and heave rates 
in a later study based on freezing experiments conducted under relatively lower freezing rates 
(compared to what has been used in Loch, 1977). Under stationary frost front conditions (i.e. 
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when the frost penetration halts due to thermal equilibrium), Loch found that the rate of heave 
is proportional to the rate of heat extraction up to a maximum value. His results show that the 
heaving behavior might vary beyond this maximum value (heave rate either becomes constant 
or inversely proportional with increasing heat extraction rates beyond the peak) depending on 
the particle size distribution (fine or coarse) and test conditions (disturbed or undisturbed 
samples). Similar trends have been observed 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 which can be attributed to 
different sample heights and temperature boundary conditions applied during these 
experiments. 

Summary 

Summarizing the different approaches and conclusions outlined in this chapter, it is fair to state 
that the current research effort consists of individual institutions carrying out their research in 
their own defined ways, without adhering to a universally agreed and accepted standard. At 
present, each country has its own practices of tackling the problem of frost action (frost 
susceptibility classification, methods for heave estimation and dealing with the effects of thaw 
weakening; more generally design against frost action). In addition, the complexity and the 
underlying mechanisms of the problem make it very difficult to develop a satisfactory method 
which meets the theoretical requirements at micro level while remaining practical enough to 
lend itself to the use of a practicing engineer. 

It is apparent that this variety in testing methodology might contribute to the differences in the 
results and conclusions. This problem will be laid out more clearly in the following chapter 
which reviews the details of various freezing test equipment used for research around the 
world. 
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CHAPTER III - TEST EQUIPMENT & EXPERIMENTAL 
WORK 

Literature Review for the Test Apparatus 

In chapter two it was established that the research in frost action originates from the early 
works of Taber (1929) and Beskow (1935). Both researchers drew their conclusions based on a 
number of field and laboratory experiments. It follows naturally that the equipment used by 
these researchers form the basis for the variety of frost testing apparatus developed throughout 
the history of frost research. 

The details of the equipment used by Taber (1929, 1930) are given in Figure 15. 

 

Figure 15 Schematic representation of the testing equipment used by Taber (Taber, 1929, 1930) 

Taber’s first experiments (between 1914 and 1915) were conducted during cold periods of 
winter time to simulate freezing conditions and did not involve any equipment capable of 
delivering the necessary temperature boundary conditions for freezing. As a result, he could 
only conduct the research during winter. His experimental efforts have drastically improved 
when a low-temperature cooling unit was placed at his disposal in late 1920s (Taber, 1929) 
which gave him the chance of freezing the samples all year around, in a more controlled way. 
He used soil samples of cylindrical shape (17 cm in height and 8.5 cm in diameter) that is in 
direct contact with water at the bottom through a saturated layer of sand. The entire setup was 
buried in sand with only the top of it being exposed and placed inside the freezing chamber. 
This resulted in top to down freezing similar to what is occurring in nature. The heave and the 
temperatures below the surface were monitored while the top end temperature was controlled 
in the freezing chamber. In addition, the effect of overburden could be taken into account by 
means of either dead loads or compressed springs placed at the sample top. 

Similarly, details of the equipment used by Beskow (1935) are given in Figure 16. The right 
part was placed in a small freezing chamber through which the freezing temperatures were 
controlled. Similar to Taber, Beskow has also used cylindrical samples. Attempts were made to 
address the friction developing between the sample and the test cell as a result of the sample 
expansion due to freezing. The soil specimen was placed in a segmented glass tube (consisting 
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of shorter rings attached to each other) to reduce the area on which the friction force would 
act. The samples were 3.5 cm in diameter and (usually) 10 cm in height. The soil specimen 
was immersed in water for a few centimeters at the bottom and the temperature of the water 
was regulated by an electrical heating unit. Pulverized cork was used to insulate the samples 
from both sides. The effect of the overburden can be taken into account by means of dead 
loads placed on the load plate that is in contact with the top of the sample. The heaving is 
measured on the dial indicator graduated to 1/100 of a millimeter. Readings were manually 
taken every 1-5 minutes, but the temperatures (or the temperature profile) inside the sample 
were not monitored. 

 

Figure 16 Test equipment used by Beskow. Left part is used to produce various subpressures in the 
water. Right part is placed inside a freezing chamber and contains the specimen and the 
measurement devices (Beskow, 1935) 

The equipment used by Taber and Beskow have been the corner stones for laboratory testing 
in frost heave research. For example, Taber’s equipment was further developed/modified by 
Linell and Kaplar (1959) in their attempt to correlate heaving behavior with some of the more 
practical geotechnical parameters. Literature is vast with details of different equipment used 
throughout the history of frost research. Chamberlain (1981), in his review of frost 
susceptibility index tests, reported that there have been many institutions around the world 
dealing with frost action at different points in time using a variety of test setups. He examined 



33 
 

the details of various freezing test equipment country by country which clearly demonstrated 
not only the differences between each setup, but also the state of the art in research at the time. 
Experiments were being conducted without adhering to a universally agreed standard. At the 
end, the details of more than 100 different frost susceptibility test setups (until 1981) were 
covered in his review along with the experimental procedures. These were summarized in a 
tabulated form (a small excerpt is given in Figure 17) and the report was concluded by stating 
that none of the methods were found to meet the requirements that would qualify them to be 
the standard testing practice for freezing tests.  

 

Figure 17 An excerpt from Chamberlain’s frost susceptibility test setup review (Chamberlain, 1981) 

A relatively recent but less comprehensive literature review conducted by Lay (2005) within 
the context of a master thesis work examines the details of 12 different test setups from 
Canada, Finland, Sweden, the U.K. and the U.S. This work clearly demonstrates the variations 
in testing equipment and practices even within the same country (see Lay, 2005 for details). 
For example, there are at least three different freezing test apparatus currently in use today for 
frost tests in Finland. Similarly, numerous different testing apparatus have been used 
throughout the frost action studies in Sweden. Equipment given in Figure 16 was used for 
Beskow’s research. Later on, in 1980s, the equipment shown in Figure 18 was used by Fredén 
and Stenberg (1980). Different from Beskow’s approach, apparatus in Figure 18 supplies cold 
end temperatures from the sample bottom. As a result, freezing takes place from bottom to top 
and the sample has access to excess water at the top. Cylindrical specimens of 20 cm height and 
11.3 cm diameter were used. 
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Figure 18 Swedish equipment for measuring the frost heave in soils in the 1980s (Chamberlain, 1981) 

20 years later Hermansson (2004), a researcher at Swedish National Road and Transport 
Research Institute (VTI), conducted his research with the instrument shown in Figure 19. This 
time, cold temperatures were supplied at the top (top to down freezing), the length of the 
sample has been extended significantly (approximately 60cm in height and 12cm in diameter) 
and water was supplied from the sample bottom (thus the distance between the water table and 
the freezing front increased significantly). These examples show how existing apparatus and 
practices can be extremely altered during the history of research from one researcher to 
another, even in the same country. Therefore it was noted that testing devices, methods and 
practices varied and remains to do so at the time this research was conducted. 

 

Figure 19 Equipment used in Sweden for frost research in late 1990s. a) The freezing tube. b) The 
tube is filled with a sample. c) The cap is fitted on the tube. d) An ongoing test. (Hermansson, 
2004) 
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The standard proposed for evaluating frost heave and thaw weakening susceptibility of soils by 
American Society for Testing and Materials (ASTM) (ASTM-D5918, 2013) has not been 
received widely by researchers or agencies worldwide, either. ASTM suggests the use of the 
test equipment in Figure 20 which essentially is a modernized version of the testing apparatus 
used by Taber and Beskow. Although the advances made in measurement techniques now 
allow for more detailed data collection, the parameters of interest have not changed much over 
the years. It is now possible to get temperature readings via thermocouples penetrating into the 
sample and regulate the heat flow by means of cooling/heating units connected at the both 
ends of the sample. Heave is monitored via a displacement transducer connected to the sample 
top with the possibility of adding loads to study the effects of overburden.  

ASTM-D5918 suggests that two freeze-thaw cycles should be imposed on the specimen to 
evaluate its frost susceptibility. Cylindrical specimens (146mm in diameter and 150mm in 
height) are used for testing. A surcharge of 3.5 kPa is applied at the sample top. The entire 
testing procedure can be completed within 5 days and the bearing ratio is determined at the 
end of the second freeze thaw cycle as a part of frost susceptibility classification. The tests begin 
with a steady state phase where the specimen is brought to thermal equilibrium at 3 C for 24 
hours. Freezing begins afterwards by reducing the temperature at the top to -3 C while 
keeping the temperature at the sample bottom constant at 3 C. This condition is maintained 
for 8 hours. After 8 hours, the temperatures at the top and the bottom are further reduced 
down to -12 C and 0 C, respectively. This new boundary condition is maintained for 
additional 16 hours (thus the entire freezing phase totals up to 24 hours). Thawing starts after 
freezing for 24 hours and during the first 16 hours of the thawing phase, temperatures at the 
top and bottom are increased to 12 C and 3 C, respectively. After this, 3 C is applied both at 
the top and the bottom for additional 8 hours (totaling up to 24 hours). This freeze-thaw cycle 
is repeated twice. 

 

Figure 20 Test equipment for the ASTM frost susceptibility tests (ASTM-D5918, 2013) 
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Given the variety, reporting the details of each testing equipment and respective testing 
procedures for the literature review conducted as a part of this work is quite difficult. 
Nevertheless, two devices that are currently in use in Canada (Université Laval) and Finland 
(University of Oulu) were particularly of interest due to the established connections between 
Luleå University of Technology (LTU) and aforementioned universities. 

The equipment currently in use for freezing tests at Université Laval is given in Figure 21. 
Cylindrical specimens (10cm in height and 5cm in diameter) can be tested. Cold and warm 
end temperatures supplied via cooling units that are connected to the top and the bottom of 
the sample, respectively. The sample is insulated from sides to minimize heat losses. Thus, 
freezing takes place from top to bottom as a result of one dimensional heat flow. The soil 
specimen remains inside a plastic membrane during the entire test. The hollow cylinder that 
surrounds the sample (see Figure 21) consists of 18 thin rings in order to minimize the friction 
between the cell wall and the specimen. There is the possibility of attaching a thermocouple to 
each of these rings to monitor the temperature profile in the sample. Water is supplied from 
the sample bottom and the water level is maintained constant during the test(s). A camera 
system is used to keep track of the water transferred into the specimen. Heave is monitored by 
means of a linear variable differential transformer (LVDT) connected to the top of the sample. 
Loads can be applied at the top by a hydraulic jack to study the effects of overburden. 

  

Figure 21 Details of the experimental apparatus at Université Laval (Université Laval - The Design 
Office of the Mechanical Engineering Department, 2016) 

More recently, the need to improve the existing practices in dealing with frost action in 
Norway involved Norwegian University of Science and Technology (NTNU) to restart 
working on the subject. Part of the research work at NTNU includes laboratory freezing 
experiments and the same equipment given in Figure 21 is being constructed at NTNU as a 
result of the collaboration between Université Laval and NTNU. 
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The details of the freezing test equipment at the University of Oulu are given in Figure 22 and 
Figure 23. Cylindrical samples (10 cm in height and diameter) are used for testing. Samples can 
be hand compacted in the cell or can be prepared externally to be transferred to the cell at a 
later stage. Freezing takes place one dimensionally (from sample top to bottom). The sample is 
insulated in order to minimize heat losses from the sides. There are two cooling units 
supplying cold and warm temperatures to the top and bottom of the sample, respectively. 
Temperature sensors are placed uniformly within the sample (penetrating into the specimen) in 
order to keep track of the temperature profile during the test. There is also a supply of water 
from the sample bottom, so that the water can be drawn from the surroundings to the frost 
front. However, the water intake is not continuously monitored during the tests. 
Displacements (due to heaving) are recorded by means of a displacement transducer (LVDT) 
located at the top of the sample. All measurements (temperature data, water intake and 
displacements) are recorded by means of a data acquisition system during the test which is 
connected to a computer for further analyses. The entire setup is placed inside a cold room 
which can maintain a constant temperature of 3-4 C. 

 

Figure 22 Schematic representation of the test equipment at University of Oulu, Finland (after 
Kujala, 1991) 
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Figure 23 Details of the test cell at University of Oulu, Finland (after Pekkala, 2017) 

Common Trends 

Despite the variety in the apparatus used for frost heave testing, parameters measured during a 
freezing test have not changed much since the pioneering works of Taber and Beskow. It is 
possible to identify certain, almost universally employed, practices during the laboratory 
investigation of frost action. These can be listed as: 

 Cylindrical specimens. Although the height to diameter ratio can vary significantly, the 
use of cylindrical specimens is a standard practice. 

 Sample insulation/one dimensional heat flow. Samples are mostly insulated to minimize 
heat losses from the sides. Consequently, the heat flow is unidirectional. However, the 
direction of freezing might vary. Although freezing usually takes place from top to 
down, it is also not a very uncommon practice to freeze the sample from bottom to 
top. 

 Open system/free access to water. Samples usually have free access to water during 
freezing to facilitate ice growth. The water intake, as a result of cryogenic suction, may 
or may not be monitored, but the sample is usually in contact with water either at the 
bottom or at the top, depending on the freezing direction. 

 Monitoring the frost penetration (depth)/temperature profile in the sample. Changes in 
the temperature profile are monitored by means of thermocouples spaced at regular 
intervals along the test cell. Thermocouples may or may not penetrate into the sample 
and there are certain advantages/disadvantages associated with these two different 
approaches. For example, if the thermocouples penetrate into the sample more accurate 
temperature readings can be obtained. The drawback is the difficulty to accurately track 
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the position of thermocouples as deviations from their initial location will take place as 
a result of frost heave. This problem can be avoided by simply not penetrating the 
thermocouples into the sample, but the tradeoff would be the increased uncertainty in 
temperature readings and the change in reference height due to sample expansion. 

 Monitoring frost heave (vertical displacements). Heave is monitored by means of a 
displacement transducer that is in contact with the top of the sample. 

 Possibility of applying loads to study the effect of overburden. Loads can be applied at 
the top either by means of hydraulic pistons (or hydraulic press or a similar mechanism) 
or by addition of dead loads via a load frame. 

Description of the Equipment 

The need for a testing equipment to study frost action is apparent. Given the variety of 
different approaches (difference in sample sizes, freezing directions and thermal gradients) as 
well as the common practices identified in frost testing, a test setup similar to that is in use at 
the University of Oulu was chosen for the work presented in this thesis. The main motivations 
for doing so were: 

 To benefit from the know-how in testing that has been established as a result of 
working on the subject for years. 

 The convenience of manufacturing and transportation of the parts and the possibility of 
troubleshooting (as a result of the relatively short distance between the two universities 
and already established connection between the departments). 

 Possibility of a future collaboration due to having almost identical setups. 

 Not to further complicate the variety in existing frost testing apparatus. 

A schematic representation of the test equipment is given in Figure 24. There are two tests 
cells, giving the option to run two tests simultaneously, and they are placed inside a cooling 
chamber (fridge) in order to have a constant temperature of 4 C in the surroundings. Freezing 
takes place one dimensionally from top to bottom. A 7cm layer of insulation is provided on 
the sides to minimize heat losses. The two cooling units supply cold and warm temperatures to 
the top and bottom of the sample, respectively. Readings from thermocouples are used to keep 
track of the temperature profile during the test. There are seven thermocouples in total. Two 
of them are in contact with the top (T1) and the bottom (T7) of the sample. The remaining 
five are positioned at 15 (T2), 35 (T3), 55 (T4), 75 (T5) and 95 (T6) mm from the sample top, 
respectively. Access to water (having the same ambient temperature with the cooling chamber) 
from the sample bottom is permitted and can be controlled by means of a valve. The water 
level is maintained at the bottom of the sample, so that available water can be drawn to the 
frost front. The amount of water being transferred to the sample is monitored by means of a 
strain gauge which keeps track of the weight of the water tank. Heave is recorded by means of 
a linear variable differential transformer (LVDT) placed on top of the setup. Readings from 
different components (temperature data, water intake and displacements) are recorded by 
means of a data acquisition system which is connected to a computer for further analyses and 
the data is logged at regular intervals with an “intab 31000-usb PC-logger”. The technical 
specifications of different components are listed in Table 4. Figure 25 shows an overview of 
the entire setup right before an experiment is initiated. 
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Figure 24 Schematic representation of the testing apparatus for frost studies at LTU 
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Table 4 Summary of technical specifications for different components of the experimental setup 
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Figure 25 An overview of the experimental setup during a freezing test 

Modification of the Test Setup for Image Analyses 

The current practice in laboratory freezing tests is to carry out freezing experiments with 
custom-built equipment. Consequently, various laboratory testing apparatus and testing 
procedures to evaluate frost susceptibility are in use today. Despite this variety, the earlier and 
the majority of the more recent freezing experiments found in literature (Brandl, 2008; Wang 
et al., 2013; Zhang et al., 2014; Zhou et al., 2014; Hendry et al., 2015; Wang et al., 2015) 
suffer from the shortcoming that the changes in the sample are not visible as due to the 
insulation around it and measurements inside the sample could be problematic. Consequently, 
the sample and the physical changes within are usually not observable during a test and the 
sample investigation can only take place destructively when the test is terminated. The 
problem gets worse if the test is done to study freeze-thaw cycles; during which the important 
details of the sample behavior will be disregarded for the freezing part of the test, in particular. 

To overcome this problem, frost heave mechanisms were studied in the laboratory by 
employing image analysis techniques. The test equipment was augmented with a camera 
system that took pictures through an opening in the insulation layer during the entire test. To 
this end, an opening (7x15 cm) is created for one of the samples and a camera (Canon EOS 
550D equipped with Canon zoom lens EF-S 18-55 mm) is placed about 20-25 cm in front of 
it in order to record the experiments. Three LED light sources with negligible heat generation 
were placed around the cell to create better lighting conditions. These modifications, along 
with the schematic representation of the top view of the modified setup, are presented in 
Figure 26. 
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Figure 26 Modification of one of the test cells for the experiments to be recorded by a camera. 

The use of image analysis techniques for analyzing freezing tests has been documented in at 
least two occasions before. Xia et al. (2005) investigated water migration to the freezing front 
via time-lapse photography and documented the qualitative relationship between ice lens 
thickness and the temperature gradient during the tests. Later on, Arenson et al. (2007) re-
analyzed the data from Xia et al. (2005) using a different image analysis method (particle image 
velocimetry - PIV) to keep track of the movements within the soil between ice lenses and 
monitor their growth. Following up the work done by Arenson et al. (2007), Azmatch et al. 
(2008) have continued using image analyses to monitor the formation and growth of ice lenses 
during open access, step freezing tests. Azmatch et al. (2012) have also proposed an ice lens 
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initiation criterion based on the results of freezing tests where image analysis techniques were 
utilized. 

Techniques used in this work are a combination of those documented in Xia et al. (2005) and 
Arenson et al. (2007). The Camera system was used to get an almost real-time feedback from 
the sample and detailed information about the key elements of frost action phenomenon. This 
includes the progression of the frost front, the transfer of water to the frost front, ice lens 
formations and their respective locations, resulting displacements (due to heave) as well as the 
advance or withdrawal of the frost front under changing thermal boundary conditions and 
subsequent thawing. Image analyses were used to evaluate results from these different phases. 

Another aim was to evaluate the applicability of recording the tests by a camera, as a 
permanent modification for ordinary freezing tests, as the opening in the insulation disturbs the 
one-dimensional heat flow. Therefore, results obtained from tests incorporating image analyses 
were compared with data retrieved from conventional measurement methods (thermocouples 
and displacement readings) for the same test. 

Image Analysis Techniques 
The image analysis technique used in this work is known as the digital speckle correlation 
method. It is also termed as image correlation, digital speckle photography (DSP) and when 
applied in fluid and soil mechanics, particle image velocimetry (PIV) (Fricke-Begemann and 
Hinsch, 2004; White et al., 2003). It can give information about movements and deformations 
of a recorded speckle pattern between two instances. A speckle pattern can exist naturally as 
random textures i.e. a wood or concrete surface, or can be artificially created by showering the 
surface with drops of paint. For this work, a speckle pattern is glued to the surface of the test 
cell, as shown in Figure 27. 

The method uses two raw images of the speckle structure; the first image is captured before 
and the second image during or after the object is moved or deformed. Each image is divided 
into a grid of sub-images. Corresponding sub-images are analyzed using a digital cross-
correlation approach. The measured normalized correlation value relates to the activity in the 
speckles. A small correlation value indicates a large surface reorganization or changes in the 
volume along the light path to the camera detector.  A high correlation value indicates 
consistent behavior. The position of the correlation peak gives the displacement of each sub-
image between two recordings and the normalized correlation peak height gives the structural 
similarity between the sub-images. By plotting the correlation and displacement values for all 
sub-images a correlation map showing changes in the speckle pattern and a displacement map 
showing the displacement field are obtained (Sjödahl and Benckert, 1993). In addition, the 
image analysis code calculates displacements between two consecutive images in pixels (px) 
(Sjödahl and Benckert, 1993). These are then converted to millimeters based on the scale of 
the image. 
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Figure 27 Speckle patterns to keep track of deformations (the ruler is used to scale the image later 
on) 

Experimental Work 

Numerous pilot tests have been conducted to ensure that the individual components of the test 
apparatus were working as intended and necessary adjustments/improvements were made 
based on these tests. Freezing tests with fixed and varied temperature boundary conditions 
were conducted to study the relation between heave and net heat extraction rates. In addition, 
frost heave mechanisms were studied via image analyses of the tests that were recorded by a 
camera. Details of experimental procedure(s) employed for each study are described in the 
following sections. 

Investigation of the Relationship between Heave and Net Heat Extraction Rates Based on Freezing 
Experiments (Soil A) 
Investigation of the relationship between heave and net heat extraction rates is one of the main 
goals of this work due to the stated challenges in the introduction chapter. Measurements 
taken during two laboratory freezing experiments with varying temperature boundary 
conditions were analyzed by making use of the theoretical equations given in chapter two. The 
main goal was to assess the validity of the proposed relationship between heave and net heat 
extraction rates in the current Swedish practice for heave estimation (see Figure 6). 

All tests have been conducted on disturbed soil samples. The same type of soil (sandy silt) has 
been used under different temperature boundary conditions during freezing tests. The particle 
size distribution (psd) of the soil is given in Figure 28. The main intention of using the soil 
which is characterized by the particle size distribution curve in Figure 28 was to conduct 
freezing tests on a relatively frost susceptible soil. Based on the psd and the silt content it can be 
concluded that the soil exhibits some degree of frost susceptibility. The specific gravity (Gs) of 
the soil was 2.68. Soil samples were prepared by means of hand compaction in the test cell 
(cylindrical cell with =10cm) by compacting five equal layers of soil to a sample height of 
about 10cm with an initial water content of w=10%. As a natural outcome of the compaction 
method, all the samples had porosity values of about n=0.38 and a dry density of d=1600 
kg/m3. 
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Figure 28 Grain size distribution of the specimen tested for theoretical analyses – Soil A 

In order to avoid problems of redistribution of water within the specimen during freezing and 
to make analyses relatively easier, all tests have been conducted under almost saturated 
conditions. Samples were saturated by allowing water movement from the bottom of the 
sample to the top; under very low hydraulic gradients in order to prevent particle sorting 
within the sample. 

Once the samples were saturated, they were brought to a steady state thermal equilibrium 
where the temperatures are constant (within the range of 3-5 C) along the specimen. After the 
steady state phase, cold temperatures were applied on the sample top while keeping the 
temperature at the sample bottom constant at 3-4 C. The freezing phase was allowed to take 
place for about 4 days in order to ensure that there is sufficient time for water intake, 
development of a thermal equilibrium and formation of ice lenses. During the freezing phase 
there is free access to water (open system). 

Moreover, another freezing test with varying temperature boundary conditions has been 
conducted for comparison purposes (temperature boundary conditions for different tests are 
given in Table 5). For this test different freezing temperatures have been used. Similar to the 
case described previously, the soil was frozen with a fixed temperature on top and enough time 
was allotted for the sample to reach steady state conditions and for the water to be drawn to 
the frost front. At this point the temperature at the top of the specimen was reduced to an 
even lower value to create a new freezing condition. Again, enough time was given for the 
sample to reach steady state and for water to be drawn to the frost front. The aim with this 
kind of freezing was to make the tests less time consuming as suggested by Penner (1972).
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Table 5 Summary of temperature boundary conditions during the freezing tests – Soil A 

Test Type 
Cold End 

Temp. ( C) 
Warm End 
Temp. ( C) 

Sample 
Height 
(cm) 

Single Gradient -3.2 3.5 10 

Multiple 
Gradients 

Step #1 -1.4 2.4 10.2 

Step #2 -2.4 2.4 10.2 

Step #3 -3.4 2.4 10.2 

Step #4 -4.4 2.4 10.2 

Image Analyses of Frost Heave Mechanisms Based on Freezing Tests with Free Access to Water (Soil B) 
Image analyses were employed to study the frost action mechanisms in more detail which 
includes the progression of the frost front, the transfer of water to the frost front, ice lens 
formations and their respective locations, resulting displacements (due to heave) as well as the 
advance or withdrawal of the frost front under changing thermal boundary conditions and 
subsequent thawing. 

The tests have been conducted on disturbed samples of silt. The particle size distribution (psd) 
of the soil tested is given in Figure 29. Compared to soil A (Figure 28), soil B has finer 
particles and is richer in silt content. The portion of the tested soil that is retained between 
sieves with 1 mm and 0.5 mm opening sizes, respectively, was replaced with black sand grains 
with an average particle size of 1 mm to create a speckle pattern inside the sample. Samples 
were prepared by means of hand compaction with a hammer in the test cell by compacting 
five equal layers of soil (2 cm) to a sample height of about 10 cm. Samples had an initial water 
content of w=10% to increase the compaction potential. The specific gravity is determined as 
Gs=2.67 and samples had a porosity value of n 0.4 ( d=1600 kg/m3). In order to preserve the 
pattern inside the sample, the test is run under partially saturated conditions at the start since 
full saturation was noted to destroy this pattern. 

 

Figure 29 Grain size distribution of the specimen analyzed via image analyses – Soil B 
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Two different tests were recorded by the camera. Pictures were taken every 5 minutes during 
the entire tests. The camera system was synchronized with the data logger to be able to relate 
the observed changes (such as changes in the temperature profile, advance of the frost front and 
displacements due to heave) to specific images. The experiments start with a phase where the 
sample and its surroundings were brought to a steady state at a temperature of 4 C. From this 
point on, cold end temperatures were applied at the top cap as shown in Table 6, while 
keeping the bottom cap temperature constant at 2 C. These conditions were maintained until 
equilibrium with a stationary frost front was reached. The water level was kept constant at the 
sample bottom in order to facilitate ice lens growth. For one of the tests, access to water was 
allowed during the entire test. In the other test, access to water was prohibited until the 
freezing phase has started and the frost front has already penetrated into the sample. This 
procedure was adopted to study the transfer of water to the freezing front in more detail. 
Effects of changes in the heat balance (i.e. varying boundary temperature conditions) were 
investigated as well. In addition, in one of the tests, changes during thawing were monitored 
too. 

Table 6 Temperature boundary conditions for the tests monitored by the camera system – Soil B 

Test 
No. 

Cold 
End 

Temp. 
( C) 

Warm 
End 

Temp. 
( C) 

Access 
to 

Water 
Thawing 

Variation of 
Temperature 

Boundary 
Conditions 

Surrounding 
Temp. ( C) 

Test 
Duration 

#1 -5  2 
Entire 

duration Yes 
Via changing 
surrounding 
temperature 

4 (-1 in the 
second phase) 9 days 

#2 

-4 (-5 
in the 
second 
phase) 

2 
After 

freezing 
started 

No Via top cap 4 17 days 
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CHAPTER IV - RESULTS 

This chapter deals with the analysis results of the experiments detailed in the previous chapter. 
There are two experimental approaches having different focuses. Consequently, the results are 
reported under two main sections dealing with each separately. 

Theoretical Analysis of the Relationship between Heave and Net Heat Extraction Rates Based 
on Freezing Experiments (Soil A) 

Freezing tests with fixed (single gradient) and varied (step freezing – multiple gradients) 
temperature boundary conditions were conducted to study the relationship between heave and 
net heat extraction rates via theoretical analyses. The temperature and displacement 
measurements gathering during these tests are given in Figure 30 and Figure 31. 

Theoretical analyses were done for: 

 Calculation of frost depth and frost penetration rate (based on thermocouple readings) 
 Evaluating heave and dividing heave into two parts, namely, “in-situ” heave (due to 

freezing of pore water) and “segregational” heave (due to water being sucked to the 
frozen front), based on LVDT readings 

 Calculation of net heat extraction rate at the frost front, based on the conservation of 
energy condition at the phase change boundary (see chapter two) 

 

 

Figure 30 Temperature and displacement data for the single gradient freezing test 
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Figure 31 Temperature and displacement data for the multiple gradient freezing tests 

Each of these analyses is treated under its respective section. For simplicity, the details of the 
analysis for only one of the test results were described step by step. It should be noted that the 
analyses results given in the forthcoming sections are qualitative, not quantitative. In other 
words, the accuracy of the numbers is not the primary concern. Therefore, the aim here is to 
establish a theoretical relationship between heave and net heat extraction rates. 

Calculation of Frost Depth and Frost Penetration Rate 
Based on the temperature data given in Figure 30, it is possible to keep track of the frost (0 C) 
line. This is done by comparing temperature readings between two adjacent thermocouples 
and locating the position of the frost line by means of linear interpolation (see Figure 32). 
According to this, for test results given in Figure 30, frost line penetrates roughly 8.5 cm into 
the sample. 

The main reason for the downward spike (around t=75h) in Figure 32 is the minor disturbance 
recorded by the thermocouples. This is mainly due to an insulation problem around the sample 
for a very brief moment and has been fixed immediately during the test. It can be seen in 
Figure 30 that the readings have returned back to their previous values after the fix. Thus, the 
disturbance is believed to have a negligible effect on the results overall. 

By fitting a line into the frost depth vs. time plot and taking the derivative, one can obtain rate 
of frost penetration. This is done in Figure 32 and Figure 33. 
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Figure 32 Curve fitting for the frost depth vs. time plot 

 

Figure 33 Frost penetration rate vs. time 

As expected, the rate of frost penetration is largest at the beginning of the experiment and 
gradually reduces down to an almost zero value, indicating quasi-stationary frost front 
conditions have been reached towards the end of the experiment. 

Evaluation of Heave 
In order to make more detailed analyses, the total displacement (due to heaving) recorded by 
LVDT is sub-divided into two components. This can be done in two ways: 

 Calculation of “in-situ” heave based on frost penetration rate; which is then subtracted 
from total heave to obtain “segregational” heave. 
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 Calculation of “segregational” heave based on water intake measurements; which is 
then subtracted from total heave to obtain “in-situ” heave. 

 
It has been noted that the removable retaining ring given in Figure 23 had moved together 
with the test cell as the specimen heaved. The space that was made available due to the 
displacement of this ring was filled with water as the experiment continued. Consequently, the 
task of estimating the amount of water going into the sample only became quite challenging. 
Due to this unexpected problem with the water intake measurement system, the first approach 
was chosen. 

For an open system freezing experiment the total heave rate consists of two components and 
can be calculated as follows (described by Equation (22)): 

heave onal)(segregatisecondary 
heave situ)-(inprimary 

v
dt
dzn

dt
dh 09.109.0  

Where dtdh  is the heave rate, n is the porosity, dtdz  is the frost penetration rate and v is the 

velocity of the water arriving at the frozen fringe (water intake velocity). Thus, heave rate only 
due to freezing of pore water can be calculated as: 

dt
dzn

dt
dhi 09.0  ( 25 ) 

 
Based on the expression above, the plot of in-situ heave rate vs. time is given in Figure 34. 
 

 

Figure 34 In-situ heave rate vs. time 
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Integrating the plot given in Figure 34, one can obtain the heave (mm) due to freezing of pore 
water. If this is then subtracted from the total heave, it is possible to obtain segregational heave, 
see Figure 35 and Figure 36. 

 

Figure 35 In situ heave vs. time 

 

Figure 36 Separation of segregational heave from total heave 

Figure 36 is important for two aspects: First, it allows for further treatment of the segregational 
heave curve to obtain segregational heave rate and water intake velocity. Secondly, it 
demonstrates the significance of segregational heave. By looking at Figure 36, it is possible to 
infer that a very large portion of total heave is due to the freezing of water that has been drawn 
to the freezing front from surroundings. 

If a curve is approximated for the segregational heave plot given in Figure 36, it is possible to 
obtain the segregational heave rate. There is one important step that should not be overlooked 
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for the calculation of segregational heave. One might choose to approximate the plot with a 
single exponential function; however, doing so will result in a significant flaw for the rest of 
the analyses. An attempt to clarify this is made in Figure 37 and Figure 38. 

 

Figure 37 Calculation of segregational heave rate based on a single exponential curve fit 

 

Figure 38 Water intake velocity vs. time plot calculated based on a single exponential curve fit 

Figure 37 and Figure 38 would have been obtained if one took the derivative of the 
exponential function that has been fit to the segregational heave plot in Figure 36. The 
problem becomes more apparent upon closer inspection of Figure 38. Water intake velocity 
can be calculated simply dividing segregational heave rate by 1.09 (see Equation (22)). 
However, it does not physically make sense to start with a relatively high value of water intake 
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velocity at the very beginning of the experiment. One would ideally expect the water intake 
velocity to start from zero at the beginning of an experiment. 

The fact that the water intake data should start from zero suggests that the segregation heave 
curve given in Figure 36 should at least be approximated by two different curves. Thus, to 
estimate the segregational heave rate, the curve has been approximated by two different fits. 
The results are given in Figure 39 and Figure 40. 

 

Figure 39 Approximation for the beginning stages of segregational heave curve 

 

Figure 40 Approximation for the second part of segregational heave curve 
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Figure 39 demonstrates that the segregational heave rate increases quite rapidly at the very 
beginning stages of an experiment. Later on, the rate of segregational heave reduces gradually. 
The rate of change in segregational heave can be represented by the plot given in Figure 41. 

 

Figure 41 Segregational heave rate vs. time 

Figure 41 is generated by taking the derivative of the two curves fit to two parts (Figure 39 
and Figure 40) of the segregational heave curve. The derivative functions have then been 
merged under one plot and approximated by a single curve. There is no doubt that some 
accuracy has been lost during these approximations, however, the general appearance of the 
plots (or the trends) still hold true. 

Finally, the water intake curve can be obtained dividing segregational heave rate by 1.09. This 
is given in Figure 42. 

 

Figure 42 Water intake velocity vs. time  



57 
 

Calculation of Net Heat Extraction Rate 
Having calculated the frost penetration rate and the water intake velocity, one can calculate the 
net heat extraction rate. The net heat extraction rate was defined as the heat flow out of the 
phase change boundary minus the heat flow into the phase change boundary. Considering the 
conservation of energy condition along the phase change boundary (Equation (3)), the 
expression to calculate the net heat extraction rate can be formulated as follows: 
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t
zLqz  ( 26 ) 

Where, qz is the net heat extraction rate [W/m2] and  is the volumetric latent heat of water 
[J/m3]. The latent heat component can be further divided into two components; the heat 
released due to the freezing of in-situ water and the heat released due to the freezing of water 
sucked to the freezing front. Taking this into consideration, Equation (26) becomes: 

Lv
t
zLnqz  ( 27 ) 

Based on this, variation of net heat flux during the experiment is given in Figure 43. 

 

Figure 43 Net heat extraction rate vs. time 

With all parameters obtained, the relationship between heave and net heat extraction rates can 
now be established. This relationship between net heat flux vs. segregational and total heave 
rates are plotted in Figure 44 and Figure 45, respectively. 
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Figure 44 Relationship between segregational heave and net heat extraction rate 

 

Figure 45 Relationship between total heave and net heat extraction rate 

Similarly, the results of the multiple temperature gradient experiments are plotted in Figure 46. 
Unfortunately, only step numbers 2 and 3 in Table 5 could have been evaluated. Step #1 in 
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Table 5 could not be evaluated as the temperature spike in the beginning stages of the 
experiment, documented in Figure 31, caused a significant disturbance for frost depth 
calculations. Similarly, results for step #4 of the same experiment could not be analyzed as the 
maximum amount of heave that can be accurately measured (which is 5cm) by the 
experimental setup was reached before the experiment was concluded. 

 

Figure 46 Relationship between segregational heave and net heat extraction rate for multi-gradient 
experiments 

Image Analyses of Frost Heave Mechanisms Based on Freezing Tests with Free Access to Water 
(Soil B) 

Frost heave mechanisms were studied in detail with the help of a camera system. Image analysis 
techniques are used to analyze the pictures taken during two freezing tests (see Table 6). The 
results of image analyses during different phases (capillary rise, water intake, frost penetration, 
formation of ice lenses and the effect of changes in temperature boundary conditions) of the 
freezing experiment are presented in this section. 

Capillarity & Suction 
All freezing tests are preceded with a steady state phase where the sample and its surroundings 
are brought to thermal equilibrium with the ambient temperature (usually 4 C). During this 
phase, water will be drawn to the sample as a result of capillary action (Figure 47) if access to 
the water is available. The gradual transfer of water in the surroundings results in a color 
change within the sample. Wet areas have a darker color whereas dry ones retain the initial 
color. The changes documented in Figure 47 are those of Test#1 (Table 6) and occurred 
before freezing started. Correlation plots were omitted because the color difference is very 
apparent. 

The combined effect of capillarity and cryogenic suction to attract water from the surroundings 
was also observed (Figure 48). During Test#2, sample was not allowed to be in contact with 
water until freezing began and the frost front penetrated into the sample. The access to water 
was allowed later on by turning on the valve and the transfer of water took place from then 
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on. The time difference is five minutes between the first four images in Figure 48 and last 
image is provided to mark the extents of water transfer into the sample. Water does not 
penetrate into the parts of the sample that are already frozen. 

 

 

 

 

 

 

 

 

 

Figure 47 Capillary action prior to freezing at the start of the test (the time difference between each 
image is five minutes). Dark colors represent wetter regions. 

 

 

 

 

 

 

 

 

 

Figure 48 Capillary action and suction after the initiation of the freezing phase. The first four 
pictures show the first 15 minutes (five minutes between each image) after the sample had access to 
water. The last picture is taken about four hours after. 

Frost Penetration, Ice Lensing & Heave 
The initiation of the freezing phase, in which cold temperatures are applied to the sample from 
the top cap, initiates the heat flow and causes the sample to freeze gradually from top to 
bottom. Consequently frost front penetrates downwards and the penetration continues until 
the thermal equilibrium has been reached. Frost front penetration is given in Figure 49, Figure 
50 and Figure 51 for Test#1. In order to have identical conditions for comparison, the period 
under which frost penetration took place was chosen to be 80 minutes and images were 
compared every 20 minutes. The images in Figure 49, Figure 50 and Figure 51 were taken 
after a freezing time of 2, 6 and 11 hours, respectively.  

In these figures, frost front progression is presented in terms of raw images and the 
corresponding correlation plots that link them. The white block (partially covered by the 
speckle pattern) resting on the sample is the top cap. Two consecutive images are compared 
and the resulting correlation plots are given in the subsequent row in the figures (Figure 49). 
Correlation plots are indicative of changes between each image (there are five raw images in 
total; therefore four correlation plots in each figure). Regions that did not undergo any 
changes are represented with white color (high correlation). In contrast, parts of the sample 
where changes occur are represented by colors in gray to black scale, based on the correlation 
value by comparing two images. Moreover, the x and y axes of the correlation plots contain 
information about the field of view of the image (FOV) in their respective directions to help 



61 
 

the reader to quantify the changes. Roughly one centimeter of frost penetration is visible in 
Figure 49. 

 

 

 

 

 

 

 

 

H 0 H 2.4px 0.12mm H 2.1px 0.105mm 
H 1.2px 0.06mm 

H=0.285mm 

Figure 49 Frost penetration after 2 hours of freezing for a period of 80 minutes 

Similarly, frost penetration during 80 minutes after 6 and 11 hours of freezing are given in 
Figure 50 and Figure 51, respectively. As the system comes to thermal equilibrium, the rate of 
frost penetration reduces gradually and eventually stops (Figure 51). The H values given in 
Figure 49 to Figure 51 represent frost heave occurring in the respective time period. 
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H 1.9px 0.095mm 
H 2.07px 0.1035m

m 
H 4.1px 0.205mm 

H 1.3px 0.065mm 
H=0.4685mm 

Figure 50 Frost penetration after 6 hours of freezing for a period of 80 minutes 
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H 4px 0.2mm H 4.1px 0.205mm H 3.4px 0.17mm 
H 4.01px 0.2mm 

H=0.775mm 

Figure 51 Frost penetration after 11 hours of freezing for a period of 80 minutes 

The frost heave was calculated from the available images (Figure 49, Figure 50 and Figure 51) 
additionally. Heave values were calculated by making use of the speckle pattern glued to the 
upper and lower parts of the test cell; by keeping track of the relative movement between the 
lower pattern (which is stationary during the entire test) and the upper pattern (which can 
move freely with the cell). 

A more detailed view of the speckle plots is given in Figure 52 and Figure 53. The results are 
from Test#1; after stationary frost front conditions were established (i.e. thermal equilibrium 
has been reached, 38.5 and 70 hours into the experiment, respectively). Segregational (or 
secondary) heave (due to the transfer of water to the freezing front) continues under thermal 
equilibrium as long as there is access to water.  
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H 2.7px 0.135mm 

Figure 52 Heave after 38.5 hours of freezing for a period of five minutes. 

Heave is calculated by averaging the magnitude of the upward arrows located in the speckle 
pattern. It can also be seen that the arrows extend down to the lowest ice lens where there is a 
newly-formed speckle pattern due to changes in the internal structure. 
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H 1.35px 0.0675mm 

Figure 53 Heave after 70.5 hours of freezing for a period of five minutes 

Changes in the Heat Balance 
The temperature boundary conditions were varied during the second phase of each experiment 
given in Table 6. The goal was to study the effects of the changes in the heat balance. These 
changes created new conditions for the frost front penetration, formation of new ice lenses and 
heaving behavior. 

Frost Penetration, Ice Lensing & Heave 
The effects of introduction of a new heat balance after the thermal equilibrium under freezing 
conditions was also investigated. For Test#1, the temperature in the surroundings was reduced 
down to -1 C, over a three hours period, while keeping the initial temperature conditions at 
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the top and bottom caps. The analyses were carried out identically to those presented earlier; 
meaning that the changes documented in Figure 54, Figure 55 and Figure 56 have occurred 
within a time period of 80 minutes. 

 

 

 

 

 

  

H 1.2px 0.06mm H 2px 0.1mm H 1.8px 0.09mm 
H 1.9px 0.095mm 

H=0.345mm 

Figure 54 Frost penetration immediately after the surrounding temperature was reduced down to -1 
C for a period of 80 minutes 
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H 2.9px 0.145mm H 2.2px 0.11mm H 3.3px 0.165mm 
H 3.9px 0.195mm 

H=0.615mm

Figure 55 Frost penetration 6 hours after the change in surrounding temperature 

Changes in the surrounding temperature causes frost front to penetrate even deeper and 
penetration continues until new thermal equilibrium is reached (Figure 55). Frost penetration 
at this stage allows for additional layer of ice lens growth. Upon equilibrium (stationary frost 
front), a new ice lens starts to form and grows further (Figure 56). Heave takes place during 
the progression of frost front and under stationary frost front conditions, as indicated by the 
arrows. 
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H 2.3px 0.115m
m 

H 1.7px 0.085m
m 

H 1.3px 0.065mm 
H 2px 0.1mm 

H=0.365mm 

Figure 56 Frost penetration 12 hours after the change in surrounding temperature 

Changes in the heat balance were also studied by varying the temperature in the top cap while 
keeping the temperature in the surroundings and the bottom cap constant. In Test#2, freezing 
phase was initiated with -4 C at the top cap. The temperature in the top cap was reduced to  
-5 C six hours after the thermal equilibrium with the initial temperature boundary conditions 
was reached. Before the temperature drop in the top cap, there were two distinct layers of ice 
lenses. Decrease in the top cap temperature resulted in slightly deeper frost penetration and 
resulted in the growth of a new ice lens layer (Figure 57). Different from the analyses of 
Test#1, results given in Figure 57 cover a period of 20 hours. Consequently, there are five 
hours between each raw image. The light colored area indicates the frozen part of the sample 
before the sample was allowed to have access to water (as the freezing phase of Test#2 was 
initiated without access to water, Table 6). When the access to water was available, water 
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migration to the frost front resulted in an increase in the water content of the unfrozen parts of 
the sample and the wetter zones had a darker color. The bottom of the second ice lens layer 
from the top roughly marks the position of the frost front under thermal equilibrium with 
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 5.1px 0.255mm H 6.9px 0.345mm H 6.5px 0.325mm 
H 6.75px 0.3375 

H=1.2625mm 

Figure 57 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 58). 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 58 Thawing. The image sequence represents a time frame of 40 hours of thawing. The time 
between each image is not the same. Excess water is trapped inside the sample during thawing. 
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CHAPTER V – DISCUSSION 

Theoretical Analysis of the Relationship between Heave and Net Heat Extraction Rates Based 
on Freezing Experiments 

The motivation for conducting experiments with fixed and varying temperature boundary 
conditions was to assess the validity of the assumed relationship between heave and heat 
extraction rates in the current Swedish practice for estimating frost heave. 

Based on the analyses, the established relationships between heave and heat extraction rates are 
given in Figure 44, Figure 45 and Figure 46, for different tests. These figures are 
unconventional in the sense that the beginning of the experiment is represented by the data 
point located at the bottom right of the net heat extraction rate axis. This can be better 
understood by the help of Figure 43 as the higher rates of heat extraction takes place at the 
beginning of the experiment and decreases gradually as the test goes on. Keeping this in mind, 
it can be deduced that higher extraction rates do not necessarily give the highest heave rates. 
Furthermore, there seems to be a peak where the highest heave rate occurs. Increasing the rate 
of heat removal beyond this point decreases the heave rate. The relationship between heave 
and heat extraction rates has been studied by others as well. For example, during the freezing 
tests conducted on samples of Devon silt by Konrad (1987) (see Figure 59), the specimens 
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. 

 

Figure 59 Segregational heave rate versus net heat extraction rate for Devon silt (Konrad, 1987) 

The general plot trends outlined in Figure 44, Figure 45 and Figure 46 are also important for 
discussion. A comparison between these figures and Konrad’s (1987) results (Figure 59) 
indicates that the shape of these curves are somewhat distorted and gives the impression that 
the specimen might experience different heave rates for a fixed value of heat extraction rate in 
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the early stages of an experiment. It should be pointed out that the shapes of these curves are 
heavily influenced by their respective water intake vs. time (see Equation (27)) curves. For 
example, in Figure 42 the peak is occurring around the 10 hour mark. If this was taking place 
at a later point (say, 20 hours for instance) the trends outlined in these figures would have been 
a lot similar to what one would usually call ordinary. Due to the stated difficulties in measuring 
the water intake accurately, determining the location of this peak in a rigorous manner proved 
to be challenging. Theoretical analyses hint the existence of the peak, but its location is heavily 
influenced by the back calculation procedure. Consequently, there are uncertainties regarding 
the parts (of the curves) that precede the peak. A large difference between the range of net heat 
extraction rates in Figure 44 and Figure 46 can be seen. The heat extraction required to freeze 
a completely unfrozen sample (single gradient experiment) is anticipated to be much higher 
than the heat extraction required to further freeze down an already partially-frozen sample 
(multiple gradient experiments). 

Moreover, the distinction between the terms higher and lower thermal gradients that appear in 
Figure 46 can be better understood with the help of Figure 60. In Figure 60 approximate 
temperature profiles along the frozen part of the soil body at the end of each testing step is 
plotted. The initial location of the frost front at the beginning of step #2 experiences a 
temperature change of T2 during that step. Similarly, the initial location of the frost front at 
the beginning of step #3 experiences a temperature change of T3 during that step. Since the 
penetration of the frost line is almost identical between these two steps, it can be concluded 
that the rate of heat extraction is greater for the second step than that of the third. The graphs 
are not completely linear as different surface temperatures (thus different temperature gradients 
or heat extraction rates) were applied during the different steps of the experiment. 

 

Figure 60 Frost penetration and temperature profiles for multiple gradient tests 
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Furthermore, Figure 46 indicates that, for a given heat extraction rate located at the left side of 
the peak (occurring under different temperature boundary conditions), the specimen is 
experiencing similar heave rates. The curves get remarkably close with decreasing heat 
extraction rates. It is also worth noting that the peaks are located within close proximity of one 
another. However, more experimental work with a larger variety of heat extraction rates is 
needed to reach more solid conclusions. 

Lastly, the limitations (or drawbacks) of using the theoretical approach to evaluate the test 
results are of importance in the discussion of results. The first drawback is the applicability of 
the theoretical equations. The equations used in the theoretical analysis assume the specimen to 
be fully saturated. Given the fact that the suction is the main mechanism for ice lens 
formations, any deviations from full saturation (which is likely) will be affecting the accuracy of 
results. Secondly, theoretical analyses do not consider the temperature difference between the 
freezing front and the water arriving at the freezing front. As explained in chapter three, the 
water tank that supplies excess water to the specimen during freezing is placed inside the 
cooling chamber and has a temperature of 4 C. Therefore, when the water is transferred to the 
specimen as a result of the cryogenic suction, it will cause disturbances in the overall heat 
balance; effects of which are neglected in the theoretical analyses. Another discussion subject is 
the method employed to calculate the net heat extraction rate at the frost front. Equation (27) 
(given also below) was used to estimate the net heat extraction rate: 
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Equation (28) implies that there are two approaches for estimating the net heat extraction rate. 
One can use either the thermal conductivity values and temperature profiles in the frozen and 
unfrozen zones or the latent heat component of the expression that relies on frost depth and 
water intake measurements. The latter approach was chosen in this work, which is not 
necessarily a drawback considering also the limitations involved with determining the thermal 
conductivity values either experimentally in the laboratory or using the equations given in 
chapter two. Besides, obtaining the temperature profile within the specimen, in cases where 
the thermocouples penetrate into the sample, is not a straightforward task as will be discussed 
in the coming sections of this chapter. 

The last point for discussion for the limitations of theoretical analyses is the suitability of the 
multi-gradient experimental procedure where a step freezing approach is employed. Step 
freezing approach is used and sometimes is the suggested approach even (see Penner, 1972) for 
freezing tests and can be very practical. However, considering the fact that the maximum 
heave that can be accurately measured with the experimental apparatus is 5cm, step freezing 
might not be the best approach for the testing of highly frost susceptible soils (the maximum 
heave will be reached during the first few steps of freezing). 
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Image Analyses of Frost Heave Mechanisms Based on Freezing Tests with Free Access to Water 

Several tests were recorded with the camera system to get more detailed information of the 
heaving behavior under freezing. Two of these tests (see Table 6) were analyzed by using 
image analysis techniques and implications of the findings are discussed in the following 
sections. 

Frost Heave Mechanisms: Capillarity, Suction and Segregational (Secondary) Heave 
It has been well established that heave is not only due to the volumetric expansion of pore 
water upon freezing (Rempel, 2010). 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 52 and Figure 53. 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 48. 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 61. 

 

Figure 61 Formation of an ice lens as a result of the suction at the frost front 

Figure 61 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 57). Total amount of heave is calculated as 1.26 mm by image analyses. 
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Corresponding displacements measured by the LVDT under the same period are presented in 
Figure 62. Agreement between image analysis technique and LVDT measurements is strong. 

 

Figure 62 Comparison between LVDT readings and image analyses 

Relationship between Heave and Heat Extraction Rates 
Heave values presented in Figure 49 to Figure 53 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 63). 

 

Figure 63 Qualitative relationship between heave and heat extraction rates. The dashed line 
represents the progression of the experiment 
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It should be considered that exact distances between relative heat extraction rates in Figure 63 
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 thesis work hypothesizes that 
when the frost front penetrates rapidly, the time it takes for water transfer to reach the freezing 
front under high temperature gradients is not sufficient. 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). 

The established relations between heave and heat extraction rates are so far qualitative and it is 
clear that further experiments and detailed analyses are needed to draw a more solid 
conclusion, however, similar trends obtained by different experimental investigations can be 
important for the planning of future work.  

Disturbance in the Temperature Profile due to the Opening 
Making an opening in the insulation as shown in Figure 26 disturbs the one dimensional heat 
flow and results in different temperature profiles in the sample (Figure 64). 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 65, 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 65, left). When the ambient 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 66 
presents the temperature profile in the sample during the freezing phase of Test#1. Frost 
penetration, based on thermocouple readings, is given in Figure 67. 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 
sets of values for frost penetration calculated via image analyses in Figure 67. 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 
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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 
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 64 Effect of the opening on the temperature profile and ice lens formations 
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Figure 65 Effect of temperature boundary conditions on ice lens formation 

 

Figure 66 Temperature profile in the sample during the freezing phase of Test#1 
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Figure 67 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. 

When drainage is limited, excess water cannot leave the soil body at the same rate it was drawn 
to during freezing (Figure 58). 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 58. 
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CHAPTER VI - CONCLUSIONS & FUTURE WORK 

One of the main accomplishments of the work conducted is the construction of a freezing test 
apparatus to carry out the research in the laboratory. Elements of the test setup are explained in 
detail and the choices in having this particular setup have been identified based on the 
literature review undertaken, commonalities in frost testing and the possibility of future 
collaboration(s). 

Theoretical analyses of the experimental results to establish a relationship between heave and 
net heat extraction rates have been carried out. It was expected and, to a degree, was shown 
that segregational heave might come to a halt for relatively high heat extraction rates. For such 
rates, heave is purely due to freezing of “in-situ” (or pore) water as there is not enough time 
for the water to be drawn to the freezing front since the frost front is penetrating quite rapidly. 

Analyses demonstrated also the importance of accurately keeping track of the water intake 
during experiments. It is essential to be able keep track of the water intake more precisely in 
order to draw more solid conclusions. The theoretical approach to analyze the test results 
influences the accuracy of the relationship between segregational heave and the net heat 
extraction rates due to the back-calculation procedure. Other factors (such as limitations of the 
theoretical equations and limitations related to the experimental apparatus) affecting the 
accuracy of the theoretical analyses were also identified and discussed. 

In addition, the freezing test apparatus was modified with a camera system to study frost action 
mechanisms in more detail. Results show the usefulness of this complementary modification; 
providing visual details for understanding frost heave mechanisms (such as frost penetration, 
formation of ice lenses, changes in the heaving behavior under different temperature boundary 
conditions and thawing). 

It is possible to keep track of the frost penetration as well as the corresponding heave by 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 validates the assumption 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. 
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Findings of the experimental work also demonstrate the significance of ground water depth in 
relation to the frost depth. In several different experiments recorded with the camera 
(including the two documented in this work) it has been noted that ice lens growth can be 
more rapid and continue uninterrupted provided that water is available in the close 
surroundings. Thus, it can be concluded that significant heaving could be expected for cases 
where the frost depth gets closer to 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 during thawing.  

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 
complement 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. 

Future Work 

Based on the preliminary findings of two experimental investigations and lessons learned, the 
work will continue with investigating the relationship between heave and net heat extraction 
rates. To this end, fixes for the equipment (to circumvent the problems experienced in 
previous studies) and a detailed experimental program is planned to make more rigorous 
analyses in the future. The main focus will not only be on calculating the heat extraction rate 
more accurately but also on evaluating the uniqueness of the relation between heave and heat 
extraction rates for a given soil. For this purpose, multiple tests under identical conditions 
(under same temperature boundary conditions, same porosity, same overburden and access to 
water) on one type of soil are planned. The main idea is to eliminate the potential factors that 
could affect the heaving behavior by fixing the test conditions. If the findings are consistent, 
the work will be extended to other soil types as well. 

Advantages of being able to establish such a relationship (assuming that it exists) are manifold. 
It could be used for frost susceptibility classification and heave estimation purposes both of 
which are in line with the objectives of the work stated in chapter one. An attempt to describe 
these potential benefits is made in Figure 68. The relationship outlined in Figure 68 also has an 
advantage from an implementation point of view; immediate improvements could be made by 
replacing the existing relationship given in Figure 6. Furthermore, establishing variety of heave 
rates based on rates of heat extraction for various soil types could also assist when dealing with 
the problem of differential heave. When used in conjunction with two dimensional or one 
dimensional (with an asymmetrical problem geometry) heat flow problems, it might provide 
the additional benefit of accounting for the heave occurring in regions over which the 
distribution of heat flow is not uniform. 
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Figure 68 Potential benefits of establishing a relationship between heave and net heat extraction 
rates 

Another planned work is the addition of pore pressure transducers to monitor negative (due to 
cryogenic suction) and excess pore pressures during freezing and thawing, respectively. Being 
able to keep track of the suction generated by the ice lens growth during different stages of the 
experiment as well as the effect of the distance between the frost front and the water level 
would give additional parameters to be correlated to the heaving behavior and allow for more 
detailed analyses. 

In addition, having the option of keeping track of pore pressures during freezing would allow 
the utilization of new approaches in evaluating the test results at macro level. The usefulness of 
the concepts like heat engine, work (done by the system) and efficiency within the context of 
thermodynamics could potentially be tested. 
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ABSTRACT 
In order to improve the current design of roads against frost action, the Swedish Transport 
Administration (Trafikverket) has initiated a research programme. The main goals of the research 
are to revise the existing frost design models and the frost susceptibility classification system for 
subgrade soils. 

A qualitative theoretical analysis to establish a relationship between frost heave and net heat 
extraction rates based on experimental data has been done. Experiments were carried on 
disturbed (hand compacted), saturated samples of same type of soil without any overburden. 
Several different cold end temperatures were applied to create different boundary conditions to 
make a more detailed analysis. 

Results were analysed and compared to those of other researchers while pointing out the 
similarities and differences. Potential reasons for these differences have been identified. Based on 
the findings of the experimental work, suggestions for improvements are given for future testing. 
Some preliminary results providing hints for the relationship between segregational heave and net 
heat extraction rates were obtained. At the end it was shown that there exists a significant 
difference between the findings of the experimental work and the current system being used in 
Sweden in order to quantify heave. 
 
Keywords: Frost Action in Soils, Laboratory Freezing Tests, Frost Depth, Frost Heave, Heat 
Flow in Soils 
 
 

1 INTRODUCTION & BACKGROUND 

The relationship between heave and net heat 
extraction rates at the frost front has been 
investigated by several researchers at 
different points during the history of frost 
action and cold region soil mechanics studies. 
 
Two kinds of conclusions have usually been 
reached; while the first group of authors 
(Beskow, 1935; U.S. Army Corps of 

Engineers, 1958; Loch, 1977; Hermansson, 
1999) has claimed that there exists no direct 
relationship between heave and net heat 
extraction rates, the second group (Kaplar, 
1970; Penner, 1972; Horiguchi, 1978; Loch, 
1979; Konrad, 1987) has tried to show the 
opposite. 
 
The subject has been reviewed once again in 
Sweden for the research programme BVFF 
(Bana Väg För Framtiden) sponsored by the 
Swedish Transport Administration 
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(Trafikverket) in order to improve the 
existing methods of heave estimation and 
frost susceptibility classification. This 
necessity to improve the current design can 
be better understood with the help of Figure 
1. 
 

 
Figure 1 Relationship between heave rate and 
heat extraction rate at the frost front used in the 
current Swedish practice (Hermansson, 1999) 
 
Firstly, no attempt is made in the current frost 
heave model used for pavement design to 
separate segregational heave from the total 
heave. In other words, displacements due to 
heaving are assessed as a whole rather than 
being treated separately as primary and 
secondary heave. The importance of 
secondary heave (also termed as 
segregational heave) will be explained in the 
next section. It should be noted that trying to 
establish a relationship between total heave 
and net heat extraction rates might result in 
contradictory results (Konrad, 1987). 
 
Secondly there exists a threshold value of 
heat extraction rate in Figure 1, which is used 
in the existing model. Up to this threshold 
value heave rate is assumed to be 
proportional with the heat extraction rate. 
When the threshold is exceeded, heave rate is 
assumed to be constant and not to be affected 
by the heat extraction rate. As a result, at 
relatively higher heat extraction rates the 
same amount of heave will be estimated 
which might not necessarily be the case. For 
such high rates it might also result in 
overestimation of heave. 
 
To address all these issues a comprehensive 
experimental study has been undertaken 
including the development of a freezing test 
apparatus and laboratory freezing tests. 
 

To this end, laboratory testing of disturbed 
soil samples under different temperature 
gradients (i.e. different heat extraction rates) 
has been conducted. Qualitative assessment 
of the results has been done. The main focus 
was on establishing a relationship (by means 
of plot trends) rather than the numerical 
accuracy. Details of the experimental work 
along with the theoretical analyses of results 
are presented in their respective sections.  

2 EXPECTED OUTCOME 

Beskow (1935) has demonstrated the 
importance of secondary (segregational) 
heave by proving that the volume expansion 
upon freezing is not the main cause of frost 
heave by experimenting with benzene 
(benzene is a liquid that shrinks upon 
freezing). He showed that samples saturated 
with benzene can still experience significant 
heave. 
 
Furthermore, ice lens formations in a frozen 
soil body also provide hints about the 
significance of segregational heaving. 
 

 
Figure 2 Characteristics of ice lenses and frost 
heaving (Mitchell, 1976) 
 
Relatively thicker ice lenses observed at the 
lower depths of a soil body, shown in Figure 
2, can be attributed to the segregational heave 
concept. At the beginning of the winter 
period where the advancement of the frost 
line is rapid due to higher heat extraction 
rates, the thickness of the ice lenses being 
formed are relatively low. This can be 
explained due to the lack of time it takes for 
the surrounding water to reach the frost front 
due to high frost penetration rates. Towards 
the end of the winter period, however, frost 
front almost comes to a halt (i.e. quasi-
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stationary) and there usually is enough time 
for the water to be drawn to the freezing front 
which causes the formation of thicker ice 
lenses. 
 
Therefore one might expect that the 
relationship between segregational heave and 
heat extraction rates to be of parabolic nature 
with a peak and approaching to zero for very 
high and very low heat extraction rates due to 
the reasons discussed above. This has been 
verified by the work carried out by Konrad 
(1987) and can be seen in Figure 3.  

 
Figure 3 Segregational heave rate versus net heat 
extraction rate (Konrad, 1987) 
 
Figure 3 shows Konrad’s (1987) results in 
freezing experiments with different 
temperature boundary conditions conducted 
on one type of soil (Devon silt). According to 
this, the samples were found to experience 
different heave rates for different heat 
extraction rates with a very clear peak. 
Interestingly, it has also been found that the 
same type of soil might undergo different 
heave rates under a certain value of heat 
extraction rate. The reason why the same 
type of soil is 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 used during 
experiments. 
 
An in-depth study of segregational heave 
requires a detailed analysis of water that is 
being drawn to the frost front during 
freezing. For this purpose, the movement of 
water in the surroundings to the frost front 

has been investigated by different researchers 
(Loch, 1979; Ito et al., 1998) and their 
findings are presented in Figure 4 and Figure 
5. In these figures the water is shown to be 
drawn to the frost front at relatively low rates 
at the beginning phases of the experiment 
where the heat extraction rate is higher. As 
the experiment progresses, water is found to 
be drawn at higher rates, reaching a peak 
value and decreasing gradually from then on. 
Importance of this peak and the time it takes 
to reach it will be discussed in detail in the 
coming sections. 
 

 
Figure 4 Water intake measurements from a step 
freezing test (Ito et al., 1998) 
 

 
Figure 5 Water intake measurements during 
freezing tests (Loch, 1979) 
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3 EXPERIMENTAL WORK 

3.1 Testing Apparatus 
In order to further investigate the relationship 
between heave and net heat extraction rates, a 
testing equipment has been constructed. 
Details of the experimental apparatus are 
explained in the work by Zeinali et al. 
(2016). 
 
During frost testing, freezing takes place one 
dimensionally (from sample top to bottom). 
The sample is insulated from sides in order to 
minimize heat losses from other dimensions. 
There are two cooling units supplying cold 
and warm temperatures to the top and bottom 
of the sample, respectively. Temperature 
sensors are placed (penetrating into the 
specimen) uniformly within the sample in 
order to keep track of the temperature profile 
during the test. There is also a supply of 
water from the sample bottom, so that the 
water can be drawn from the surroundings to 
the frost front. Displacements (due to 
heaving) are recorded by means of a 
displacement transducer (LVDT) located at 
the top of the sample. All measurements 
(temperature data, water intake and 
displacements) are recorded by means of a 
data acquisition system during the test which 
is connected to a computer for further 
analyses. 

3.2 Soil Properties 
The same type of soil (sandy silt) has been 
used under different temperature boundary 
conditions during freezing tests. The particle 
size distribution (psd) of the soil is given in 
Figure 6.  
 

 
Figure 6 Particle size distribution of the soil 
tested 

 
The main intention of using the soil which is 
characterized by the particle size distribution 
curve in Figure 6 is to conduct freezing tests 
on a relatively frost susceptible soil. Based 
on the psd and the silt content it can be 
concluded that the soil exhibits some degree 
of frost susceptibility. The specific gravity 
(Gs) of the soil was 2.68. 

3.3 Testing Procedure 
All tests have been conducted on disturbed 
samples. Soil samples were prepared by 
means of hand compaction in the test cell 
(cylindrical cell with ϕ=10cm) by 
compacting five equal layers of soil to a 
sample height of about 10cm. As a natural 
outcome of the compaction method, all the 
samples had porosity values of about n=0.38. 
 
In order to avoid problems of redistribution 
of water during freezing within the specimen 
and to make analyses relatively easier all 
tests have been conducted under saturated 
conditions. Samples were saturated by 
allowing water movement from the bottom of 
the sample to the top; under very low 
hydraulic gradients in order to prevent 
particle sorting within the sample.  
 
Once the samples were saturated, they were 
brought to a steady state thermal equilibrium 
where the temperatures are constant (within 
the range of 3-5 C) along the specimen. 
After the steady state phase, cold 
temperatures were applied on the sample top 
while keeping the temperature at the sample 
bottom constant at +3-4 C. The freezing 
phase usually takes 4 days in order to ensure 
that there is sufficient time for water intake, 
development of a thermal equilibrium and 
formation of ice lenses. During the freezing 
phase there is free access to water (open 
system).  
 
In addition, another freezing test with varying 
temperature boundary conditions has been 
conducted for comparison purposes. For this 
test different freezing temperatures have been 
used. Similar to the case described above, the 
soil was frozen with a fixed temperature on 
top and enough time was allotted for the 
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sample to reach steady state conditions and 
for the water to be drawn to the frost front. At 
this point the temperature at the top of the 
specimen was further reduced to an even 
lower value to create a new freezing 
condition. Again, enough time was given for 
the sample to reach steady state and for water 
to be drawn to the frost front. The aim with 
this kind of freezing was to make the tests 
less time consuming as suggested by Penner 
(1972). 
 
Temperature boundary conditions for 
different tests are given in Table 1. Typical 
plots of the temperature data (steady state + 
transient freezing phases) and displacements 
from all tests are given in Figure 7 and Figure 
8. 
 
Table 1 Summary of the experimental procedure 

Test Type 

Cold 
End 

Temp. 
( C) 

Warm 
End 

Temp. 
( C) Sa

m
pl

e 
H

ei
gh

t 
(c

m
) 

Single Gradient -3.2 3.5 10 

M
ul

tip
le

 
G

ra
di

en
ts

 

Step #1 -1.4 2.4 10.2 

Step #2 -2.4 2.4 10.2 

Step #3 -3.4 2.4 10.2 

Step #4 -4.4 2.4 10.2 

 

 

 
Figure 7 Temperature and displacement data for 
the single gradient freezing test 
 
 
 
  

 

 
Figure 8 Temperature and displacement data for 
the multiple gradient freezing tests 

4 ANALYSIS RESULTS 

In order to establish the relationship between 
heave and net heat extraction rates for 
different tests conducted under different 
temperature gradients, series of theoretical 
analyses were done. These can be grouped 
under three categories: 

 Calculation of frost depth and frost 
penetration rate 

 Evaluating heave and dividing heave 
into two parts, namely, “in-situ” 
heave (due to freezing of pore water) 
and “segregational” heave (due to 
water being sucked to the frozen 
front). 

 Calculation of net heat extraction rate 
at the frost front. 

Each of these analyses is treated under its 
respective section. For the sake of simplicity, 
the analyses of results for one of the tests 
have been described in detail. It should be 
noted that the analyses results given in the 
forthcoming sections are qualitative, not 
quantitative. In other words, the accuracy of 
the numbers is not the primary concern. 
Therefore, the aim here is to establish a 
theoretical relationship between heave and 
net heat extraction rates. 

4.1 Calculation of Frost Depth and Frost 
Penetration Rate 

Based on the temperature data given in 
Figure 7, it is possible to keep track of the 
frost (0 C) line. This is done by comparing 
temperature readings between two adjacent 
thermocouples and locating the position of 
the frost line by means of interpolation (see 
Figure 9). Figure 9 shows that for results 



Investigation, testing and monitoring 

NGM 2016 Proceedings 416 IGS 

given in Figure 7 frost line penetrates roughly 
8.5 cm into the sample. 
 
The main reason for the downward spike 
(around t=75h) in Figure 9 is the minor 
disturbance recorded by the thermocouples. 
This is mainly due to an insulation problem 
around the sample for a very brief moment 
and has been fixed immediately during the 
test. It can be seen in Figure 7 that the 
readings have returned back to their previous 
values. Thus, the disturbance is believed to 
have a negligible effect on the results overall. 
 
By fitting a line into the frost depth vs. time 
plot and taking the derivative, one can obtain 
rate of frost penetration. This is done in 
Figure 9 and Figure 10. 
 

 
Figure 9 Curve fitting for the frost depth vs. time 
plot 

 
Figure 10 Frost penetration rate vs. time 
 
As expected, the rate of frost penetration is 
largest at the beginning of the experiment and 
gradually reduces down to an almost zero 
value, indicating stationary frost front 
conditions have been reached towards the 
end of the experiment. 

4.2 Evaluation of Heave   
In order to make the analyses as detailed as 
possible, the total displacement (due to 
heaving) recorded by LVDT is sub-divided 

into two components. This can be done in 
two ways: 

 Calculation of “in-situ” heave based 
on frost penetration rate; which is 
then subtracted from total heave to 
obtain “segregational” heave. 

 Calculation of “segregational” heave 
based on water intake measurements; 
which is then subtracted from total 
heave to obtain “in-situ” heave.  

Due to unexpected problems with the water 
intake measurement system the first approach 
was chosen.  
 
For an open system freezing experiment the 
total heave rate consists of two components 
and can be calculated as follows: 
 

in-situ

 (1) 

 
Where  is porosity,  is the rate of frost 
penetration (mm/h) and  (mm/h) is the 
water intake velocity. Thus, heave rate only 
due to freezing of pore water can be 
calculated as: 

 
 (2) 

 
Based on the expression above, the plot of in-
situ heave rate vs. time is given in Figure 11. 

 

 
Figure 11 In-situ heave rate vs. time 
 
Integrating the plot given in Figure 11, one 
can obtain the heave (mm) due to freezing of 
pore water. If this is then subtracted from the 
total heave, it is possible to obtain 
segregational heave, see Figure 12 and Figure 
13. 
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Figure 12 In situ heave vs. time 

 
Figure 13 Separation of segregational heave 
from total heave 
 
Figure 13 is important for two aspects: First, 
it allows for further treatment of the 
segregational heave curve to obtain 
segregational heave rate and water intake 
velocity. Secondly, it demonstrates the 
significance of segregational heave. By 
looking at Figure 13, it is possible to infer 
that a very large portion of total heave is due 
to the freezing of water that has been drawn 
to the freezing front from surroundings. 
 
If a curve is approximated for the 
segregational heave plot given in Figure 13, 
it is possible to obtain the segregational 
heave rate. However, there is one important 
step that should not be overlooked while 
doing so. Although it might be tempting to 
approximate the plot with a single 
exponential function, doing this will result in 
a significant flaw for the rest of the analyses. 
An attempt to clarify this is made in Figure 
14 and Figure 15. 
 

 
Figure 14 Calculation of segregational heave 
rate based on a single exponential curve fit 

 
Figure 15 Water intake velocity vs. time plot 
calculated based on a single exponential curve fit 
 
Figure 14 and Figure 15 would have been 
obtained if one took the derivative of the 
exponential function that has been fit to the 
segregational heave plot in Figure 13. The 
problem becomes more apparent upon closer 
inspection of Figure 15. Water intake 
velocity can be calculated simply dividing 
segregational heave rate by 1.09 (see 
Equation 1). However, it does not physically 
make sense to start with a relatively high 
value of water intake velocity at the very 
beginning of the experiment. One would 
ideally expect the water intake velocity to 
start from zero at the beginning of an 
experiment.  
 
The fact that the water intake data should 
start from zero suggests that the segregation 
heave curve given in Figure 13 should at 
least be approximated by two different 
curves. Thus, in an attempt to estimate the 
segregational heave rate, segregational heave 
curve has been approximated by two 
different fits. The results are given in Figure 
16 and Figure 17. 
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Figure 16 Approximation for the beginning 
stages of segregational heave curve 

 
Figure 17 Approximation for the second part of 
segregational heave curve 
 
Figure 16 demonstrates that the segregational 
heave rate increases quite rapidly at the very 
beginning stages of an experiment (during 
the very first hours of experiment). Later on, 
the rate of segregational heave reduces 
gradually. The rate of change in segregational 
heave can be represented by the plot given in 
Figure 18. 
 

 
Figure 18 Segregational heave rate vs. time 
 
Figure 18 is generated by taking the 
derivative of the two curves fit to two parts 
(Figure 16 and Figure 17) of the 
segregational heave curve. The derivative 
functions have then been merged under one 
plot and approximated by a single curve. 
There is no doubt that some accuracy has 
been lost during these approximations, 
however, the general appearance of the plots 
(or the trends) still hold true. 

 
Finally, the water intake curve can be 
obtained dividing segregational heave rate by 
1.09. This is given in Figure 19. 
 

 
Figure 19 Water intake velocity vs. time  

4.3 Calculation of Net Heat Extraction Rate 
Having calculated the frost penetration rate 
and the water intake velocity, one can 
calculate the net heat extraction rate. The 
expression to calculate the net heat extraction 
rate is as follows: 
 

 (3) 
 
Where,  is the net heat extraction rate 
(W/m2) and  is the volumetric latent heat of 
water (J/m3). Based on this, variation of net 
heat flux during the experiment is given in 
Figure 20. 
 

 
Figure 20 Net heat extraction rate vs. time 
 
With all parameters obtained, the relationship 
between heave and net heat extraction rates 
can now be established. This relationship 
between net heat flux vs. segregational and 
total heave rates are plotted in Figure 21 and 
Figure 22, respectively. 
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Figure 21 Relationship between segregational 
heave and net heat extraction rate 
 

 
Figure 22 Relationship between total heave and 
net heat extraction rate 
 
Similarly, the results of the multiple 
temperature gradient experiments are plotted 
in Figure 23. Unfortunately, only step 
numbers 2 and 3 in Table 1 could have been 
evaluated as the rest of the data were 
disturbed by outside factors. 

 
Figure 23 Relationship between segregational 
heave and net heat extraction rate 

5 DISCUSSION 

Figure 21, Figure 22 and Figure 23 are 
somewhat unconventional in the sense that 
the beginning of the experiment is 
represented by the data point located at the 

bottom right of the net heat extraction rate 
axis. This can be better understood by the 
help of Figure 20 as the higher rates of heat 
extraction takes place at the beginning of the 
experiment and decreases gradually as the 
test goes on. Keeping this in mind, it can be 
deduced that higher extraction rates do not 
always necessarily give the highest heave 
rates. Furthermore, there seems to be a peak 
where the highest rate of heave occurs. 
Increasing the rate of heat removal beyond 
this point has a negative impact on the heave 
rate. 
 
The general plot trends obtained in Figures 
21, 22 and 23 are also important for 
discussion. A quick comparison between 
these figures and Figure 3 (Konrad, 1987) 
reveals that their shapes are somewhat 
distorted and gives the impression that the 
soil might experience different heave rates 
for a fixed value of heat extraction rate in the 
early stages of an experiment. It should be 
pointed out that the shapes of these plots are 
heavily influenced by their respective water 
intake vs. time (see Equation 3) curves. For 
example, in Figure 19 the peak is occurring 
around the 10 hour mark. If this was 
happening at a later point (say, 20 hours for 
instance) the shapes of Figures would have 
been a lot similar to what one would usually 
call “normal”. Due to the problems in the 
water intake measurement system at the time, 
the authors had no means of accurately 
determining the location of this peak. 
Existence of the peak is intuitive, but its 
location is heavily influenced by the back 
calculation procedure. As a result, the 
accuracy of the beginning phases of these 
plots is affected significantly. 
 
The distinction between the terms higher and 
lower thermal gradients that appear in Figure 
23 can be better understood with the help of 
Figure 24. In Figure 24 approximate 
temperature profiles along the frozen part of 
the soil body at the end of each testing step is 
plotted. The initial location of the frost front 
at the beginning of step #2 experiences a 
temperature change of ΔT2 during that step. 
Similarly, the initial location of the frost front 
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at the beginning of step #3 experiences a 
temperature change of ΔT3 during that step. 
Since the penetration of the frost line is 
almost identical between these two steps, it 
can be concluded that the rate of heat 
extraction is greater for the second step than 
that of the third. 
 

 
Figure 24 Frost penetration and temperature 
profiles for multiple gradient tests 
 
Moreover, in Figure 23 there are also some 
hints that the same type of soil is 
experiencing similar heave rates for a given 
rate of heat extraction located at the left side 
of the peak. The plots get even closer with 
decreasing heat extraction rates. It is also 
worth noting that the peaks are located 
remarkably close to each other. However, 
more experimental work with a larger variety 
of thermal gradients needed here to reach 
more solid conclusions. 
 
Finally, the heat extraction required to freeze 
a completely unfrozen sample (single 
gradient experiment) is anticipated to be 
much higher than the heat extraction required 
to further freeze down an already partially-
frozen sample (multiple gradient 
experiments) and this is thought to account 
for the large difference in the range of net 
heat extraction rate values between Figure 21 
and Figure 23.  

6 CONCLUSIONS & FUTURE WORK 

A theoretical analysis of the relationship 
between heave and net heat extraction rates 

has been carried out based on experimental 
data. It was expected and, to a degree, was 
shown that segregational heave might come 
to a halt for relatively high heat extraction 
rates. For such rates, heave is purely due to 
freezing of “in-situ” (or pore) water as there 
is not enough time for the water to be drawn 
to the freezing front since the frost front is 
penetrating quite rapidly. 
 
Detailed analyses demonstrated the 
importance of accurately keeping track of the 
water intake during experiments. It is 
essential to be able keep track of the water 
intake more precisely in order to draw more 
solid conclusions. Not meeting this criterion 
was shown to influence the accuracy of the 
relationship between segregational heave and 
the net heat extraction rates due to the back-
calculation procedure. 
 
Keeping these in mind and considering the 
similarities between the trends seen in Figure 
23, the focus will be on improving the water 
intake measurement system and continue 
investigating the relationship between 
segregational heave and net heat extraction 
rate as the future work. 
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Image Analyses of Frost Heave Mechanisms Based on Freezing Tests with Free 
Access to Water 

Deniz Dagli*,a, Amin Zeinalia, Per Grenb, Jan Lauea 

Abstract 

A freezing test apparatus was supplemented with a camera to allow for recording and 
monitoring one-dimensional freezing tests to analyze the development of ice lenses via particle 
image velocimetry (PIV) in the laboratory. Two tests on disturbed, partially saturated samples 
of silt loam were conducted. 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. Test results were also used to 
establish a qualitative relationship between heat extraction and heave rates. Advantages and 
disadvantages of utilizing image analysis methods were discussed. Potential remedies for 
overcoming the drawbacks of using image analysis are suggested.  

Image analysis is shown to be a viable method in further understanding of frost heave 
mechanisms.  

Keywords: Image Analysis, Frost Heave Mechanism, Frost Depth, Ice Lens Formation, 
Laboratory Freezing Test, Heat Extraction Rate, Thawing 

Introduction 

Changes within a soil body as a result of cold climate conditions are of importance from a 
foundation, pipeline, road and railway design point of view. These changes (often termed as 
frost action) are taken into account during the design phase in areas where permafrost or 
seasonal frost occurs and research of the subject naturally takes place in these areas which are 
affected the most. 

Chamberlain (1981) reported, in his review of frost susceptibility index tests, that there have 
been many institutions around the world dealing with frost action at different points in time 
using a variety of test setups. The details of more than 100 different frost susceptibility tests 
setups (until 1981) were covered in his review along with the experimental procedures and the 
report was concluded by stating none of the methods were found to be universal.  

More recently, different researchers have continued to carry out freezing experiments with 
custom-built equipment although a standard for freezing tests (ASTM-D5918, 2013) is 
available. As a result, more than one type of laboratory testing apparatus and testing procedures 
to evaluate frost susceptibility are still in use. Despite this variety, the earlier and the majority 
of the more recent freezing experiments found in literature (Brandl, 2008; Wang et al., 2013; 
Zhang et al., 2014; Zhou et al., 2014; Hendry et al., 2015; Wang et al., 2015) suffer from the 
shortcoming that the changes in the sample are not visible as a result of the insulation around it 
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and measurements inside the sample could be problematic. Consequently, the sample and the 
physical changes within are usually not observable during a test and the sample investigation 
can only take place destructively when the test is terminated. The problem gets worse if the 
test is done to study freeze-thaw cycles; during which the important details of the sample 
behavior will be disregarded for the freezing part of the test, in particular. 

It is thought that this lack of information can be one of the main reasons why different 
conclusions have been drawn by different researchers for the same research question. An 
example for these different conclusions is the disagreement in defining a relationship between 
heave and net heat extraction rates, where the net heat extraction rate is defined as the heat 
flow out of the sample minus the heat flow into the sample (Konrad, 1987). Two different 
conclusions have been drawn on this relationship. The first group of authors (Beskow, 1935; 
U.S. Army Corps of Engineers, 1958; Loch, 1977; Hermansson, 1999) claimed that no direct 
relationship between heave and net heat extraction rates exists. Other studies tried to show and 
interpret the opposite (Kaplar, 1970; Penner, 1972; Horiguchi, 1978; Loch, 1979; Konrad, 
1987). 

In this article, the mechanisms of frost heave during freezing tests have been studied in detail 
by employing image analysis techniques. The test equipment was augmented with a camera 
system that took pictures through an opening in the insulation layer during the entire test. 

The use of image analysis techniques for analyzing freezing tests has been documented in at 
least two occasions before. Xia et al. (2005) investigated water migration to the freezing front 
via time-lapse photography and documented the qualitative relationship between ice lens 
thickness and the temperature gradient during the tests. Later on, Arenson et al. (2007) re-
analyzed the data from Xia et al. (2005) using a different image analysis method (particle image 
velocimetry - PIV) to keep track of the movements within the soil between ice lenses and 
monitor their growth. 

Techniques used in this paper are a combination of those documented in Xia et al. (2005) and 
Arenson et al. (2007). The Camera system was used to get an almost live feedback from the 
sample and detailed information about the key elements of frost action phenomenon. This 
includes the progression of the frost front, the transfer of water to the frost front, ice lens 
formations and their respective locations, resulting displacements (due to heave) as well as the 
advance or withdrawal of the frost front under changing thermal boundary conditions and 
subsequent thawing. Image analyses were used to evaluate results from these different phases. 

Another aim was to evaluate the applicability of recording the tests by a camera as a permanent 
modification for ordinary freezing tests as the opening in the insulation disturbs the one-
dimensional heat flow. Therefore, results obtained from tests incorporating image analyses 
were compared with data retrieved from conventional measurement methods (thermocouples 
and displacement readings) for the same test. 

Methods and Materials 

Image Analysis Techniques 

The image analysis technique used in this work is known as the digital speckle correlation 
method. It is also termed as image correlation, digital speckle photography (DSP) and when 
applied in fluid and soil mechanics, particle image velocimetry (PIV) (Fricke-Begemann and 
Hinsch, 2004; White et al., 2003). It can give information about movements and deformations 
of a recorded speckle pattern between two instances. A speckle pattern can exist naturally as 
random textures i.e. a wood or concrete surface, or can be artificially created by showering the 
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surface with drops of paint. For this work, a speckle pattern is glued to the surface of the test 
cell, as shown in Figure 1. 

 

Figure 1 Speckle patterns to keep track of deformations (the ruler is used to scale the image later 
on)  

The method uses two raw images of the speckle structure; the first image is captured before 
and the second image during or after the object is moved or deformed. Each image is divided 
into a grid of sub-images. Corresponding sub-images are analyzed using a digital cross-
correlation approach. The measured normalized correlation value relates to the activity in the 
speckles. A small correlation value indicates a large surface reorganization or changes in the 
volume along the light path to the camera detector.  A high correlation value indicates 
consistent behavior. The position of the correlation peak gives the displacement of each sub-
image between two recordings and the normalized correlation peak height gives the structural 
similarity between the sub-images. By plotting the correlation and displacement values for all 
sub-images a correlation map showing changes in the speckle pattern and a displacement map 
showing the displacement field are obtained (Sjödahl and Benckert, 1993). 

Testing Procedure 

Test Apparatus 

A schematic representation of the test equipment is given in Figure 2. There are two tests cells 
that can run in parallel giving the option to run two tests simultaneously and they are placed 
inside a fridge in order to have a constant temperature of +4 C in the surroundings. Freezing 
takes place one dimensionally from top to bottom. A thick layer of insulation is provided on 
the sides to minimize heat losses. The two cooling units supply cold and warm temperatures to 
the top and bottom of the sample, respectively. Readings from thermocouples are used to keep 
track of the temperature profile during the test. There are seven thermocouples in total. Two 
of them are in contact with the top (T1) and the bottom (T7) of the sample. The remaining 
five are positioned at 15 (T2), 35 (T3), 55 (T4), 75 (T5) and 95 (T6) mm from the sample top, 
respectively. Access to water (having the same temperature with the surroundings) from the 
sample bottom is permitted and can be controlled by means of a valve. The water level is 
maintained at the bottom of the sample, so that available water can be drawn to the frost front. 
Heave is recorded by means of a linear variable differential transformer (LVDT) placed on top 
of the setup. Readings from different components (temperature data, water intake and 
displacements) are recorded by means of a data acquisition system which is connected to a 



4 
 

computer for further analyses and the data is logged every five minutes with an “intab 31000-
usb PC-logger”. 

 

Figure 2 Schematic representation of the test cells  

Furthermore, an opening (7x15 cm) is created for one of the samples and a camera (Canon 
EOS 550D equipped with Canon zoom lens EF-S 18-55 mm) is placed about 20-25 cm in 
front of it in order to record the experiments. Three LED light sources with negligible heat 
generation were placed around the cell to create better lighting conditions. These 
modifications, along with the schematic representation of the top view of the modified setup, 
are presented in Figure 3. 
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Figure 3 Modification of one of the test cells for the experiments to be recorded by a camera.  

Sample Preparation 

All tests have been conducted on disturbed samples of silt. The particle size distribution (psd) 
of the soil tested is given in Figure 4. The portion of the tested soil that is retained between 
sieves with 1 mm and 0.5 mm opening sizes, respectively, was replaced with black sand grains 
with an average particle size of 1 mm to create a speckle pattern inside the sample. Samples 
were prepared by means of hand compaction with a hammer in the test cell by compacting 
five equal layers of soil (2cm) to a sample height of about 10 cm. Samples had an initial water 
content of w=10% to increase the compaction potential. The specific gravity is determined as 
Gs=2.67 and samples had a porosity value of n  ( d=1600 kg/m3). In order to preserve the 
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pattern inside the sample, the test is run under partially saturated conditions at the start since 
full saturation was noted to destroy this pattern.

 

Figure 4 Particle size distribution of the soil tested.  

Experimental Procedure 

Two different tests were recorded by the camera. The experiments start with a phase where 
the sample and its surroundings were brought to a steady state at a temperature of +4 C. 
From this point on, cold end temperatures of were applied at the top cap as shown in Table 1, 
while keeping the bottom cap temperature constant at +2 C. These conditions were 
maintained until equilibrium with a stationary frost front was reached. The water level was 
kept constant at the sample bottom in order to facilitate ice lens growth. For one of the tests, 
access to water was allowed during the entire test. In the other test, access to water was 
prohibited until the freezing phase has started and the frost front has already penetrated into the 
sample. This procedure was adopted to study the transfer of water to the freezing front in more 
detail. Effects of changes in the heat balance (i.e. varying boundary temperature conditions) 
were investigated as well. In addition, in one of the tests, changes during thawing were 
monitored too. 

Table 1 Summary of testing conditions 

Test 
No. 

Cold 
End 

Temp. 

Warm 
End 

Temp. 

Access 
to 

Water 
Thawing 

Variation of 
Temperature 

Boundary 
Conditions 

Surrounding 
Temp. 

Test 
Duration 

#1 -5 C +2 C 
Entire 

duration 
Yes 

Via changing 
surrounding 
temperature 

+4 C (-1 C 
in the second 

phase) 
9 days 

#2 

-4 C 
(-5 C 
in the 
second 
phase) 

+2 C 
 After 
freezing 
started 

No Via top cap +4 C 17 days
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Pictures were taken every 5 minutes during the entire tests. The camera system was 
synchronized with the data logger to be able to relate the observed changes (such as changes in 
the temperature profile, advance of the frost front and displacements due to heave) to specific 
images. 

Results 

Capillarity & Suction 

Water will be drawn to the sample as a result of capillary action (Figure 5) if access to the 
water is available. The gradual transfer of water in the surroundings results in a color change 
within the sample. Wet areas have a darker color whereas dry ones retain the initial color. The 
changes documented in Figure 5 are those of Test#1 (Table 1) and occurred before freezing 
started. Correlation plots were omitted because the color difference is very apparent. 

 

 

 

 

 

 

 

 

 

Figure 5 Capillary action prior to freezing at the start of the test (the time difference between each 
image is five minutes). Dark colors represent wetter regions. 

The combined effect of capillarity and cryogenic suction to attract water from the surroundings 
was also observed (Figure 6). During Test#2, sample was not allowed to be in contact with 
water until freezing began and the frost front penetrated into the sample. The access to water 
was allowed later on by turning on the valve and the transfer of water took place from then 
on. The time difference is five minutes between the first four images in Figure 6 and last image 
is provided to mark the extents of water transfer into the sample. Water does not penetrate 
into the parts of the sample that are already frozen. 

 

 

 

 

 

 

 

 

 

Figure 6 Capillary action and suction after the initiation of the freezing phase. The first four 
pictures show the first 15 minutes (five minutes between each image) after the sample had access to 
water. The last picture is taken about four hours after. 

Frost Penetration, Ice Lensing & Heave 

The initiation of the freezing phase, in which cold temperatures are applied to the sample from 
the top cap, creates a thermal imbalance and causes the sample to freeze gradually from top to 
bottom. This results in frost penetration and the penetration continues until a thermal 
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equilibrium has been reached. This is shown in Figure 7, Figure 8 and Figure 9 for Test#1. In 
order to have identical conditions for comparison, the period under which frost penetration 
took place was chosen to be 80 minutes and images were compared every 20 minutes. The 
images in Figure 7, Figure 8 and Figure 9 were taken after a freezing time of 2, 6 and 11 
hours, respectively. The image analysis code calculates displacements between two consecutive 
images in pixels (px) (Sjödahl and Benckert, 1993). These are then converted to millimeters 
based on the scale of the image. 

In these figures, frost front progression is presented in terms of raw images and the 
corresponding correlation plots that link them. The white block (partially covered by the 
speckle pattern) resting on the sample is the top cap. Two consecutive images are compared 
and the resulting correlation plots are given in the subsequent row in the figures (Figure 7). 
Correlation plots are indicative of changes between each image (there are five raw images in 
total; therefore four correlation plots in each figure). Regions that did not undergo any 
changes are represented with white color (high correlation). In contrast, parts of the sample 
where changes occur are represented by colors in gray to black scale, based on the correlation 
value by comparing two images. Moreover, the x and y axes of the correlation plots contain 
information about the field of view of the image (FOV) in their respective directions to help 
the reader to quantify the changes. Roughly one centimeter of frost penetration is visible in 
Figure 7. 
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H=0.285mm

Figure 7 Frost penetration after 2 hours of freezing for a period of 80 minutes  

Similarly, frost penetration during 80 minutes after 6 and 11 hours of freezing are given in 
Figure 8 and Figure 9, respectively. As the system comes to thermal equilibrium, the rate of 
frost penetration reduces gradually and eventually stops (Figure 9). Values of H given in 
Figure 7 to Figure 9 represent frost heave occurring in the respective time period. 
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H=0.4685mm 

 
Figure 8 Frost penetration after 6 hours of freezing for a period of 80 minutes 
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H=0.775mm 

Figure 9 Frost penetration after 11 hours of freezing for a period of 80 minutes  

The frost heave was calculated from the available images (Figure 7, Figure 8 and Figure 9) 
additionally. Heave values were calculated by making use of the speckle pattern glued to the 
upper and lower parts of the test cell; by keeping track of the relative movement between the 
lower pattern (which is stationary during the entire test) and the upper pattern (which can 
move freely with the cell). 

A more detailed view of the speckle plots is given in Figure 10 and Figure 11. The results are 
from Test#1; after stationary frost front conditions were established (i.e. thermal equilibrium 
has been reached, 38.5 and 70 hours into the experiment, respectively). Segregational (or 
secondary) heave (due to the transfer of water to the freezing front) continues under thermal 
equilibrium as long as there is access to water.  
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Figure 10 Heave after 38.5 hours of freezing for a period of five minutes. 

Heave is calculated by averaging the magnitude of the upward arrows located in the speckle 
pattern. It can also be seen that the arrows extend down to the lowest ice lens where there is a 
newly-formed speckle pattern due to changes in the internal structure. 
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Figure 11 Heave after 70.5 hours of freezing for a period of five minutes 

Changes in the Heat Balance 

Frost Penetration, Ice Lensing & Heave 

The effects of introduction of a new heat balance after the thermal equilibrium under freezing 
conditions was also investigated. For Test#1, the temperature in the surroundings was reduced 
down to -1 C, over a three hours period, while keeping the initial temperature conditions at 
the top and bottom caps. The analyses were carried out identically to those presented earlier; 
meaning that the changes documented in Figure 12, Figure 13 and Figure 14 have occurred 
within a time period of 80 minutes. 
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H=0.345mm 

Figure 12 Frost penetration immediately after the surrounding temperature was reduced down to -1 

C for a period of 80 minutes 

Changes in the surrounding temperature causes frost front to penetrate even deeper and 
penetration continues until new thermal equilibrium is reached (Figure 13). Frost penetration 
at this stage allows for additional layer of ice lens growth. Upon equilibrium (stationary frost 
front), a new ice lens starts to form and grows further (Figure 14). Heave takes place during 
the progression of frost front and under stationary frost front conditions, as indicated by the 
arrows. 
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H=0.615mm 

Figure 13 Frost penetration 6 hours after the change in surrounding temperature 
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H=0.365mm 

Figure 14 Frost penetration 12 hours after the change in surrounding temperature 

Changes in the heat balance were also studied by varying the temperature in the top cap while 
keeping the temperature in the surroundings and the bottom cap constant. In Test#2, freezing 
phase was initiated with -4 C at the top cap. The temperature in the top cap was reduced to  
-5 C six hours after the thermal equilibrium with the initial temperature boundary conditions 
was reached. Before the temperature drop in the top cap, there were two distinct layers of ice 
lenses. Decrease in the top cap temperature resulted in slightly deeper frost penetration and 
resulted in the growth of a new ice lens layer (Figure 15). Different from the analyses of 
Test#1, results given in Figure 15 cover a period of 20 hours. Consequently, there are five 
hours between each raw image. The light colored area indicates the frozen part of the sample 
before the sample was allowed to have access to water (as the freezing phase of Test#2 was 
initiated without access to water, Table 1). When the access to water was available, water 
migration to the frost front resulted in an increase in the water content of the unfrozen parts of 
the sample and the wetter zones had a darker color. The bottom of the second ice lens layer 
from the top roughly marks the position of the frost front under thermal equilibrium with 
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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 

 

 



20 
 

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. 
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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. 



24 
 

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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