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Abstract 
Freezing-thawing, changes the properties of soil due to the phase change of the water in the soil body.  

Freezing-thawing cycles in the soil have been studied for several decades including extensive laboratory 

research. In this study, the main focus is thawing based on laboratory investigation. The soil used in the 

laboratory study is taken from a minor road where an additional field study has been carried out.

A freezing-thawing laboratory apparatus is manufactured and used in order to get better understanding 

of the freezing-thawing process. The apparatus is designed for cylindrical sample, one dimensional heat 

flow, freezing/thawing from top to bottom, water supply from bottom (access to external water) and 

possible to apply overburden load. 

The laboratory tests were conducted at similar soil samples at different boundary conditions. Water is 

liberated in the thawing zone of the sample. During thawing the only drainage path is to the surface, 

however, water migrates upwards even when entire soil is thawed. Upwards water migration after 

thawing period can be due to the changes in thawed soil properties such as permeability and fine particles 

redistribution. The rate of thawing is a very important factor for thawing conditions. At low thawing 

rate the drainage capacity of sample is sufficient to drain the liberated water from ice. Moreover, freezing 

condition i.e. access to water, has high impact on thawing process. If the volume of ice lenses is high,

the thawed soil fluidizes as the water migrates upwards. Pore pressure transducers will be added to the 

apparatus for further investigation regarding both freezing and thawing.

The field study has been conducted in order to study thaw behavior in low volume road embankment. 

The scope of the study is to investigate the thaw weakening progress by Falling Weight Deflectometer 

(FWD) and Dynamic Cone Penetration (DCP) tests on low volume embankment road near Luleå,

northern Sweden. The results from methods is compared and the differences in how they are capturing 

the thawing is discussed. DCP which is known as an easy and cheap method to estimate stiffness of soil 

layers is applied to estimate thawing period and the layer which thaw weakening takes place at. Stiffness 

gained by back calculation of FWD results which is performed on the same road embankment and same 

period of time DCP test is done.
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1 Chapter 1:  Introduction 
Frost action is a general term in frozen ground engineering, used in reference to primary process of

freezing and secondary process of thawing of moisture in materials. In other word, frost action in soils

is the process and effect of phase change of water between liquid and solid in soils. The phase changes 

of water in the freezing soil affects soil properties during freezing and thawing as well as frost heaving 

and thaw settlement. Frost action can cause severe damages to infrastructures foundations, road, 

railways and pipelines etc. 

Frozen ground engineering has been studied for past decades and is an important factor in designing in 

cold regions area. Large parts of northern Europe, Alaska, Canada, southern part of South America and 

large parts of the United States are known as cold regions. Permafrost area is the area where the ground 

remains frozen at least for two consecutive years. In permafrost area, during the spring thaw period the 

frozen ground thaws to the certain depth (active layer) while the entire frozen ground thaws in seasonal 

frost area. The thickness of the active layer can be found from few centimeters in far north up to 1 meter 

or more to the south.

1.1 Scope of the research 
The aim of this work is to study thaw behavior of soil materials. A laboratory set-up has been developed 

in order to perform freezing-thawing test in laboratory scale and monitor thawing process in frozen soil. 

Image analysis has been conducted to evaluate the thaw process. The laboratory tests have been 

conducted on frost susceptible silty material. A field study has been conducted to study thaw weakening 

development by using both Dynamic Cone Penetrometer (DCP) and Falling Weight Deflectometer 

(FWD) on a low volume road embankment. The silty soil frost laboratory tests have been taken from 

the subgrade of the same road.

1.2 Freezing and thawing problems
Frost action occurs in the soil when the soil is subjected to freezing temperature (below 0oC), moisture 

in the soil exists, water is available in order to transport and accumulate to the frost front and the material 

is considered as frost-susceptible material. These three conditions are requisite conditions for frost heave 

meaning that if one of them is absent the frost problem in the soil is negligible.

Frost protection layer can be used in order to mitigate the damages by frost action in the road. Other 

methods are replacing frost susceptible material by none frost susceptible material, or doesn’t let the 

water into the system by drainage layer and also lowering the level of the foundation below the frost 

depth.  
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It has been known for long time that frost action in soils increases the roughness of pavement and often 

cracked pavement during the winter period due to frost heaving. Frozen soil subjected to an increase in 

temperature initiates thawing in a manner that is controlled by the temperature boundary conditions and 

the soil thermal properties.  Subsequent thawing is known during spring thaw period and causes bearing 

capacity loss in pavement as well as cracks and settlement (Johnson, 1952).  The term ‘’Thawing’’ and 

“spring thaw weakening” can be explained differently. In general, spring thaw weakening can be defined 

as a decrease in the bearing capacity of a road during the period in which the frozen layers of the road 

thaw during the spring. 

Frost actions in the soil may cause three consequences:

Frost heaving during freezing period

Thaw weakening during spring thaw period

Thaw settlement during spring thaw period

Launonen et al. (1995) listed the following factors as being necessary for the appearance of spring thaw 

weakening:

The road and/or subgrade freezes

The material is frost susceptible

The freezing front has enough water available

During the thawing period the water, released by the melting segregation ice, stays in the road 

structure or subgrade soil, thus weakening the structure

The road is subject to loads during the thawing period.

Launonen et al. (1995) conclude if any one of these factors is absent there is very low risk of spring 

thaw damage. In countries with warmer climates (i.e. Scotland) frost thaw weakening is usually related 

to weakening of the road after daily freeze-thaw cycles.

Some examples of thawing soils include the termination of a frozen earth support system when frozen 

walls are permitted to thaw, impounding of reservoirs and stripping of vegetation in permafrost areas, 

and seasonal thawing of the near-surface active layer (Lachenbruch, 1970). Another example of frost 

action damage is operation of oil pipelines at warm temperatures in the Arctic which has a significant 

effect on the permafrost.  Seasonal changes, freeze-thaw cycles and the damage they cause are the most 

significant factors affecting the road condition of northern cold climate road networks (Saarenketo &

Aho, 2005).

The intensity of damages due to frost actions is highly depending on climate condition, location, soil 

type in both physical and chemical point of view, exposure condition, vegetation conditions, the depth 

which soil freezes and rate of both freezing and thawing. In pavement engineering traffic load is 
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important factor which has impact on frost action in addition to climate, soil type and ground water. 

Johnson (1952) explained frost action as any action associated with freezing and/or thawing which 

causes additional stresses on the road surface, bases, or subgrades soil or changes their water content, 

porosity, structure, or ability to support loads. The factors which influence frost action can be divided 

into extrinsic and intrinsic, see table 1, that is, those which are outside but which act directly on the soil 

and those which belong to or are properties of the soil (Johnson, 1952).

Table1. The intristic and extritic factors according to Johnson (1952) which influence frost action

Fctors influencing frost actions 
Intristic Extrinstic 

Fine percentage External water 
Degree of compaction Load 
Water content Air temperature 

In order to get better understanding of damages due to frost action, a study in the United States, the 

AASHO research program studied the appearance of pavement distress during different seasons (White 

& Coree, 1990) and, according to the results, 60 % of the distresses appeared during the springtime 

when the relative amount of traffic was 24 %. During the summer time the relative amount of new 

pavement damage was only 2 % when the relative traffic amount was 30 %. The comparison between 

winter time (freezing period) and spring time (thawing period) indicates the main damages in the road 

occur in spring time. Index of distressed in pavements includes are, Alligator (Fatigue) Cracking, 

Bleeding, Block Cracking, Corrugation and Shoving, Depression, Joint Reflection Cracking, 

Longitudinal Cracking, Patching, Polished Aggregate, Potholes, Raveling, Rutting, Slippage Cracking, 

Stripping, Transverse (Thermal) Cracking and Water Bleeding and Pumping.

Table2. Example of pavement distress in U.S. during different seasons (White & Coree, 1990)

Season Traffic Distressed 
Spring 24% 60%
Winter 30% 2%

However, freeze-thaw processes also cause major problems in high elevated areas in countries with 

warmer climates, for instance the percentage of the road network sensitive to freeze thaw damage in 

Romania is 50 %, in Hungary 40 % and in France 20 % (Isotalo, 1993). Frost damage is visible in roads 

as longitudinal cracks in the middle of pavement and also differential frost heaves which cause 

serviceability problem within winter time. The main damages due to the frost action in roads occur 

during spring thaw period. Bearing capacity loss of the road structure, alligator cracks and permanent 

deformation (thaw settlement) are common damages during the spring thaw period. Spring thaw 

weakening damage is the biggest problem on gravel roads. For instance, in Finland almost one half of 

Finland’s 28.000 km gravel road network suffers some form of thaw damage. According to the annual 
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Finnish spring thaw structural damage inventory results from 1998-2002 an average of 1020 km of road 

with severe visual spring thaw damage conditions, i.e. cracks and settlements, were observed 

(Saarenketo & Perälä, 2003). The changes can be related to changes in soil conditions but also to the 

development history of the low volume road network as well as how heavy transports use these roads. 

Spring thaw weakening damage is also a major problem on paved roads, especially on weak roads with 

surface dressing pavement. The difference between gravel roads and paved roads is that spring thaw 

damage in gravel roads is much easier and cheaper to repair; many times problems can be fixed with a 

grader (Saarenketo & Perälä, 2003).

The extreme case of thawing problems is when the roads are impassable due to the severe damages such 

as rutting on unpaved road, destroyed pavements and bearing capacity failure.  However, in order to 

reduce the damage, load restriction would be applied during spring thaw period. Spring thaw weakening 

and load restrictions in Sweden measures incur major extra costs for industries using heavy transport 

vehicles up to 100 M €/ year (Anderson & Winnerholt, 2011). Damages in a road in northern Sweden is 

shown in figure 1.

Figure1. Longitudinal and alligator cracks are typical damages in pavement due to frost heave during 

winter (left hand side) and thaw weakening during spring (right hand side) photos by T. Edeskär 2014.
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2 Chapter 2: Literature Review 

2.1 Progress in the field of frost Action 
Freezing and thawing in the soil has been an important issue in cold climate areas for long time. In the 

beginning of 20th century, academic work has been done in frost actions in soils (e.g. Taber, 1929; 

Beskow, 1935). In order to conduct the freezing thawing tests, frost test apparatuses have been 

introduced since then (e.g. Taber, 1930; Brandl, 1970). Artificial freezing engineering is used as an

impermanent method in soil mechanics under poor soil conditions or/and deep excavations and tunnels 

from 1960s (Kujula, 1991). Several theories have been proposed for the frost actions in the soil in 

1930s, 1970s and 1980s (e.g. Taber, 1929; Beskow, 1935; Miller, 1972; Konrad & Morgenstern, 1980) 

based on predicting the devolepment of ice lenses.  Number of reviews on mechanical properties, 

especially on the creep behavior of frozen soils, have appeared (e.g. Jessberger, 1980; Ladanyi, 1981; 

Sayles, 1987; Sadovsky et al., 1989). State-of-the-art studies on frost action have focused mostly on 

predictive models and frost heave mechanisms (e.g. Loch, 1981) and the effects of freeze-thaw cycle 

are seldom studied (Chamberlain, 1979; Konrad, 1989; Pawluk, 1988, Viklander, 1998; Qi, 2006).

Regarding frost heave mechanism, several theories have been introduced within past decades i.e. 

capillarity theory, adsorption force theory, osmotic theory, segregation potential theory, secondary frost 

heave theory and the hydrodynamic theory (eg. Everett, 1961; Williams, 1966; Penner, 1967;

Morgensen, 1977; Konrad, 1996). The most commonly used theory is based on capillarity suction, 

present at ice/water interface which causes water to move to growing ice lenses during freezing period 

(Loch, 1981). Loch (1981) has stated that the necessary conditions for ice segregation in freezing soil 

are the thermophysical factors of heat and mass exchange.

Thawing in the frozen soils have been studied relatively less comparing to the freezing in soil. Several 

reviews on thawing, mainly on thaw settlement, thaw behavior, properties changes in the soil due 

freezing thawing have been conducted within past decades (e.g., Morgenstern, 1971; Nixon, 1978;

Chamberlain, 1979; Alkire & Morrison, 1982; Johnson, 1952; Viklander, 1997; Knutsson, 1998). 

Morgenstern and Nixon (1971) have developed Terzaghi consolidation theory for thawing soil and 

introduces thaw consolidation theory. Thaw consolidation theory has been studied by Chamberlain and 

Gow 1979, Eigenbrod et al., 1996, Zou and Conrad, 2009 among others. Pore pressure in thawing soil 

has been studied by several researchers (e.g., Morgenstern, 1971; Ryden, 1986).
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2.1 Climate and weather effects on thawing
Cold regions of the world are large areas of Asia, northern Europe, Canada, Alaska and USA. Cold 

regions of the world can be defined in terms of air temperature, snow depth, ice cover on lakes, or depth 

of ground freezing. The southern limit of the cold regions in the Northern Hemisphere is the area that 

has 0oC mean temperature during the coldest month of the year. 

Another way of defining cold region is based on the frost penetration. The minimum of the frost 

penetration could be used to define the cold regions limit (Andersland & Ladanyi, 2004).

According to Andersland and Ladaneyi (2004), an arbitrarily selected depth of seasonal frost penetration 

(300 mm) into the ground once in 10 years is a generally accepted criterion for identifying the southern 

boundary of cold regions. This boundary is similar to that defined by the 0 °C isotherm and with minor 

exceptions is approximated by the 40th parallel. The 300-mm frost penetration is represented 

approximately by a freezing index of 55 °C days (or 100 °F days). 

The cold regions are typically subdivided on the basis of whether the ground is only seasonally frozen, 

whether permafrost occurs everywhere (continuous), or whether permafrost occurs only in some areas 

(discontinuous) beneath the exposed land surface. Frozen ground in the discontinuous zone generally 

thickens from 10 cm or less to 100 m or more at the boundary with the continuous zone. Gerdel (1969) 

stated that an annual freezing index of at least 3,900 °C (7,000 °F) days is required to maintain a 

continuous permafrost regime. Ground temperatures are determined by air (or ground surface) 

temperatures, heat flow from the interior of the earth, and soil thermal properties (Andersland & 

Ladanyi, 2004).

2.2 The progress of Frost Action
Soil is a three phase material which consists of solid particles which make up the soil skeleton and voids 

which may be full of water if the soil is saturated, may be full of air if the soil is dry, or may be partially 

saturated. Therefore, three phases of gas, water and solid. When the soil subjected to the freezing 

temperature the moisture in the soil turns to ice. The frozen soil, consists of four phases and the forth 

phase is ice content, see figure 2.
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Figure 2. Soil phases during freezing thawing cycle (left) phases in unfrozen soil and frozen soil(right) 

Phase change of the water from liquid to solid the soil skeleton due to the freezing temperature effects 

soil properties. The changes in soil properties causes damages to structures; i.e. foundations, roads, 

railways and pipelines by reducing the strength of the soil and deformations. Volumetric changes within 

the soil body is due to the frost action (freezing-thawing) and the depth soil freezes at, which causes 

sever damages in infrastructures and significant cost regarding maintenance. Frost action is also widely 

used during underground construction which is known as artificial ground freezing. When the soil 

freezes, the strength increases while the hydraulic conductivity decreases. These two actions happen 

simultaneously and this means there is no additional material is brought into the soil, such as for example 

the concrete of a slurry trench wall, the steel of a sheet pile wall or the grout for injection during 

underground constructions. Frost depth is an important factor that affects the design of various 

transportation infrastructures including pavements, retaining structures, bridge foundations, utility lines, 

and so forth. Soil freezing can lead to frost heave and heave pressure, which may cause serious stability 

issues. (Rajaei & Baladi, 2015).

Frost heave is due to the water expansion; water expands 9% in volume as the phase changes from liquid 

to solid. Taber (1929) has documented that frost heave is mainly caused by the mass transfer (of water) 

to the freezing front. Therefore, total heave is divided into two components, primary which is due to 

freezing of in-situ moisture and secondary heave (segregationally heave) due freezing of water as a 

result of mass transfer. 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. Three factors regarding 

frost action are summarized as followed: 

Freezing temperatures

External water available in surroundings (source of secondary heave)

Frost susceptible soil
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Frost heave is a function of many variables including soil type and its water holding capacity and thermal 

conductivity, air temperature, and frost depth. The prediction of frost depth in soils is fairly well 

established and not complex for a single layered system. However, it is a challenging task for multi-

layered systems subjected to various surface boundary conditions where the air temperature fluctuates.

Secondary heave is the main portion of heave, therefore, the thawing process is highly depending on the 

volume of secondary heave. Secondary heave is due the water intake into frost front and phase changing 

to ice. 

Takagi (1979) explains the generation of a suction force that draws water to the freezing surface by 

means of thermodynamics. According Takagi (1979), 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 thickness of the 

thin water film around solid grains under freezing remains constant due to inter particle 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.

Frost-susceptible soil is capable enough to drawn the water into the frost front from water table and 

moisture underneath. It should be highlighted that the soil must have both a great capillarity rise and 

sufficient permeability in order to categorize as a frost-susceptible soil. Grain size distribution is used 

as the basis for the most frost susceptibility criteria. Important factors of frost action in the soil like 

capillarity, suction and thermal potentials are related to the pore size. When the soil is subjected to 

freezing temperature, the phase of in-situ moisture changes to solid. As a result, soil starts freezing and 

as long as freezing temperature exists it develops in to the soil. The Freezing of frost-susceptible soil 

consists of both downward frost penetration and upward heaving (Chamberlain, 1981).

Temperature at the surface has a direct influence on frost depth and the volume of soil that is frozen. 

One approach introduced by Andersland and ladany (2004) is to take the effect of cold temperatures 

into account is the degree-day concept and defined as Frost/thaw index, see figure 3.
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Figure3. 0o C isotherm or Frost/thaw fronts (Andersland & Ladanyi, 2004)

Cold temperatures are coupled with the time period they occur and often represented by the variables

known as freezing (or frost) index (FI) and similarly thawing index (TI). Freezing index is defined as 

the number of negative degree-days during one season and other way around for thawing index, see 

Figure 4. Consequently, freezing and thawing index have the unit of oC. hours or oC. days.

Figure 4. Annual temperature (Andersland & Ladanyi, 2004)

The other complex aspect of freeze-thaw cycles is the estimation of the frost heave of multi layered 

system due to ground freezing. Perhaps complex and sophisticated models to predict the propagation of 

freezing and thawing fronts and to estimate frost heave can be developed. However, such models require 

a large amount of data that are expensive to obtain and hence, they cannot be easily implemented. 
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Regarding thawing the volume of the heave is very important factor. The more heave it is the more thaw 

settlement and sever thaw weakening is expected. 

Due to the suction in the soil at the frost front, when soil freezes the water is taken to the frost front from 

deeper layers. As a result, water will be reallocated in the soil during freezing. Heaving in the soil is the 

result of two actions in the soil. First freezing the moisture in the soil and the secondary heave by forming 

segregated ice. Frost heave occurs due to the formed ice in pores as well as segregated ice. Segregated 

ice is the main source of weakening since the amount of released water depends on the volume of 

segregated ice (Nixon & Morgensen, 1971). The amount of segregated ice and frozen water content 

depend on water and frozen conditions. Literature shows temperature gradient affects the thickness and 

hydraulic conductivity of frozen fringe. Frost heave is also depended on the temperature gradient under 

the frost front (Gorle, 1973). The condition most conducive to heave occurs when the soil is saturated 

and the water table is at the frost front. If the pore water pressure becomes positive prior to freezing 

because of confined seep or aquifer, frost heave is expected to be more severe. The conclusion is void 

saturation with high water table is the most dangerous condition for frost heave (Chamberlain 1981). As 

long as the soil is frost- susceptible and temperature is cold enough to freeze the soil moisture, the heave 

continues. Seasonal temperature decrements result in changed mechanical properties of soil. The heave 

in freezing soil will be about 9% of the freezing pore water volume. If there is access to an external 

source of water, this water will also be sucked into the frost front thereby forming ice lenses. Ice lenses 

expand upwards and consequently secondary frost heaves form inside the soil. At the later stages of 

freezing period soil body is consist of air, unfrozen water content, frozen water content and solid part. 

In addition to them, segregated ice might be formed. The resulting ice lenses in the subgrade increase 

the stiffness of the unbound layers in the winter due to ice bonding of the soil particles in the base and 

sub-base layers. 

When spring thaw weakening period starts (surface temperature above 0oC), the frozen soil starts 

thawing mainly from top, see figure 2. Frozen water in voids imitate melting and when thaw front 

reaches to the segregated ice, more water will be released in newly thawed layers which were not in the 

soil prior to freezing. Thawing period is an interval of the year during which the ice in the foundation 

materials is returning to a liquid state. It ends when all the ice in the ground has melted or when freezing 

is resumed. Although in the generalized case there is visualized only one frost thawing period, beginning 

during the general rise of air temperatures in the spring, one or more significant of thawing intervals 

may occur during the winter season. Frost-susceptible soils are those in significant ice segregation will 

occur when the requisite moisture and freezing conditions are present. Doré and Zubeck (2009) explain 

the effective soil strength tends towards zero due to high pore pressure at the scale of a very small soil 

element at the thaw front. As a result, the weakening occurring at the thaw front has very limited effect 

on bearing capacity of the soil layer. Moreover, the rate of at which the thaw front progresses in the 
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layer will control the rate at which water is released in the material (Doré, 2004). Since the frozen soil 

considered as an impervious layer, there is no downwards drainage and released water will be trapped 

between frozen layer and surface (pavement). It is expected that water flows downwards due to the law 

of gravity in thawing soil. Since frozen soil and ice lenses are considered impervious, upwards draining 

can be the case for partly frozen soil. Figure 5 shows the water flow during thawing in frozen oil. 

Doré and Zubeck (2009) list three major factors which their functionality is essential for thaw weakening 

to occurs: 

The amount of frost heave occurring in the consolidation layer

The rate at which the layer is thawing 

The rate at which the layer consolidates 

Segregated ice formed due to the phase changing of water intake to frozen fringe during freezing time. 

Ice segregation in soils is the ice as distinct lenses, Layers, and masses; commonly, it is oriented normal 

to the direction loss. Miller (1980) explains existing consolidation in thawing part by means of trapped 

thawed ice between the deeper frozen layers and the surface which results saturated thawed part of the 

pavement structure. If the thawing rate is greater than the flow rate layer or sheets of water will be 

forming in the location of the former ice lenses and the soil will be separated sheet of newly formed 

water (Leslie & Bengt, 1965). In other words, there is not sufficient time for released water to drain and 

as a result the weight of overlaying soil will be carrying by released water in the pore which also causes 

excess pore pressure. Therefore, during spring thaw weakening period, the stiffness in the pavement 

structure will decrease and consequently road settlement would occur. (Zeinali et al., 2016)

Figure 5. Upwards water flow and liberated water during thaw period

Liberated water from ice lenses coupled with load causes excess pore water pressure in thawing part.

As a result of excess pore water pressure, effective stress decreases. When effective stress decreases, 

shear strength reduces as well. Reduced shear strength causes bearing capacity loss. As a result, it will 
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be excess pore water pressure in the thawed soil. Consequently, the effective stress will decrease and it 

will be causing bearing capacity loss during spring thaw period.

2.2.1 Frost susceptibility 
Frost susceptibility refers to fine-grained soil. Fine-grained soils are often regarded as problematic soils 

in earthworks because of their water- and frost sensitivity. Soil classifications for identifying frost 

susceptible soils usually reflect susceptibility to softening on thaw as well as to heaving. There is a wide 

diversity in frost susceptibility determination methods; from county to another. Chamberlain (1981) has 

explained that the degree of frost susceptibility is based on two hydraulic properties of the soil: 

Permeability (the soils ability to transmit the water through the voids) and Capillarity (the soils ability 

to pull moisture by capillarity force), see figure 6.

Figure 6. The relationship between frost susceptibility and hydraulic properties of the soil 

(Chamberlain, 1981)

Frost susceptibility of the soil is defined based on laboratory tests and is classified from very high to 

low susceptibility. Several institutes proposed different frost susceptibility classification based on 

UNIFIED FACILITIES CRITERIA (UFC) (Guymon, et al., 1993). The frost susceptibility criteria and

classification proposed by U.S Army Corps of Engineers is mentioned in tables 3 and 4. The criteria and 

classifications are based on soil types in terms of fine grains contents and plasticity index. 
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Table 3. U.S. Army Corps of Engineering frost design criteria from NFS (Non-frost susceptible) to F4 

(Very frost susceptible) (Chamberlain, 1981)

Table 4. Frost susceptibility based on U.S Army Corps of Engineers (Chamberlain, 1981)
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Most of the frost susceptibility classification systems are based on Particle Size Distribution (psd). Four 

categories of soil frost susceptibility have been introduced by Swedish frost susceptibility classification 

system. These four categories are “none frost susceptible soil”, “somewhat (slightly) frost susceptible

soil”, “moderately frost susceptible soil” and “highly frost susceptible soil”, see table 5.

Table 5. Swedish system for frost susceptibility classification (Vägverket, 2008)

Frost 
Susceptibility 

class
Description Example of 

soil 

1

None Frost susceptible soil: These are 
characterized by the fact that the frsot heave 
during the freezing period is usually 
insignificant. This class includes material 
type 2 and organic soil with organic content 
>20%.

Gravel, Sand, 
sandyGravel, 
gravelSand, 
peat, GrMn, 

Sa Mn 

2

Slightly Frost Susceptible: These are 
characterized by the fact that the frsot heave 
during the freezing period are small. This 
class includes material type 3B.

siltySand, 
siltyGravel, 

siSa Mn, siGr 
Mn

3

Modarately Frost Susceptible:  These are 
characterized by the fact that the frsot heave 
during the freezing period are moderate. 
This class includes material type 4A and B. 

Clay, ClMn, 
siMn, siS

4

Highly Frost Susceptible: These are 
characterized by the fact that the frsot heave 
during the freezing period are big. This class 
includes material type 5.

Slit, 
clayeySilt, 
siltyClay, 

siMn 

2.2.2 Effect of Freeze-Thaw Cycles
Chamberlain (1979) have observed the changes in permeability and structure of four fine-grained soils 

subjected to thawing. Graham and Au (1984) have concluded freeze-thaw cycling affects the properties 

of clays i.e. a strongly defined fissure structure in the clay. Viklander (1998) has presented the changes 

in soil behavior and micro structure due to freezing-thawing cycle. 

Pawluk (1988) documented particle movement in the soil subjected to freezing thawing cycle. 

Therefore, the soil structure will change and layers will be formed with different permeability. 

Chamberlain (1979) concluded freezing and thawing cycle causes significant structural changes in 

consolidated clay slurries which in turn cause large increases in vertical permeability and reduction in 

voids. Dyke and Egginton (1990) has concluded the hydraulic conductivity of a well graded soil 

containing about 30 % clay can be raised 3 or 4 orders of magnitude to about 10-2 cm/s by thawing ice 
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lenses. Viklander (1998) has concluded permeability in fine-grained soil, exposed to 10 cycles of 

freezing thawing is significant. Permeability in dense sample increases in the range of 1 to 11 while 

permeability in loose sample decreases between 1.5 to 50 times. In other words, loos sample gets denser 

after freezing-thawing cycle and dense sample get looser after freezing thawing cycle, see figure 7.

Figure 7. Void ratio versus number of freeze-thaw cycles in a loose and dense silty soil (Viklander, 

1998).

The results from freeze thaw cycle conducted by Li et.al (2012) confirm that repeated freeze-thaw leads 

to obvious decrease in deviator stress strength, cohesion, and the confining stress at which the stress-

strain curve shows a transition from the strain-softening to strain-hardening. Freeze-thaw reduces the 

UC strength, elastic modulus and failure strain of compacted fine-grained soil, indicating that freeze-

thaw has a significantly weakening effect on the compacted soils (Li et.al, 2012).

2.3 Consolidation
Consolidation theory may also be applied the frozen soil under thawing conditions. A stress increase 

caused by the construction of foundations or other loads compresses soil layers in form of elastic 

settlement or consolidations settlements.  In general, the soil settlement caused by loads may be divided 

into three broad categories (Knappett &Craig, 2012):

1. Elastic settlement (or immediate settlement), which is caused by the elastic deformation of dry soil 

and of moist and saturated soils without any change in the moisture content. Elastic settlement 

calculations generally are based on equations derived from the theory of elasticity.

2. Primary consolidation settlement, which is the result of a volume change in saturated cohesive soils 

because of expulsion of the water that occupies the void spaces.

3. Secondary consolidation settlement, which is observed in saturated cohesive soils and is the result of 

the plastic adjustment of soil fabrics. It is an additional form of compression that occurs at constant 

effective stress.
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When fine-grained soils freeze, ice in the form of ice lenses is accumulated in the soil, causing it to 

heave (Saarelainen, 1999). Consequently, the ice in the soil thaws during spring thaw period, the 

resulting water is liberated and drains out, causing further volume change in the soil. Due to thawing of 

the soil, there is "an excess pore pressure setup relative to the final independent pore pressure state" (Lee 

et al., 1983). Excess pore pressures are defined as "the amount by which the pore water pressure exceeds 

the equilibrium pore pressure" (USACE, 1995). Thus, when the ice in the soil thaws, excess pore 

pressures are generated due to subjected loading caused by the soils self-weight or a combination of 

self-weight and applied load (Konrad & Roy, 2000). The pore pressures will dissipate and the soil will 

consolidate until hydrostatic pore pressures are established in the soil element. Warming and thawing,

or thermal degradation, of fine-grained permafrost may possibly lead to thaw consolidation. This 

phenomenon can be described as a volume reduction or change in void ratio resulting in settlement of 

frozen soils that are rich in ice, during a thawing period.

The thaw consolidation for soil is a complex behavior due to a combination of mechanical, thermal and 

hydrological processes. Tsytovich  is the first researcher who performed thaw-consolidation tests almost 

80 years ago. Tsytovich and Sumgin (1937) published a Russian book entitled "Principles of frozen 

ground mechanics" where they presented the results of thaw-consolidation tests that were performed by 

Tsytovich (Andersland & Anderson, 1978). The tests were performed by means of simple oedometer 

enhanced with a heated loading cap to measure settlement in rapid thawing soils under different loading 

conditions. Tsytovich performed experimental tests and determined the following two facts (Smith, 

1972):

- Pore water pressures in a thawed soil dissipates according to the established Terzaghi 

consolidation theory;

- Just above the thaw boundary, the pore water pressures remain constant when the rate 

of thaw is proportional to the square root of time.

In 1971, Morgenstern and Nixon developed a thaw consolidation theory. Excess pore water pressures 

and settlements were calculated for two loading conditions: a weightless material and for a soil 

consolidating under its own weight. Through the years, the thaw-consolidation theory that was 

developed by Morgenstern and Nixon (1971) has been investigated. However, no researcher has verified 

the thaw-consolidation behavior for a case where the thawing soil is consolidated by its own weight. It 

is known that excess pore water pressures increase linearly with increasing depth. Ryden (1986) has 

shown pore water liberated at the thaw front will follow upwards when the negative pore pressure 

gradient is present. Thaw consolidation is highly complex due to the coupled mechanical, thermal and 

hydraulic processes occurring throughout the soil matrix. The rate of settlement and consolidation during 

thaw is dependent on the rate of excess pore water dissipation, therefore on the amount and distribution 

of ice in the soil (Banerjee & Datta, 1991; Luscher & Afifi-Sherif, 1973).
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The consolidation behavior of a soil depends on many factors, including the physical properties of the 

soil, moisture supply, amount and distribution of the ice in the soil, precipitation, load, etc. Almost all 

moisture located in permafrost occurs in the form of ice. Higher ice content in the soil will result in a 

higher amount of thaw consolidation, thus a greater amount of settlement. If thawing is occurring at a 

fast rate, the pore water may not drain as quickly as it is generated, thus causing excess pore water

pressures to build up within the soil (Morgenstern & Nixon, 1971).

This is often the case with silts and clays since they have low coefficients of permeability. Thaw 

consolidation of fine-grained soils may lead to an increase in the excess pore pressures as well as a 

decrease in the shear strength, bearing capacity and stability of the soil.

Thawing of an ice-segregated soil causes a reduction in void ratio, that’s why this process is referred to 

as thaw consolidation. Many engineering applications in permafrost regions require thaw consolidation 

theory for proper design, analysis and mitigation; therefore, it is imperative to verify its every detail. 

(eg. Nixon,1973; Wu & Tong, 1991; Harris et al., 2001; Williams & Smith, 1991).

Morgenstern and Nixon (1971) have introduced thaw consolidation theory. Using the theories of heat 

conduction and of soil consolidation, equations were formulated to determine the consolidation behavior 

of thawing soils, including the excess pore pressures in a thawing soil and a settlement ratio. A one-

dimensional configuration was considered in Morgenstern and Nixon's theory, as shown in Figure 8.

The frozen soil is subjected to an increase in temperature at the soil surface, thus the temperature of the 

frozen ground is lower than the temperature at the surface of the soil.

The position of the thaw front at a certain time during the course of thawing is described by the Neumann 

solution:

Figure 8. One dimensional thaw consolidation (Morgenstern & Nixon, 1971)
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( ) = (1)

Where 

X= Thaw depth front

t=time

Boundary conditions were also defined. Initially, the time is zero and the distance to the thaw plane from 

the soil surface is zero. Also, the upper surface of the soil mass is assumed to be free-draining, therefore 

pore water pressures are zero during thawing at the soil surface. Furthermore, if the applied stress does 

not vary with time, the classical Terzaghi consolidation equation for saturated compressible soils is 

given as:

= (2)

where:

Cv=coefificient of consolidation

U=excess pore pressure

X=thaw depth front

Based on basic soil mechanics equations and the boundary conditions following analytical solution is 

derived:

( , ) =
( )

+ (3)

where: 

P0=load applied to surface 

R=thaw consolidation ratio

erf()= error function
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Thaw consolidation factor, R, is dimensionless and can be determined by following expression:

= = (4)

Where:

t: is time 

X: thaw depth. 

cv: draining characteristics (coefficient of consolidation)

Morgenstem and Nixon (1971) have proposed following equations and they assumed extreme load 

conditions. One of the equation represents the solution when the material is weightless and the other one 

is the solution when the soil is consolidated under its own weight.

When Wr=0

( , )
=

( )

( )

(5)

When Wr=

( , )
= (6)

From these equations, Morgenstem and Nixon (1971) indicated that the excess pore pressures and the 

degree of consolidation in thawing soils depend primarily on the thaw-consolidation ratio, R. This 

parameter is a relation between the rate of thaw and the rate of consolidation of a thawing soil. In their 

approach, Morgenstem and Nixon (1971) found that the excess pore pressure distribution is linear for a 

given consolidation ratio for the case where the soil is consolidated by the weight of the soil alone.
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Figure 9. Normalized pore pressure (Morgenstern & Nixon, 1971)

2.4 Engineering problems related to thaw weakening
Roads including gravel and paved roads are the main concerns regarding thaw weakening. The poor 

performance of the roads is in the during spring thaw weakening causes temporary or permanent 

damage. Flexible pavement performance is significantly influenced by climatic conditions, especially 

in northern environments where freeze–thaw and abundant precipitations are common (Doré & Zubeck 

2009). Most of the thin flexible pavement structures in cold regions experience considerable seasonal 

variations in stiffness (Simonsen & Isacsson, 1999). Variation in degree of saturation during and after 

thawing has an effect on the properties of unbound granular materials and soils, such as resilient

modulus, resistance to permanent deformation, and shear strength (Witczak et al., 2000; Bilodeau et al.,

2014; Arnold et al., 2002; Bilodeau & Doré, 2012; Theyse, 2002; Uthus, 2007).

Pavement stiffness increases while frost penetrating and by the end of winter time the stiffness is at the 

maximum. In the beginning stage of thawing the pavement stiffness decreases to the minimum value. 

After spring thaw period is pavement stiffness recovery period and it increases to the original stiffness. 

Recovery times depends on drainage condition of the pavement. 

Reduction of resilient modulus between 50 to 60% happens in fine grained soil which undergoes thaw-

freezing effect on coarse soil still remains but its less (Simonsen & Isacsson , 1999)

2.5 Thawing behavior of frozen soil
Frozen ground contains ice in several forms, ranging from coatings on soil particles and individual ice 

inclusions to ice with soil inclusions. On thawing, the ice will disappear, and for existing overburden 

pressures the soil skeleton must now adapt itself to a new equilibrium void ratio. The resulting thaw 

settlement phenomenon is important to the design of frozen ground support systems, design of building 
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foundations and embankments on permafrost where thaw is permitted, design of buried pipelines, and 

road and highway design on seasonally and perennially frozen ground.

Volume change of thawing soil will result from both phase change (ice to water) and flow of excess 

water out of the soil. A saturated soil, at equilibrium under current overburden pressures and frozen 

under closed drainage conditions, will expand in volume an amount associated with the change of pore 

water to ice.

Figure 10. Typical void ratio versus pressure curve for frozen soil subjected to thawing (Andersland & 
Ladanyi, 2004)

Thawing at a slow rate allows generated water to flow out from the soil at the same rate as melting 

occurs. Excess pore pressures is not sustained, and settlement proceeds concurrently with thawing. For 

faster thawing rates, excess pore pressures is generated. Excess pore pressures will reduce shear 

strengths, creating potentially unstable foundation or slope conditions. Therefore, it is highlighted the 

engineer understands soil thaw behavior so that design can be modified and any undesirable stability 

problems can be avoided (Andersland & Ladanyi, 2004). Consider a mass of frozen soil subjected to a 

temperature increase at the ground surface with the thaw interface assumed to correspond with the 0 °C 

isotherm location. If the thaw interface is advancing into the soil according to some function X(t) and if 

water flow from the thawed soil is unimpeded, settlement with time will be controlled by the thaw plane 

location, see figure 8.

Since frozen soil does not transmit pore pressures or participate in any significant deformation, this thaw 

interface forms the lower boundary of interest in the consolidation problem. Movement of the thaw 
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interface with time means that consolidation of thawed soil above the interface is governed by a moving 

boundary condition. The thawed soil is subjected to self-weight loading or a combination of self-weight 

and applied surface loads. The compressible behavior of the soil skeleton is modeled by the Terzaghi 

consolidation theory. The same limitations inherent in this theory apply to thawing soils. The linear void 

ratio versus effective stress relationship may be grossly in error if the frozen soil contains ice in excess 

of the normal soil pore volume. For this case (excess ice content), the reader is referred to Nixon and 

Ladanyi (1978). The thawed soil is assumed to be saturated; hence estimated pore pressures may be high 

if an air phase is present.

2.6 Thawing in roads 
The factors affecting the development of thaw weakening can be divided into loading, environmental 

and design related factors as presented in Table 2.1. The design related factors are the local factors 

related to the location of the road and its surroundings that have an influence on frost action, on the 

amount of frost heave and on the dissipation of melting water. All of the factors presented in Table 6

have some effect on their own and combine with the others to jointly increase their influence. 

Maintenance measures and the bearing capacity of the road shoulders can also affect the degree of 

difficulty of spring thaw damage in addition to seasonal effects.

Table 6. The factors affecting thaw weakening (Saarenketo & Aho, 2005)

Spring thaw monitoring results identified four different time phases for spring thaw weakening with 

unique features requiring separate classifications. These occur in a chronological order and the need for 

load restrictions, for instance, in each phase is strongly dependent on the increase, or lack of it, in 

moisture content and stiffness of the road during the previous period (Saarenketo & Aho, 2005). The 4th

phase is the one four phases are:

1. The freeze-thaw cycles phase

2. The surface thaw weakening phase

3. The structural thaw weakening phase 

4. The subgrade thaw weakening phase
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A potential fifth category, with similar bearing capacity problems, could be the autumn heavy rain 

season, although during this season, freezing is not a factor in the weakening process. In Scotland, and 

in other countries with warmer climates, the main problem is not spring thaw weakening but the repeated 

freeze-thaw cycles that occur daily during the winter. In those areas the freeze-thaw cycles phase is 

usually the only phase present.

Saarenketo and Aho (2005), proposes a system of classifying spring thaw damage sites, and their causes, 

by means of topographical and subgrade conditions and damage descriptions. The criteria used are:

• Subgrade soil

• Topography of road and its surroundings

• Severity of damages

• Frequency of damages

Each class considered is sub-divided into three subclasses depending on the severity and frequency of 

the damages. The subclasses are:

2. Mild problems, where spring thaw problems are not severe and do not occur annually

3. Medium problems, where light or medium spring thaw problems are found almost every spring

4. Severe problems, where medium or severe structural spring thaw problems have been monitored 

annually

2.7 Methods for study of thawing in soil
2.7.1 Modelling studies
Modeling of thawing events based on air temperature have been done by Hicks et al. (1985). The model 

allows to predict the starting time of spring thaw period, the length of spring thaw period and the 

intensity of thawing. Saarelainen (2006) has estimated the start of thaw and the length of thaw were 

illustrated in the conditions of Northern Europe, Finland. 

Shoop et.al (2008) introduced a material model in three-dimensional finite element simulation of freeze-

thaw layered systems in order to study vehicle mobility on thawing soil, seasonal deterioration of 

unsurfaced roads, and pavement performance during freeze–thaw. 

Commercial finite element software like TEMP/W and Plaxis are available for freezing thawing 

modeling. TEMP/W can be used for geothermal analyses and design of geotechnical, civil, and mining 

engineering projects, including systems subjected to freezing and thawing temperature changes. Plaxis 

can be used for geothermal analysis, frost heave and thaw settlement simulation. The constitutive model 

has been developed by Amiri et. Al (2016) characterizes the mechanical behavior of frozen soils as a 

function of temperature, up to the unfrozen state and vice versa.  
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2.7.2 Laboratory studies
The standard proposed by American Society for Testing and Materials (ASTM-D5918-13, 2013) test 

apparatus is modified and modernized version of the testing apparatus used by Taber and Beskow (1929, 

1935). The ASTM-D5918-13 test apparatus is used for evaluating frost heave and thaw weakening as 

well as susceptibility of soils, has not been used widely by researchers or institutes worldwide. Though

ASTM-D5918-13 is the only real standard regarding frost actions in the soil. This laboratory test method 

covers the frost heave and thaw weakening susceptibilities of soil that is tested in the laboratory by 

comparing the heave rate and thawed bearing ratio with values in an established classification system. 

The test equipment suggested by ASTM-D5918-13 is shown in Figure 11.

Figure 11. ASTM-D5918-13 frost laboratory setup (2013) 

However, thanks to improved measurement techniques more detailed data can be collected in terms of 

quantity and quality. The parameters of interest are still temperature profile, frost heave and thaw 

settlement. Temperature profiles is measured by using inserted thermocouples into the sample within 

specific intervals. In order to monitor the frost heaving and thaw settlement, displacement transducer 

placed on the top of sample. There is possibility of adding loads to the sample as well in order to study 

the effects of overburden (mainly during thawing).

In order to classify the soil in terms of susceptibility, ASTM-D5918-13 proposes two freeze-thaw cycles 

must be completed. One complete test (including two freeze-thaw cycles) takes 5 days and bearing ratio 
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should be determined at the end of second freeze-thaw cycle. Bearing capacity is used for frost 

susceptibility classifications. Cylindrical specimen which is used for the test is 14.6 cm in diameter and 

15 cm in height. 3.5 kPa is applies on the sample top as a surcharge. The steady state phase started by 

applying 3oC at both ends and after 24 hours the specimen is at thermal equilibrium. The freezing starts 

in the second day by applying -3oC at the top of the sample while the temperature at the bottom is kept 

at 3oC. At this stage the specimen starts freezing meaning that frost depth is penetrating and specimen 

is heaving. After 8 hours the boundary conditions should change. The temperature at the top of the 

sample should be set to -12oC and the temperature at the bottom of the sample should be set to 0oC. 

There is no change in boundary conditions for 16 hours and first freezing cycle totals up to 24 hours. In 

order to start thawing process, the temperature at the sample should be set to 12oC and the temperature 

at the bottom of the sample should be set to 3oC. At this stage frozen is exposed to thawing for 16 hours. 

After 16 hours 3oC is applied to the sample top and the bottom is kept 3oC. There is no change in 

boundary conditions for 8 hours and first thawing cycle totals up to 24 hours. Now the first freeze-thaw 

cycle is completed and the second one should be repeated similarly. The boundary temperature 

conditions are mentioned in table 7.

Table 7. Boundary temperature conditions (ASTM-D5918-13, 2013)  

Frost susceptibility classification is proposed by ASTM-5918-13 based on results from the experiments, 

see table 8.  The criteria will be updated with experience. The bearing ratio criteria should be used only 

as a guide; if the CBR test is used for design, it should be noted that the thaw CBR value occurs only 

for a few weeks per year (ASTM-5918-13, 2013). 
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Table 8. frost susceptibility classification (ASTM-5918-13, 2013)

The literature review shows that majority of the frost laboratory apparatus are based on the same 

principles (similar to ASTM-D5913).  They are all cylindrical in shape, mainly freezing from top, some 

have the possibility of overburden load and also accessibility to water. The difference between thermal 

gradients occurring in nature and those imposed in a laboratory setting are partly the result of restrictions 

on the sizes of specimens typically accommodated by laboratory frost heave devices. In other words, 

shorter specimens require smaller temperature differences between the heat source and heat sink in order 

to maintain a small thermal gradient. 

The devices of Henry, Jones, Konrad, Loch, and Penner test samples that are fully saturated before the 

starting the tests and maintain the sample saturated throughout the test by keeping a water table height

at the surface of the specimens. The Tampere University of Technology and the USACE test specimens 

that are initially saturated, but they are not configured to maintain saturation during the test. Instead, a 

source of free water is provided at the base of the specimen during the frost heave test. The remaining 

five devices do not require saturation of test specimens but simply allow the specimens a free water

source at the bottom during the testing period. The frost heave apparatus of Hermansson (2004) is 

specifically designed to enable testing at different water table heights. An adjustable water table 

facilitates testing of specimens in both saturated and unsaturated conditions and therefore offers greater 

utility in simulating various environmental conditions occur in nature.

Guthrie, Jones, Penner, the Tampere University of Technology, and Yong used no overburden pressure 

during testing. Some frost heave devices allowed for variable surcharges to be applied, with possible 

pressures ranging from 1 kPa (0.15 psi) to 62.5 kPa (9.06 psi). In all cases where overburden loads were 

applied, metal plates were used to produce the desired pressure. Overburden surcharge has significant 

effect during thawing process. The duration of freezing and thawing tests varies from one apparatus to 

another. For example, Brandl (1980) has conducted the tests for 7 and 2 days for freezing and thawing 

respectively. Sheife et al. (1977) conducted tests for 3 days for each freezing and thawing period. 

Literature review of some frost test apparatuses are mentioned in table 9.
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Table 9. Examples of frost laboratory apparatuses 

Taber Brandl Brandl Jessberger 
& Heitzer Kaplar Sherif et 

al. 
Penner & 

Uedo

Year 1930 1970 1980 1973 1974 1977 1977

System  (Open/close) open open open open open open 

Sample diameter (cm) 8.4 30 12.5 14.75 14.3 12 10.2

Sample height (cm) 16 50 15 12.5 15.2 30 10.2

Insulation (one dimentional 
heat flow) yes yes yes yes yes no yes 

Material type all gravels all all < 5cm all fine-grained 

Compaction method Proctor modified 
Proctor Proctor vibratory 

hammer Proctor consolidated 
slurries 

Disturbed /undisturbed 
sample disturbed disturbed disturbed undisturbed disturbed disturbed 

saturation /method soaking soaking soaking vacuum soaking vacuum 
Direction of 
Freezing/Thawing from top from top from top from top from top from bottom  

Cold Temperature for 
Freezing (oC) -17 -24 -15 -18 variable variable variable

Top temperature for 
Thawing (oC) 20 20 18 variable variable variable

Warm Temperature (oC) 3 4 4 2 to 6 3.5 4 variable

Temperature gradient for 
freezing   (oC/cm) 1.25 0.56 1.3 1.6-1.92 variable variable variable

Number of Freeze-thaw 
cycles 11 2 to 4 7 1 3 1

Duration of Freezing 10 days 7 days 
24 hours 12 to 24 

hours 
3 days 

3-4 days 
Duration of Thaw 10 days 2 days 3 days 

Ryden (1986) has conducted thawing test on CBT-oedometer in order to determine coefficient of thaw 

consolidation, see figure 12. The CBT-oedometer was supplied with LVDT (linear variable differential 

transformer), 11 pore pressure transducers within soil body and 11 thermocouples in order to determine 

the position of thaw front. He has prepared a sample of 50 mm high and 46 mm in dimeter and placed

it in a -22oC cold chamber for a day. The extended volume of the sample due to freezing was cut off and 

the sample was pushed into the CBT-oedometer. After mounting and steady stead stage; the warm 

temperature was applied from the top while bottom is maintained at freezing temperature. However, he 

didn’t study freezing thawing cycle test and secondary heave (segregationally heave) is not taken into 

account in his experiment.
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Figure 12. Ryden (1986) CBT oedometer for thawing tests

Eigenbrod et al. (1991) has carried out freezing thawing test with unidirectional freezing test apparatus. 

He has conducted the test on sample with 46 mm in diameter and 70 mm in height, see figure 13. The 

freezing was applied from bottom to top in order to minimize the side friction similar to Konrad and 

Morgenstern (1982). During thawing test, he kept the bottom cap at -2oC and initiated thawing by 

applying +10oC at the surface of the sample. He measured the pore pressure during freezing thawing 

cycle as well as vertical displacement and temperature within soil body.
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Figure 13. Freezing thawing test apparatus facilitated with pore water pressure transducers, 

thermocouples, LVDT (linear vertical displacement transducer) (Eigenbrod et al., 1991)

2.7.3 Field investigation on thawing road
Regarding frost actions, installing thermocouples in order to determine frost depth and thawing period, 

monitoring the heave and the settlement and installing pore pressure transducers are the common field 

investigations.  However, field investigations are more time consuming therefore for one set of data one 

needs to wait for a winter and spring thaw while in laboratory scale it is possible to simulate 100s of 

freezing-thawing cycles in a year.

A semi-mechanistic-empirical analysis procedure was developed in South Africa which makes use of 

deflection bowl descriptors or parameters of the deflection bowls as measured with the falling weight 

Deflectometer (FWD) (Horak, 2007). The FWD is a tool used to achieve rapid and repeatable in-situ 

characterization of the pavement layer stiffness. FWD raw data is used to determine surface modulus, 

stiffness variation within depth, approximation of pavement strain, bearing capacity index and area-

parameter. FWD is a tool used to achieve rapid and repeatable in-situ characterization of the pavement 

layer stiffness. Many pavement engineers rely on falling weight deflectometer (FWD) technology. FWD 

thump the pavement and record information related to its structural integrity. FWD is often preferred 

over destructive methods of testing because it is much faster than destructive tests and do not entail the 

removal of pavement materials. In addition, the testing apparatus is easily transportable as a trailer or 
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vehicle-mounted (Belt et al., 2006). Decreasing in stiffness during spring time can be used to capture 

thaw weakening event.  

The FWD applies dynamic loads to a pavement surface, simulating the magnitude and duration of a 

single heavy moving wheel load. The FWD loading system delivers a transient impulse load to the 

pavement surface. The pavement response (vertical deformation or deflection) at various distances from 

the loading plate are measured by a series (usually seven) of geophone sensors. The deflection sensors 

can be adjusted to variable distances from the load plate according to user’s requirement. According to 

Chen et al. (2008), Pavement layer thickness, layer material types, material quality, subgrade support, 

environmental factors, pavement discontinuities and variability within the pavement structure are the 

major factors affecting pavement deflection when FWD is applied.

The typical spacing in pavement design and structural evaluation distance from load cell for the first to 

the 7th geophones are 0, 200, 300, 450, 600, 900 and 1200 mm respectively.  The load in this study is 

between 30 kN to 50 kN. The FWD trailer used in this study, see left picture in figure 2. Schematic 

diagram of falling weight defloctometer are shown in the figure 2 as well (Chen et al, 2008).

Figure 14. FWD unit (left) and schematic of FWD load and deflection measurement (right)

The Dynamic Cone Penetrometer (DCP), since being introduced by Scala 1956 has been utilized for 

estimating the stiffness of soils (Al-Rafeai and Al-Suhaibani,  1996). The DCP, also known as the Scala 

penetrometer, was developed in 1956 in South Africa as an in situ pavement evaluation technique for 

evaluating pavement layer stiffness (Amini, 2003).  DCP is a destructive method using to identify 

weaker layers by means of penetration resistance. According to Siekmeier et al. (1998) The DCP has 

also been recommended as a subgrade evaluation tool.

The Dynamic Cone Penetrometer (DCP) uses an 8 kg hammer dropping through a height of 575mm and 

a cone having a maximum diameter of 20 mm (Siekmeier et al., 1998).  After assembly, the first task is 
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to record the zero reading of the instrument. This is done by standing the DCP on a hard surface, such 

as concrete or asphalt. In this study an operator adjusting the cone tip by dropping the hammer until the 

widest part of the cone is just below the testing surface and make sure it is vertical. The DCP needs three 

operators, one to hold the instrument, one to raise and drop the weight and to record the readings. The 

instrument is held vertical and the weight rose to the handle. Care should be taken to ensure that the 

weight is touching the handle, but not lifting the instrument, before it is allowed to drop. The operator 

must let it fall freely and not partially lower it with his hands. It is recommended that a reading should 

be taken at increments of penetration of about l0 mm. However, it is usually easier to take a reading 

after a set number of blows. It is therefore necessary to change the number of blows between readings, 

according to the stiffness of the layer being penetrated. Readings every 5 or 10 blows are usually 

satisfactory but for weaker/ thawed layers readings every 1 or 2 blows may be appropriate. There is no 

disadvantage in taking too many readings. So, all effort has been applied not to take readings too 

infrequently.  This is because weak spots may be missed and it will be more difficult to identify layer 

boundaries accurately, hence important information will be lost. 
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3 Chapter 3: Frost Laboratory Setup
Literature review shows big variety in sample simple size, freezing-thawing direction and thermal 

gradient. Freezing thawing apparatus at LTU is similar to the design of freezing thawing at University 

of Oulu. Following reasons are highlighted for similar design to the freezing-thawing apparatus at 

university of Oulu:

Possible with comparative testing (running two test simultaneously and same boundary 

conditions)

Possible to run the test for both disturbed and undisturbed samples

Possible to modify the apparatus for higher sample and slightly larger in diameter as well

Possible to modify to conduct thawing test 

The details of the freezing test equipment at Luleå University of Technology are illustrated in figure

15. Samples are getting prepared by hand compacted or undisturbed sampling in a cylindrical 

transparent cell. The sample of up to 10 cm in height and 10 cm in diameter can be prepared in the 

cylindrical cell. Freezing and thawing tests are conducted one dimensionally which means the 

sample is exposed to cold and warm temperature through the top/bottom caps.  In order to keep heat 

flow fully one dimensional and prevent heat loss through the sample, think layer of insulation is 

insulated the sample. Thermocouples are penetrated up to 1 cm into the sample in order to keep 

track of temperature in the sample during freezing-thawing test and determining frost/thaw front 

position as well. Linear variable differential transformer (LVDT) is placed on sample top in order 

to record frost heaving and thaw settlement. The water container is connected to the bottom of the 

sample in order to make water intake potential.  The water level is at the bottom of the sample and 

water intake during freezing and drained water during/after thawing is measured by means of strain 

gauge load cell.  All the measurements including temperature, water intake, overburden load and 

frost heave/thaw settlement are recorded by data logger connected to the computer. Data logger is 

set to record measurements within specific time intervals e.g. every 5 minutes for freezing and every 

1 minute for thawing. The test apparatus is place in the cold chamber and during the experiment the 

surrounding temperature in the old chamber is maintained at constant temperature of +4oC.
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Figure 15. Overall design of freezing thawing apparatus at LTU (without thermocouples, LVDT and 

load frame) 

A fully detailed schematic of freezing-thawing apparatus at LTU is illustrated in Figure 16. Freezing 

temperature is applying from sample top through the top cap. The bottom cap is containing water in 

order to keep the water at the bottom of sample and constant temperature of 4oC which is also 

surrounding temperature. The temperature at top cap and bottom cap is provided by two Lauda cooling 

units which can supply temperature from -50oC to +200oC. Five thermocouples are penetrated into 

sample with 2 cm intervals at 1.5 cm, 3.5 cm, 5.5 cm, 75 cm and 95 cm from sample surface. Two more 

thermocouples are placed at the surface and bottom of the sample. The sample is covered by 7 cm of 

insulation in order to prevent heat losses during experiments. Access to the water is through bottom cap 

which can be controlled by valve connected to the water tank. The water level in the water tank is at the 

bottom of the sample in the beginning of freezing test. “INTAB 31000-usb PC-logger” is used in order 

to regular the data and record it in computer.
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Figure16. Schematic representation of the testing apparatus for frost studies at LTU (Dagli et al, 2018)

Friction between the top cap and cell during frost heave as well as friction between frozen soil and cell 

are against driving force of heaving and may be considered the source of underestimating of frost action 

in laboratory scale. In order to reduce the friction between the top cap and cell as well as the one between

the cell and frozen soil, the manufactured apparatus allows the cell to move upwards while the soil 

freezes. As a result, the frozen soil and the top cap do not move against the cell during freezing test, see 

figure 17.

Figure 17. upward movement of cell during freezing test- before freezing test (left hand side) during 

freezing (right hand side)
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Two samples are prepared similarly and placed in the cold chamber and connecting thermocouples, 

LVDTs and strain gauges connecting to Data logger.  The cold chamber of frost laboratory is shown in 

figure 18.

Figure 18. The freezing-thawing apparatus including two samples, LVDTs, water tanks placed in cold 

chamber and cooling units during a freezing test

3.1 Modification of the test setup for image analyses
Development in measuring technology, freezing-thawing apparatus design have been developed within 

past decades. It is easier and more accurate to get to know more about frost action in the soil by means 

of devices like thermocouples, LVDT, pore pressure transducers and so on. Frost susceptibility 

evaluation is the main purpose of most freezing-thawing laboratory apparatuses. Literature review 

shows the majority of the freezing-thawing apparatuses (i.e. Ryden, 1986; Brandl, 2008). There are 

limitations in observation of the physical process during freezing-thawing test is due to insulation or/and 

design of apparatuses. Consequently, physical changes during tests such as water intake, ice forming, 

thawing ice layer and drainage are not visible. If there are any interests to check either of them the test 

is disturbed or destroyed. Since the cell of apparatus is transparent monitoring the specimen during 

freezing-thawing progress is done by minor modifications in setup. It is important to get the idea of ice 

forming during freezing and ice melting during thawing tests as well as heaving and thaw settlements.  
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The transparent plexiglass cell in freezing-thawing apparatus is the opportunity to monitor the sample 

during freezing and thawing test but still the thick insulations around the sample is a problem. The 

insulation cannot be removed during experiments since makes a high disturbance on the test. At the plan 

is taking picture of the sample during freezing and thawing tests at the same time the reading from 

thermocouples and LVDT are recording. A camera (Canon EOS 550D equipped with Canon zoom lens 

EF-S 18-55 mm) is used for this test. In order to monitor the full-length of the sample during the freezing 

and thawing tests an opening (7x15 cm) is created for one of the samples.  Three set of chain LED light 

sources with negligible heat generation is placed around the opening in order to provide enough light. 

The camera is placed about 20-25 cm in front of opening and set to take picture with specific time 

intervals. 

Schematic modification and view of the top of the insulation as well as the camera position and opening 

are presented in figure 19.

Figure 19. Modification of one of the test cells for the experiments to be recorded by a camera.
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3.2 Test procedure 
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 and thawing tests. The particle

size distribution of the soil is given in figure 20. The main intention of using the soil which is 

characterized by the particle size distribution curve in figure 20 was to conduct freezing-thawing 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 t/m3. 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 

d=1.6 t/m3.

Figure 20. Sandy silt sample for freezing thawing experiment 

The specimen should be prepared and compacted to a desired degree of compaction. In order to prepare 

a better uniform specimen in terms of density and fine particles, compaction will be done within five 

layers. Prior to compaction a desired amount of water will be added to the soil. If the aim is to conduct 

a freezing test on a saturated specimen, after placing the cell on the bottom cap, a membrane will be 

wrapped around the cell in order to, first and foremost, keep the moisture in the specimen, and secondly 

fill the gap between the cell and the edge of the bottom cap, while the water level is kept at the level of 
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the specimen surface. There is also a possibility to run the test on undisturbed samples. 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 is inserted gently to 6.5 mm as is recommended by ASTM D5918-13. After putting 

all parts together and connecting it to the cooling units, thermocouples, LVDT, pore pressure 

transducers and load cell will be connected to the data logger.

After inserting and sealing thermocouples, the sample was placed in the apparatus including porous 

stone and filter paper. In order to help workability of compaction water will be added to sample up 

to 10%. The properties of prepared sample are mentioned in table 10.

Table 10. sample and soil properties 

Spesific 
Gravity 

(Gs)

Porosity 
(n)

Water 
Content d) Maximum Dry 

dMax)
Cu Cc

2.67 0.4 10% 1.6 t/m3 2.0 t/m3 2.63 0.8

After putting the cells in the apparatus, top cap is placed carefully including the clamp which prevents 

moving the top cap during freezing test. Prior to adding insulation, all thermocouples, LVDT and strain 

gauges will be connected to data logger. Data loggers were usually set to record data within five minutes 

intervals during freezing test and one minute during thawing test. 

In order to create steady state of the test, when everything is placed in the cold chamber, both cooling 

units were set to +4 oC. Surrounding temperature is maintained at +4 oC in the cold chamber. Freezing 

temperature is not applied before making sure the entire sample is at the constant temperature which 

means the whole sample had reached +4 oC. In order to capture better pictures, saturating the samples 

is skipped for this test. For ordinary freezing-thawing tests which is not a case for the presented 

experiments in this paper, samples should be saturated prior to steady state. In order to saturate sample, 

the valves should be maintained opened while the water level is at the surface of the sample. Capillarity 

of the soil is the driving force of water to the sample. After saturation, water level will be maintained at 

level of the bottom of sample during experiments. 

As soon as thermocouples shows steady states, it is the time to start freezing test. The top cooling unit 

is set to -5 oC which provided roughly -4 oC at the top cap (surface of the sample). Bottom cap and 

surrounding temperature were maintained constant during both freezing and thawing tests. In order to 

not disturb surrounding temperature during freezing-thawing tests the door of chamber is maintained 
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locked. In order to create thick ice lenses during freezing test, valves were opened right before applying 

freezing temperature. In this set up the attempt is keeping water at the level of the bottom of sample 

which means access to water during freezing test. 

As soon as the freezing temperature is applied the first thermocouple dropped dramatically. It took few 

days to week for all thermocouples to reach thermal equilibrium which means no more frost penetration. 

Meanwhile, vertical displacement is recorded by LVDT’s as well.
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4 Chapter 4: Result and Discussion 

4.1 Image analysis of thawing process 
Three different thawing tests have been conducted in this study. Table 11 summarizes the boundary 

conditions and initial freezing conditions at the beginning of the thawing tests. Test 1 had unlimited 

access to water during the freezing cycle and subjected by an overburden load of 18 kPa during the 

whole test. Test 2 had unlimited access to water during the freezing cycle but had no overburden load. 

Sample in test 2 was subjected to different freezing- and thawing gradients as well. Test 3 was conducted 

by a two-step freezing cycle.  The first freezing step was conducted with no access to an external water 

source. When thermal equilibrium was reached the second step started by providing access to water 

from below. The second step of the freezing cycle was ended when a new thermal equilibrium was 

established. The sample was subjected to an overburden of 18 kPa during the freezing and thawing 

cycles.

Table 11. Tests information and boundary conditions

Test Sample
Freezing 

conditions

Thermal 

gradient 

(freezing)

Sample 

height (mm) 

Sample 

height after 

heave (mm) 

Thaw time 

(h)

Max frost 

depth (mm) 

Overburden 

load during 

thawing 

(kPa)

1

Image 

analysis

Access to 

water
90 oC/m 102 122 28 70 18

Reference
Access to 

water
90 oC/m 103 147 28 85 18

2

Image 

analysis

Access to 

water

80 oC/m-

90 oC/m 
101 132 40 85 _

Reference
Access to 

water

80 oC/m-

90 oC/m 
102 148 40 85 _

3

Image 

analysis

Access to 

water after 

24 h

90 oC/m 103 117.5 60 70 18

Reference

Access to 

water after 

24 h

90 oC/m 102 143 60 75 18
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The tests have been evaluated by the readings of the thermocouples, LVDT-readings and image 

recordings during the thawing cycle. The frozen zone in the results is defined by the boundaries of the 

0 C-isotherm based on the thermal couple readings along the cylinder. Linear interpolation of the depth 

in between the thermocouples has been used to define the 0 C-isotherm position. The deformation is 

here defined as the portion of thaw settlements relative the heave of the sample during the freezing cycle. 

All figures of temperature and LVDT readings are set to starts at least one hour prior to the start of the 

thawing cycle, although the readings from very beginning of the test are eliminated in some figures.

4.1.1 Test 1
The freezing cycle was conducted for five days to ensure that the sample was in thermal equilibrium at 

the thermal gradient 90 oC/m. The resulting frost heave was more than 20 mm and the frost depth was 

70 mm relative to the original surface level of the sample. The thawing cycle was initiated by sudden 

raising the temperature from -5 C in the top cooling unit (providing temperature at the sample top) to 

+4oC. A static load of 18 kPa was applied on top of the sample for thawing test. In figure 21, the 

temperature progress during the thawing cycle is presented for the image analysis sample and in figure 

22 the fully insulated reference sample.

Figure21. Temperature profile in the sample from thermocouples readings in test 1 for the thawing 

cycle.
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Figure 22. Temperature reference sample (fully insulated sample)

In figure 23 the deformation and thaw progression by time is presented for the image analysis sample. 

As seen in figure 23 the thawing of sample was fast, the drop in settlement at around 3 h elapsed time 

took very short time and cannot be correlated to the temperature readings. The remaining frozen zone 

thawing is equivalent to the ice-lenses shown in figure 8.  

Figure 23. Frozen zone and thaw settlement progression in test 1. The frozen zone is defined between 

the upper and lower boundary of the 0 C-isotherm based on the thermocouple readings. The thaw strain 

is here defined as the portion of the total thaw settlement in the test.
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Figure 24. Thawing period for the image analysis sample, the blue area indicates the frozen area.

The image acquisition started when the thawing cycle begun. Several images have been selected to 

describe the thawing process. The first part of the thawing cycle is presented in figure 25. The image 

at time step 0 h shows the initial condition at the beginning of the thawing cycle. The location of 

segregated ice is visible in the left hand side image in figure 25. After four hours of thawing process, 

small changes in a frozen part are noticeable. The thaw depth is penetrating from the top and the heat 

flow mainly from the top starts to melt the ice lenses, figure 25 at time steps 4 h to 5 h and 10 min.

Figure 25. Selected images from the thawing cycle of the experiment covering elapsed time 0 h to 5 h 

and 10 min.
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At the lower thick ice lens, the melting water forms a slurry containing fine particles from the 

surrounding soil, see figure 25.  When the lowest ice lens melts, the trapped particles between the ice 

lens and the test cell surface get suspended in the melted water. After five hours of the thawing a track 

of mud between the thawing soil and unfrozen soil was formed. As the non-segregated ice in the soil 

sample thaws the degree of saturation increases in the thawed zone. During this process, redistribution 

of the grains can be observed, see figure 25 at time five hours. The released water from thick ice lens 

intents to move upwards. As the ice continuously melts the additional water migrates to the trapped 

persistent water, see figure 26 at time 6h.

Figure 26. Selected images from the thawing cycle of the experiment covering elapsed time 6 h to 9 h.

At time 6 h no water flow within the soil body can be determined by the images. The progressive 

images in figures 26 and 27 show the finer particles in the void sediments and as the free water gets 

clearer. It is likely that fine particles migrate through the created path. It is also observed that the soil 

over the water crumbles into the clear water. It takes couple of hours for the trapped water to redistribute 

in the thawing soil. The amount of releasing water from the thick ice lens increases dramatically 

towards the end of the test. Even when the entire frozen soil has thawed, thawed soil crumbles into 

trapped water and settled. Therefore, trapped water migrates upwards after thawing as well. By the end 

of the test the excess water has moved to the surface. It is observed after 20 hours and lighter gray soil 

is the mudflow, see figure 27.  The selected images from last few hours show the upwards mudflow 

(in lighter grey color) and clear water is observed after 28 hours, see figure 28.
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Figure 27. Selected images from the thawing cycle of the experiment covering elapsed time 10 h to 21 

h 20 min.

Figure 28. Selected images from the thawing cycle of the experiment covering elapsed time 21 h 40 min 

to 28 h.

4.1.2 Test 2
Test 2 was conducted in two steps during the freezing test. After a steady state at +4 oC, temperature 

was decreased to -4 oC at cooling unit in order to maintain a constant temperature gradient through the 

sample. Due to the problem in the controller system of the cold chamber, the surrounding temperature 

dropped to -1 oC, see the first image from left hand side in figure 29. Surrounding temperature has been 

increasing to +8 oC in one day, see the 4th image from left hand side in figure 29. As a result, two ice 

lenses was formed, see second image from left hand side in figure 29 which tends to thaw after 8 hours 

of increment from -1 oC, see the third image from left hand side in figure 29. The surrounding 

temperature got unstable after 12 hours again and increased to +16 oC.  Additional frozen layer and 

thawing from bottom in the frozen soil, was due to the heat flow through the opening of the insulation 

for the image analysis sample when temperature in cold chamber was not stable, see figure 31.

Therefore, the frost front penetrated deeper in this sample compared to the reference sample. A convex 

ice lens was formed because of the heat extraction through the opening when the surrounding 

temperature dropped to -1oC, see second image from left hand side in figures 29.
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The frost heave was 32 mm for the image analysis sample and 46 mm for the reference sample. The 

following documentation includes the thawing phase after a constant temperature gradient was reached 

again. In figure 32, the temperature progress during the thawing cycle is presented for the image 

analysis sample and in figure 33 the fully insulated reference sample.

Figure 29. Thawing through the bottom due the increasing surrounding temperature of sample.

Figure 30. Thawing at very fast rate which causes sample fully thawed in 5 hours.

Figure 31. Temperature boundary conditions in test 2 for the image analysis and surrounding 

temperature fluctuating during test. 

0’ 11 h 19 h 20’ 28 h 5’ 43h 45’ 

43h 55’ 44h 50’ 46h 30’ 48h 40’ 65 h 55h 45’ 
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Figure 32. Temperature profile of image analysis sample.

Figure 33. Temperatures reference sample (fully insulated).

The frost depth at the beginning of the thaw cycle for both image analysis sample and reference 

sample are similar despite the difference in frost heave during the freezing cycle. The thawing period 

is shorter for the reference sample, probably due to the additional heat extraction through the opening 

of the insulation in the image analysis sample. The development of deformation was low during the 

thawing phase. If a longer time perspective is considered, see figure 34, the majority of the thaw 

settlements occurs rapidly after 25 h of thawing.
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Figure 34.  Compare LVDT, reference sample vs image analysis sample.

Although the top cap temperature was maintained constant, thawing has started due to the heat flow 

into the sample through the opening as soon as surrounding temperature increased. Hence thaw front 

is penetrating from underneath layers. Since the top cap still provides freezing temperature, the 

sample reaches to thermal equilibrium again and the thawing process stopped. Thawing from the 

bottom of frozen soil is shown in figure 29.  After 30 hours the whole system including cooling units 

were shut down in order to conduct thawing process in a very fast rate (the whole system is exposed 

to room temperature), see figure 30. No overburden load has been applied during thawing test and 

since the weight of the top cap is neglected, this test was considered with no overburden load. In

figure 30 released water is trapped where the ice lens used to be and the water moved upwards as it 

was observed in test 1. Since the freezing test is conducted in two steps and for a longer period of 

time, the amount of liberated water was more than in test 1 due to deeper frost penetration. The main 

portion of the thawing occurred after shutting down the entire system which causes around 20oC in 

the sample and it took 12 hours out of 45 hours thawing period. 

4.1.3 Test 3

Test 3 was conducted without access water in the beginning of the freezing test for a day. The heave 

during the period of no access to the water was negligible (less than 3 mm) because of the low water 

content. After the sample had access to water the frost heave for the image analysis sample was 14.5 

mm and the reference sample 41 mm. In figure 35, the temperature progress during the thawing cycle 

is presented for the image analysis sample and in figure 36 the fully insulated reference sample. 

When the valve is opened, water at +4oC get into sample and due to the capillarity reaches to the 
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frost front. Heat extraction from +4oC water thaws frozen area and ice lens formation initiates, see 

figure 41.

Figure 35. Temperature profile in the sample for image analysis from thermocouples in test 3 from the 

start of the thawing phase and forward.

Figure 36. Temperature profile in reference sample (fully insulated) from thermocouples in test 3 from 

the start of the thawing phase and forward.

The thaw and deformation progress are presented in figure 37for the image analysis sample and in 

figure 38 for the reference sample. The frost depth for the reference sample is deeper compared to 

the image analysis sample at the beginning of the thaw cycle. The thawing period is shorter for the 

reference sample but frozen zones are noticed in the profile after the sample has thawed. Observed 

frozen zone after thawing was probably due to upwards migrating melting water at 0oC in the sample. 

The temperature profiles presented in figure 39 shows the temperature along the sample and has a 

strong agreement with the observed frozen zones in figure 38. The major part of the thaw settlements 
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developed during the thawing phase for the image analysis sample but only a 20 % of the deformation 

was developed in the reference sample. Frost heave is included in height for deformation calculation. 

If a longer time perspective is considered, see figure 40, the thaw settlements continuous in the

reference sample in a constant slow rate in a completely unfrozen sample showing the effect of 

consolidation. The frost heave in the reference samples are approximately twice as large as for the 

image analysis samples. It is an effect of insulation.

Figure 37. Frozen zone and   thaw settlement for image analysis sample in test 3.

Figure 38. Frozen zone and thaw settlement reference sample (fully insulated) in test 3.
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Figure 39. Temperature profiles at time 6, 8, 10 12 and 14 h elapsed time in the thawing test for the 

reference sample in test3. The temperature profiles indicate a migration of cold water upwards in the 

soil sample as the temperature drops closer to the surface despite the increase in surface temperature.

Figure 40. Comparison of settlements between the image analysis sample and the reference sample 

(fully insulated).
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Figure 41.  Position of 0oC isotherms due to access to 4oC water, level of water before and after a day. 

Figure 42. Test progress pictures from the beginning of the test to end.

In order to have better understanding of the progress, ice lenses are illustrated in figure 43. It shows 

how the ice lenses turned to water in a day and moisture redistribution in thawed soil. Light grey 

area is the ice formation in the beginning of test 3 and dark grey area shows the formation of ice 

lenses after a day of thawing in schematic image.
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Figure 43. Thawing of the ice lens in Test 3. Light grey areas indicates the position of the ice lenses at 

the beginning of the thaw cycle (time = 0 d) and dark grey the ice lens positions after one day (t = 1 d) 

in the thawing cycle.

4.1.4 Analysis of thawing observations 

The frost heave in the reference samples are approximately twice as large as for the image analysis 

samples. It is an effect of the opening for image analysis. The deeper frost depth penetration results 

in thicker ice lenses (more heave) since the ice lens formation occurs closer to the water source at 

the bottom of test equipment. The thaw deformations are larger for the image analysis samples. The 

thaw deformation begins earlier for the image analysis samples due to the opening in the insulation 

around the cylinder. The reference samples in test 1 and 2 shows similar frost depths and heave while 

the image analysis samples have different frost depth penetration and total frost heave. In all three 

tests, results from reference samples show the same trend comparing to those from image analysis 

samples. However, the amount of settlement between reference samples and image analysis sample 

differs. Thawing of frozen soil including ice lenses is faster in reference samples, see figures 37 and 

38. Discontinuous area in figures 37 and 38 (between 10 to 15 hours) is believed to be due to the 

detection of 0oC water. 

It is expected that water drains downwards in the soil due to the basic law of gravity. Although it is 

observed that downwards drainage exists, the majority of the water migration is upwards. As it is 

seen in figures 25, 26, 27 and 28 from test 1 and explained in results, released water from ice lenses 

was mixing with the fine particles from the top and sediment at the bottom of the voids generated by 

ice lenses.

Test 3 was conducted without access water in the beginning of the freezing test for a day. Both 

reference sample and image analysis sample had 10% of water content when they were subjected to 

freezing temperature.  The heave during the period of no access to the water was negligible (less 
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than 3 mm) because of the low water content. Frost heave up to this moment was due to expansion 

of phase changing of in-situ water to ice.  Since the water content was only 10% in the soil, the 

expansion (frost heave) was very small comparing to the sample with access to the external water 

i.e. tests 1 and 2. After a day the water was accessed in the system and water migration to the frost 

depth, was observed. Water migrations was due to both capillarity and suction in the freezing soil. 

The water was sucked into the frost front and changes the color within the soil has been observed.

The change of color in the sample proved the water migrations in the soil. Soil is relatively darker 

when the water content is higher. 

Since the temperature in the water intake was +4 C, thermal conditions changed when it reached to 

the frost front. Therefore, frost front moved upwards and thawed the frozen part, while the water 

simultaneously was sucked into the newly thawed part. This will be continuing to new thermal 

equilibrium and then frost penetrating downwards again.  Figure 42 shows the changes within the 

sample after a day showing the growing ice lenses as well as movement of 0oC isotherm line. As 

long as the heat extraction through the top cap is able to penetrate the frost depth in the sample again 

and be able to freeze newly sucked water, the frost front will continue to move upwards. 

At the latest stage of freezing test, three different zones can be identified prior to the thawing test. 

The first picture to the left in figure 43 water level shows these three zones. The first upper zone has 

the brightest soil which is a frozen part before water migration into sample and shows the heat 

released from water access to the sample could not thaw it. The second zone’s soil is a bit darker 

than the first zone and it was frozen before access to water. The water thawed the second zone and 

froze again after heat extraction through the top cap. Higher water content in the second zone 

compared to the first zone makes the soil darker before and after freezing. The third zone is the rest 

of the sample which was not frozen before access to the water and the soil froze as it did in test 1 

and 2. The soil is darker from zone 2 due to the higher water content. Ice lenses were created in the 

sample similar to test 1 and 2.

Prior to the thawing test, the frost depth penetrated to the depth of thermal equilibrium (70 mm). The 

warm temperature (+2oC) was applied through the top cap and thaw front penetrated downwards. 

Meanwhile thick ice lenses started thawing as well as it is explained in the process for test 1 and 2.

The main difference is thawing in zones 1 and 2. Thawing in zone 1 has no visual change and 

settlements. When thaw front reached to zone 2, due to more released water in the voids the water 

moved to the dryer parts in zone 1. This can be explained by capillarity in soil. It is because of the 

capillarity in soil, zones 1 and 2 have more of a uniform in color than zone 3. Zones 1 and 2 contain 

roughly the same water content after 2 days and 10 hours. When thaw front reaches to the zone 3, 

thawing in ice lenses sped up while releasing water. Zone 1 and 2 got darker by time which means 

released water filled the voids in zone 1 and 2. This also means similar to test 1 and 2, the water 

migration traveled upward. The volume of water was more than the voids although the excess water 
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which trapped in the soil was not as it was in test 1 and 2. That is the reason that upward mudflow 

was not observed in test 3. 

4.2 Thawing in roads
A low volume road in Björsbyn, Luleå, Northern Sweden was selected for this study.  The tests were 

conducted in 100 m of the selected road. The location of the road (derived from google map) is shown 

in figure 47. 

Figure 47. Site location near Luleå, Northern Sweden (Google map)

Accumulated Thawing Index is calculated for the spring period (when DCP FWD tests are conducted) 

and plotted in figure 48.

The accumulated air temperature above the freezing relative a reference thawing temperature which 

known as Thawing Index (TI) (Edeskär & Fredriksson, 2016). Berglund et al. (2011) proposed equation 

7 for TI calculation.

= . (7)

Where; Tm is the average daily temperature, Tref 

step in the thawing period.

According to Hicks et al. (1985), the thawing index is accumulated over time in the thawing period. 
TIacc is calculated by equation 8. 

= ( 0.5 ) (8)
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Where; FI is freezing index and when Tm 0 the freezing index FI is calculated according to equation 
9.

= (0 ) (9)

The results and mean temperature are plotted in figure 48. Accordingly, third week of April is the 

beginning of thaw weakening evets. 

Figure 48. Accumulated thaw index and mean temperature

Three lines in transversal direction were selected to represent the proposed road section in order to 

conduct DCP tests.  The lines are named as A, B, and C and they are approximately 50meters apart from 

each other.  Test points were located on the lines and for each test point one set of data was collected. 

Along these lines, 8 holes (test points) in each line were prepared to remove the top 10 cm thick asphalt 

layer as the asphalt is not taken into the consideration.  5 holes were prepared before mid-April and 3 

more holes were prepared on May 12th in order to carry on conducting DCP tests towards the end of 

thawing period. These points are nearly 1m apart from each other as it is shown, see figure 49. However, 

the tests were closer to the right edge of the road when it is seen towards south east.
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Figure 49. Test line at A (Left) and DCP testing and points on line B (right)

Description and position of the test lines and test points are illustrated in figures 50 and 51.

Figure 50. Plan view of DCP test  lines

Figure 51. Section view of DCP test lines
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FWD test was carried out in the selected section of Björsbyn road. The operator drove the car towing 

FWD, stopped every five meters in order to conduct the test for four different leadings (two loads around 

30 kN and two loads around 50 kN). Since he drove both side of the road each day, he collected two set 

of data for each section, see figure 52.

Figure 52. Plan view of FWD D test lines in (in blue and red) and position of DCP test lines (A, B and 

C)

The calculated DCP Index for each section within spring time are presented in figure 53. Sections A and 

B have similar trend. Although section B has lower stiffness in first test compare to second, the stiffness 

decreases from 3rd day. Decreasing in stiffness in section C starts at the same day as section B although 

in the beginning test stiffness increases.   

Figure 53. DCP Index during spring in Björsbyn road
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Stiffness modulus of the superstructure is backcalculated FWD data for the same sections DCP test is 

conducted and plotted in figure 54.

Figure 53. Stiffness modulus in Björsbyn road derived from FWD data 

Based on DCP test results, DCP Index increases from second week of May in all test sections. Increasing 

in DCP Index shows decreasing in stiffness and an indicator of thaw weakening in the pavement. That 

is a trend for all three sections although at some test points DCP Index is lower than the previous test. 

According to weather data mid-April would be consider as the beginning of thawing event, see figure 

48. According to decrement in surface modulus from mid-April, thaw weakening is captured since then,

see figure 54. The thawing process can be observed first mainly by the FWD test showing lower 

modulus and from end of April the FWD tests show an almost constant result till end of May, see figure 

53. This might be due to the fact that thawing soil is fully saturated after melting segregated ice lenses.  

If thawing soil is loaded by a dynamic vertical load this would result in an undrained situation where 

water will carry the short term pressure applied by the test. Taking the DCP data we see an increase in 

starting almost at the time (with potentially slight delay) when the FWD stays constant. This again would 

relate to fully saturation and potential upwards drainage of the excess water.  DCP Index increases from 

second week of May in all test sections. According to FWD data in section B and C, the stiffness 

modulus increases by the end of May which can be indicating that liberated water from ice lenses is 

draining. 
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Figure 54. Surface modulus during thaw weakening period

Since the DCP Index indicates the stiffness it is used to find the weaker layer. The stiffness of the layer 

which thaw weakening takes place at is lower than other layers. If the DCP index increases at certain 

depth, it would be due the thawing process (thawing soil and liberating water) in the layer. Figures 55

and 56 are showing at which depth the soil is thawing for 2 different days. Vertical dash line in the 

figures 55 and 56, is indicator of increasing in DCP Index and horizontal dash lines indicates subbase 

(300 mm) and the layer which thaw weakening takes place. Although the DCP Index in subgrade is 

higher than DCP Index in subbase, it is way higher (up to 6 times).

Figure 55. Thaw weakening in depth 400 mm to 800 mm (April the 29th) 
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Figure 56. Thaw weakening in depth 400 mm to 800 mm (May the 7th)
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5 Conclusions, Remarks and Future Work

The main part of this study is the study of thawing mechanism by image analysis. Figure 57 shows 

an idealized scheme of the observations of laboratory results. At the beginning of the thawing cycle, 

A) in Figure 57 the sample profile consists by of a frozen zone from the top, segregates ice lenses 

and an unfrozen zone.

Figure 57. Idealized observed thawing process. The path A-B-C-D-E shows the behavior at saturated 

conditions and path A-B-C-F unsaturated conditions.

During the first stages of the thawing cycle, the thaw front migrates rapidly from top downwards 

until the thaw front reached the uppermost positioned ice lens, illustrated in Figure 57 B).

Simultaneously the frozen zone thaws from below in a similar way. At stage C) in figure 57 the ice 

starts to melt. During this process the thaw front remains stationary. Depending on the initial 

saturation conditions of the tests two different thaw progress schemes has been observed from this 

stage.  The samples that were saturated during freezing, test 1 and 2, follow the path D) and E) in 

Figure 57 and the initially unsaturated sample, test 3, follows path F) as the melted water can be 

absorbed by the soil body on top. 
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In the samples with fully access to the water (test 1 and 2), released water from the ice lenses exceeds 

the void volume, i.e. the thaw rate exceeded the drainage capacity. Leslie and Bengt (1965) reported 

the formation of separated water sheets during these conditions. The water forms as water bubble 

and mudflow towards the surface of the sample occurs as seen in e.g. Figure 57 (picture D and E). 

The driving force upwards is probably the suspension of the fine particles in the upper part of the 

bubble and in combination with sedimentation in the lower part. The suspended soil in the water 

bubble migrates upwards. The result is a re-distribution of fine particles in the soil, which is in line 

with other studies, e.g. Chamberlain and Gow (1975). 

During thawing process, liberated water dissolves fine particles in the soil matrix, see figures 26, 27,

28 and 30. The zones of free water and suspended solids are unstable and this results in loss of 

strength and stiffness. The response to an applied stress results in settlement and uneven soil surface. 

The arrival of the mudflow at the surface of the thawing soil has similar consequences as 

liquefaction.  

Based on results from tests 1 and 2 in part of thawed sample, soil behaved like a liquid. Therefore, 

observed phenomenon in tests 1 and 2 can be explained by means of soil liquefying. Comparison 

between three tests indicates that soil should be relatively saturated during thawing in order to 

observe thawed soil liquefaction or fluidization. In test 3 the volume of water filled the void in dryer 

parts therefore the amount of released water was not enough to be trapped as it is observed either in 

test 1 or 2.

In addition to degree of saturation during thawing (volume of ice lenses), the thaw front penetration 

rate has a high impact on the mudflow. The faster the thaw front penetration the higher the likely 

hood of soil liquefying. Test 2 was an example of the impact of the thawing rate. It was obvious that 

the volume of released water in test 2 was larger than those from tests 1 and 3. 

For the test where the initial freezing was conducted under unsaturated conditions (test 3) the void 

space is sufficient to absorb the released water from the thawing ice lenses. It indicates that thaw 

weakening is dependent on the saturation conditions, which is in-line with conclusions by e.g. 

Launonen et al. (1995) and Shoop et al. (2007).

According to results from field testing, even though no strong relationship is found between DCP 

Index and backcalculated stiffness modules by FWD data, which is partially due to the fact that a 

FWD test is not suitable in fully saturated or even oversaturated boundary conditions, the 

combination of both data provides an interesting in sight on the state of thawing. The start of thawing 

is captured more clearly by the FWD test till the top soil is most likely be fully saturated. The 

saturation is indicated by more or less constant results of the modulus derived by FWD but the 

softening in the thawing material is captured by the DCP index increased. Even though the 

measurement campaign has been ended end of May the latest readings of the FWD show a slight 
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increase in measured values (sections B and C) as well as the DCP index slightly decreases (section 

C). Both measurements indicate an increase in stiffness which might be related to drainage in both 

directions indicating a melted or permeable frozen layer.  DCP Index is found useful to estimate at 

which layer thaw weakening occurs.

Future Work

First part of this project was mainly focused on manufacturing frost laboratory in order to establish 

new freezing-thawing apparatus. One of the advantages of LTU apparatus is conducting full freezing 

test which produces ice lenses, prior to the thawing test. It was not the case for some researcher (e.g.

Ryden, 1986).

Several freezing-thawing tests are conducted successfully and regarding thawing in soils, 

visualizations of thaw process are documented. For future work, collecting missing data couple with 

image analysis would give us better understanding of thawing process. Generated pore pressure 

along the thawing sample during thawing, especially where ice lenses are formed will be measured.

The cell will be equipped with pore pressure transducers at the same level as thermocouples. Pore 

pressure transduces model are 2MIX, Keller (5 bar with measuring amplifier model: 0.5Bar = 

0.10V). 

Effects on properties from Freezing/Thawing cycle(s) and changes in mechanical and hydraulic 

properties of thawing soil would be considered for future studies.
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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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Mechanism of Thawing

Freezing-thawing phenomena have been studied in at laboratory scale for 
decades with various techniques and test setups. In this study, a freezing-
thawing laboratory apparatus was supplemented with a camera in order to 
get better understanding of ice formation during freezing period and ice 
melting during thawing period. Results from 3 thawing tests with identical 
samples but different boundary conditions are presented here. Water intends 
to migrate upwards even when the entire frozen part has been thawed. That 
would cause excess pore water pressure and softening of the soil after 
thawing period as well. Upwards water migrations after thawing period is 
due to changes in thawed soil properties such as permeability and fine 
particles redistribution. The rate which thawing takes place is a very 
important factor for thawing conditions. Moreover, freezing condition i.e 
access to water, has high impact on thawing soil. If the volume of ice lenses 
is sufficient, frozen soil would fluidize   during thawing.

Keywords: freezing; thawing; image analysis; soil mechanics; frost actions; 

freezing-thawing apparatus; consolidation; ice lenses

Introduction

There Frost action, the phase change of water in a soil body, due to freezing and 

thawing of soils, changes the properties of the soil. It has been recognized that freeze-

thaw cycling has a considerable impact on the structure and thus the geotechnical 

properties of soils (Chamberlain & Gow, 1979; Alkire & Morrison, 1982; Qi, Vermier 

&Cheng, 2006). In the field of engineering most research and design has focused on the 

effects of freezing of soils, e.g. frost heave (Guymon, Berg, & Hromadka,1993; Zhou, 

Wei, Wei, & Tan, 2014), effect on strength properties (Miller 1980; Brandl, 2008), and 

soil classification of frost susceptibility (Chamberlain, 1981). The consequences of 

thawing are well known, e.g. loss of bearing capacity (Graham & Au, 1985; Launonen 

& Turunen, 1995; Simonsen & Isacsson, 1999), settlement due to consolidation (e.g. 

Morgensen & Smith 1973; Eigenbrod, Sheng, & Knutsson, 1996; Zou & Boley, 2009; 

among others). But the processes in the soil body during thawing are still not well 

observed. Only few studies have attempted to study the thawing process by other means 

than readings of physical properties. e.g. temperature and water content. Eigenbrod et 



al. (1996) applied X-ray to take pictures during freezing test and compared the 

measured pore water pressure by the localization and extension of the frozen zone. In 

this study the thawing mechanism has been studied in laboratory conditions by image 

analysis on soil samples subjected to mainly one dimensional freeze and subsequent 

thaw cycle from the top under various conditions.

Most studies on strength properties of thawing soils have been conducted under 

undrained conditions. Graham and Au (1985) have reported significant loss in 

undrained shear strength short after freeze-thaw cycles on clays. Studies on loose silt 

shows the opposite behavior (Alkire & Morrison, 1982) probably due to compaction 

effects of the freeze-thaw cycles. Simsonsen, Janoo, and Isacsson, (2002) have 

documented significant reduction in the resilient modulus short after freeze-thaw cycles.

Freeze and thaw cycles effect the hydraulic conductivity. Clays increases the 

hydraulic conductivity accompanied by a thaw consolidation, e.g. Chamberlain and 

Gow (1979). Thaw consolidation has been studied by several researchers (e.g. Nixon & 

Morgenstern, 1971; Chamberlain & Gow, 1979; Eigenbord et al., 1996; Zou & Boley, 

2009). Chamberlain, Iskandar, and Hunsicker, (1990) among others have inferred that 

the increase in hydraulic conductivity is due to both micro-fissuring and the large pores 

that are left after the thaw of ice crystals. Chamberlain and Gow (1979) also mention 

that fine particles might move out of large pores during freeze-thaw. For other fine-

grained soils, the effect on hydraulic conductivity seems to depend on the initial 

compaction state. Dense fine-grained soil increases the hydraulic conductivity after 

freeze-thaw cycles (e.g. Kim & Danie, 1992; Viklander,1998) but for initially loose 

fine-grained soil the hydraulic conductivity decreases. Viklander (1998) suggests that 

there is a residual void ratio for soils subjected for freezing-thaw cycles independent of 

the initial compaction state. Viklander (1998) suggests that there is a residual void ratio 



for soils subjected for soils subjected for frost-thaw cycles independent of the initial

compaction state.   

During thawing the soil may suffer from loss in strength, i.e. thaw weakening. 

The key factors influencing the loss in strength is the thaw rate, amount of frozen water 

in the voids and in segregated ice, the drainage ability of the soil and the load the soil is 

carrying (Launonen & Turunen, 1995; Dore, 2004; Shoop, Affleck, Haehnel, & Janoo,

2008; among others). During thawing the soil profile is partly frozen and the frozen part 

remains in layers. The frozen soil can be considered to be impervious due to the very 

low hydraulic conductivity in frozen soil (Watanabe & Flury, 2008).  Therefore, the 

released water from thawing is prohibited to drain downwards due to existing frozen 

soil and becomes trapped between the frozen zone and the surface.

The scope of this study has been to visualize the thawing process by image 

acquisition and interpretation of the images. In this study the Ice formation and ice 

melting during freezing-thawing tests was monitored. Prior to thawing the soil sample 

has been subjected to freezing from the top. The freezing cycle was ended after thermal 

equilibrium was reached and the thawing cycle was documented by image analysis until 

the whole sample had thawed and reached a new thermal equilibrium.

Methods and Material

Sample

A frost susceptible sandy silt from Björsbyn see figure 1, was selected for this study. 

The basic soil properties of the selected soil are presented in table 1. The maximum dry 

density was determined by the standard Proctor test.



Figure 1. Grading of Björsbyn material.

Table 1. Soil properties.

Specific 

Gravity Gs

Maximum Dry Uniformity 

Coefficient (Cu)

Coefficiant of 

Curvature (Cc)

2.67 2000 kg/m3 2.63 0.8

The test soil was dried before sample preparation. To increase the workability 

for compaction of the soil 10 mass-% of water was added to the dried soil. The sample 

was compacted into the test cylinder by hand using small proctor type hammer with low 

energy in five equal 2 cm thick layers in a transparent plexiglass cylinder of 50 mm in 

diameter and height of 100 mm. The sample properties after preparation are given in 

table 2.



Table 2. Sample properties

Height (mm)
Dry Density Water Content 

(w) 
Porosity (n)

102 1600 kg/m3 0.8 0.1 0.4

Thermocouples were pushed into the soil sample through pre-drilled holes in the 

wall of the cylinder along the length axis. The test was conducted on two identical 

samples put in two freezing cells that were operated simultaneously. The freezing cells 

are described in detail in Zeinali, Dagli, & Edeskär, (2016) and is schematically shown 

in Figure 2. After sealing the holes in the cylinder, the sample was placed on the bottom 

cap in the test apparatus, on a porous stone and covered by a filter paper. The bottom 

cap controls the access of water and controls the thermal conditions at the bottom. The 

hydraulic gradient at the bottom of the set-up was controlled by levelling of an external 

water container. The top cap was used to freeze and thaw the sample. The temperature 

at the top and bottom cap was controlled by two cooling units (LAUDA ECO model 

1050 S). The whole apparatus was limited to maximum 60 mm frost heave. The soil 

sample and the surrounding cylinder were free to lift with the soil sample during 

freezing in order to minimize the friction between soil and apparatus. The heave and 

thaw movements were measured on the top cap by a linear variable differential 

transformer (LVDT). The two frost heave cells were contained in a cold chamber where 

the ambient temperature was set to 4 C. The temperature was measured by temperature 

gauges in the cold chamber, at the top and bottom cap of the equipment and at levels 0, 

2, 4, 6, 8 and 10 cm at the initial height of the soil sample before the start of the 

experiment.  



Figure 2. Schematic representation of the test cells (Dagli, Zeinali, Gren, & 

Laue, 2018).

After putting the cells in the apparatus, the top cap was placed carefully 

including the clamp which allows the top cap to move together with the cell during 

freezing test. Prior to adding insulation, all thermocouples and LVDT were connected to 

data loggers. The sampling time was set to five minutes and one minute intervals during 

the freezing test and during thawing test respectively. In order to create a steady start 

state of the test, when cells were placed in the cold chamber, both cooling units (top cap 

and bottom cap) were set to +4 oC. Surrounding temperature was also set to +4 oC by 

means of control unit of cold chamber. An insulation layer of rockwool around the 

cylinder was used as to ensure one-dimensional conditions. An opening in the insulation



layer was created to get access for camera to track the heave and thaw process, see 

figure 3. As a result, due to the opening there was not a fully one-dimensional heat flow. 

A 7x15 cm2 window of the thermal insulation on one side of the cylinder was opened 

and a camera (Canon EOS 550D equipped with Canon zoom lens EF-S 18-55 mm) was 

placed approximately at 20cm to the sample, outside the freezer, in order to monitor 

visually the freezing-thawing cycle. In order to provide enough light, three LED light 

sources were placed around the insulation opening which were assumed negligible in 

heat generating. Figure3 shows the camera and opening of one of the samples. The 

camera was set to take a picture with the same time intervals of data logger sampling for 

freezing and thawing test, which roughly at the same recording time of data form 

thermocouples and LVDT. 

However, a fully insulated sample (one-dimensional heat flow) was running 

simultaneously. The freezing test was started when the entire sample was at the constant 

temperature +4 oC.



Figure 3. Modification of one of the test cells for the experiments to be recorded 

by a camera (Dagli et al., 2018).

During the freezing cycle the top cap temperature was held constant at -4 oC. 

The access to water was controlled by opening or keeping the valves to the water supply 

depending of the test sequence. When thermal equilibrium was reached in the freezing 

cycle the thaw cycle was initiated by setting the top cap temperature to the 4 oC. In 

addition, a dead load of 18 kPa was added to test 1 and 3 on top of the samples.  The 

thaw cycle ended when the whole sample had reached positive temperatures and 

thermal equilibrium was reached. The Bottom cap and surrounding temperature were 

maintained constant during both freezing and thawing tests. 

Results

Three different thawing tests have been conducted in this study. Table 3 summarizes the 

boundary conditions and initial freezing conditions at the beginning of the thawing tests. 



Test 1 had unlimited access to water during the freezing cycle and subjected by an 

overburden load of 18 kPa during the whole test. Test 2 had unlimited access to water 

during the freezing cycle but had no overburden load. Sample in test 2 was subjected to 

different freezing- and thawing gradients as well. Test 3 was conducted by a two-step 

freezing cycle.  The first freezing step was conducted with no access to an external 

water source. When thermal equilibrium was reached the second step started by 

providing access to water from below. The second step of the freezing cycle was ended 

when a new thermal equilibrium was established. The sample was subjected to an 

overburden of 18 kPa during the freezing and thawing cycles.

Table 3. Tests information and boundary conditions.

Test Sample Freezing
conditions

Thermal 
gradient 

(freezing)

Initial 
Sample 
height 
(mm) 

Sample 
height 
after 

heave 
(mm )

Thaw 
time 
(h)

Max 
frost 
depth 
(mm) 

Overburden 
load during 

thawing 
(kPa)

1

Image 
analysis

Access to 
water 90 oC/m 102 122 28 70 18

Reference Access to
water 90 oC/m 103 147 28 85 18

2

Image 
analysis

Access to 
water

80 oC/m-
90 oC/m 101 132 40 85 _

Reference Access to
water

80 oC/m-
90 oC/m 102 148 40 85 _

3

Image 
analysis

Access to 
water 

after 24 h
90 oC/m 103 117.5 60 70 18

Reference
Access to 

water 
after 24 h

90 oC/m 102 143 60 75 18



The tests have been evaluated by the readings of the thermocouples, LVDT-

readings and image recordings during the thawing cycle. The frozen zone in the results 

is defined by the boundaries of the 0 C-isotherm based on the thermal couple readings 

along the cylinder. Linear interpolation of the depth in between the thermocouples has 

been used to define the 0 C-isotherm position. The deformation is here defined as the 

portion of thaw settlements relative the heave of the sample during the freezing cycle. 

All figures of temperature and LVDT readings are set to starts at least one hour prior to 

the start of the thawing cycle, although the readings from very beginning of the test are 

eliminated in some figures.

Test 1

The freezing cycle was conducted for five days to ensure that the sample was in thermal 

equilibrium at the thermal gradient 90 oC/m. The resulting frost heave was more than 20 

mm and the frost depth was 70 mm relative to the original surface level of the sample. 

The thawing cycle was initiated by sudden raising the temperature from -5 C in the top 

cooling unit (providing temperature at the sample top) to 4 oC. A static load of 18 kPa 

was applied on top of the sample for thawing test. In figure 4, the temperature progress

during the thawing cycle is presented for the image analysis sample and in figure 5 the 

fully insulated reference sample.



Figure 4. Temperature profile in the sample from thermocouples readings in test 1 for 

the thawing cycle.

Figure 5. Temperature profile in the reference sample (fully insulated sample).



In figure 6 the deformation and thaw progression by time is presented for the 

image analysis sample. As seen in figure 6 the thawing of sample was fast, the drop in 

settlement at around 3 h elapsed time took very short time and cannot be correlated to 

the temperature readings. The remaining frozen zone thawing is equivalent to the ice-

lenses shown in figure 8.  

Figure 6. Frozen zone and thaw settlement progression in test 1. The frozen zone is 

defined between the upper and lower boundary of the 0 C-isotherm based on the 

thermocouple readings.



Figure 7.  Thawing period for the image analysis sample, the blue area indicates the 
frozen area.

The image acquisition started when the thawing cycle begun. Several images 

have been selected to describe the thawing process. The first part of the thawing cycle is 

presented in figure 8. The image at time step 0 h shows the initial condition at the 

beginning of the thawing cycle. The location of segregated ice is visible in the left hand 

side image in figure 8. After four hours of thawing process, small changes in a frozen 

part are noticeable. The thaw depth is penetrating from the top and the heat flow mainly 

from the top starts to melt the ice lenses, figure 8 at time steps 4 h to 5 h and 10 min.



Figure 8. Selected images from the thawing cycle of the experiment covering elapsed 
time 0 h to 5 h and 10 min.

At the lower thick ice lens, the melting water forms a slurry containing fine 

particles from the surrounding soil, see figure 8.  When the lowest ice lens melts, the 

trapped particles between the ice lens and the test cell surface get suspended in the 

melted water. After five hours of the thawing a track of mud between the thawing soil 

and unfrozen soil was formed. As the non-segregated ice in the soil sample thaws the 

degree of saturation increases in the thawed zone. During this process, redistribution of 

the grains can be observed, see figure 8 at time five hours. The released water from 

thick ice lens intents to move upwards. As the ice continuously melts the additional 

water migrates to the trapped persistent water, see figure 9 at time 6h.

Figure 9. Selected images from the thawing cycle of the experiment covering elapsed 
time 6 h to 9 h.



At time 6 h no water flow within the soil body can be determined by the images. 

The progressive images in figures 9 and 10 show the finer particles in the void 

sediments and as the free water gets clearer. It is likely that fine particles migrate 

through the created path. It is also observed that the soil over the water crumbles into 

the clear water. It takes couple of hours for the trapped water to redistribute in the 

thawing soil. The amount of releasing water from the thick ice lens increases 

dramatically towards the end of the test. Even when the entire frozen soil has thawed, 

thawed soil crumbles into trapped water and settled. Therefore, trapped water migrates 

upwards after thawing as well. By the end of the test the excess water has moved to the 

surface. It is observed after 20 hours and lighter gray soil is the mudflow, see figure 10.  

The selected images from last few hours show the upwards mudflow (in lighter grey 

color) and clear water is observed after 28 hours, see figure 11. 

Figure 10. Selected images from the thawing cycle of the experiment covering elapsed 
time 10 h to 21 h 20 min.



Figure 11. Selected images from the thawing cycle of the experiment covering elapsed 
time 21 h 40 min to 28 h.

Test 2

Test 2 was conducted in two steps during the freezing test. After a steady state at +4 oC, 

temperature was decreased to -4 oC at cooling unit in order to maintain a constant 

temperature gradient through the sample. Due to the problem in the controller system of 

the cold chamber, the surrounding temperature dropped to -1 oC, see the first image 

from left hand side in figure 12. Surrounding temperature has been increasing to +8 oC

in one day, see the 4th image from left hand side in figure 12. As a result, two ice lenses 

was formed, see second image from left hand side in figure 12 which tends to thaw after 

8 hours of increment from -1 oC, see the third image from left hand side in figure 12. 

The surrounding temperature got unstable after 12 hours again and increased to +16 oC.  

additional frozen layer and thawing in the frozen soil, was due to the heat flow through 

the opening of the insulation for the image analysis sample. Therefore, the frost front 

penetrated deeper in this sample compared to the reference sample. A convex ice lens 

was formed because of the heat extraction through the opening when the surrounding 

temperature dropped to -1oC, see second image from left hand side in figures 12.

The frost heave was 32 mm for the image analysis sample and 46 mm for the 

reference sample. The following documentation includes the thawing phase after a 

constant temperature gradient was reached again. In figure 15, the temperature progress 



during the thawing cycle is presented for the image analysis sample and in figure 16 the 

fully insulated reference sample.

Figure 12. Thawing through the bottom due the increasing surrounding temperature of 
sample.

Figure 13. Thawing at very fast rate which causes sample fully thawed in 5 hours.

0’ 11 h 19 h 20’ 28 h 5’ 43h 45’

43h 55’ 44h 50’ 46h 30’ 48h 40’ 65 h55h 45’



Figure 14. Surrounding temperature fluctuating during freezing test and affect both top 
and bottom cap for image analysis sample.

Figure 15. Temperature profile of image analysis sample.



Figure 16. Temperatures reference sample (fully insulated).

The frost depth at the beginning of the thaw cycle for both image analysis 

sample and reference sample are similar despite the difference in frost heave during the 

freezing cycle. The thawing period is shorter for the reference sample, probably due to 

the additional heat extraction through the opening of the insulation in the image analysis 

sample. The development of deformation was low during the thawing phase. If a longer 

time perspective is considered, see figure 17, the majority of the thaw settlements 

occurs rapidly after 25 h of thawing.



Figure 17.  Compare LVDT, reference sample vs image analysis sample.

Although the top cap temperature was maintained constant, thawing has started 

due to the heat flow into the sample through the opening as soon as surrounding 

temperature increased. Hence thaw front is penetrating from underneath layers. Since 

the top cap still provides freezing temperature, the sample reaches to thermal 

equilibrium again and the thawing process stopped. Thawing from the bottom of frozen 

soil is shown in figure 12.  After 30 hours the whole system including cooling units 

were shut down in order to conduct thawing process in a very fast rate (the whole 

system is exposed to room temperature), see figure 13. No overburden load has been 

applied during thawing test and since the weight of the top cap is neglected, this test 

was considered with no overburden load. As it is shown in figure 13 released water is 

trapped where the ice lens used to be and the water moved upwards as it was observed 

in test 1. Since the freezing test is conducted in two steps and for a longer period of 

time, the amount of excess water was more than in test 1as was the depth of frost 



penetration. The main portion of the thawing occurred after shutting down the entire 

system which causes around 20oC in the sample and it took 12 hours out of 45 hours 

thawing period. 

Test 3

Test 3 was conducted without access water in the beginning of the freezing test for a 

day. The heave during the period of no access to the water was negligible (less than 3 

mm) because of the low water content. After the sample had access to water the frost 

heave for the image analysis sample was 14.5 mm and the reference sample 41 mm. In 

figure 18, the temperature progress during the thawing cycle is presented for the image 

analysis sample and in figure 19 the fully insulated reference sample. When the valve is 

opened, water at +4oC get into sample and due to the capillarity reaches to the frost 

front. Heat extraction from +4oC water thaws frozen area and ice lens formation 

initiates, see figure 24.

Figure 18. Temperature profile in the sample for image analysis from thermocouples in 
test 3 from the start of the thawing phase and forward.



Figure 19. Temperature profile in reference sample (fully insulated) from 
thermocouples in test 3 from the start of the thawing phase and forward.

The thaw and deformation progress are presented in figure 20 for the image 

analysis sample and in figure 21 for the reference sample. The frost depth for the 

reference sample is deeper compared to the image analysis sample at the beginning of 

the thaw cycle. The thawing period is shorter for the reference sample but frozen zones 

are noticed in the profile after the sample has thawed. Observed frozen zone after 

thawing was probably due to upwards migrating melting water at 0oC in the sample. 

The temperature profiles presented in figure 22 shows the temperature along the sample 

and has a strong agreement with the observed frozen zones in figure 21. The major part 

of the thaw settlements developed during the thawing phase for the image analysis 

sample but only a 20 % of the deformation was developed in the reference sample. This 

deformation calculated based on height including the frost heave. If a longer time 

perspective is considered, see figure 23, the thaw settlements continuous in the 

reference sample in a constant slow rate in a completely unfrozen sample showing the 



effect of consolidation. The frost heave in the reference samples are approximately 

twice as large as for the image analysis samples. It is an effect of insulation.

Figure 20. Frozen zone and   thaw settlement for image analysis sample in test 3.

Figure 21. Frozen zone and thaw settlement reference sample (fully insulated) in test 3.



Figure 22. Temperature profiles at time 6, 8, 10 12 and 14 h elapsed time in the thawing 
test for the reference sample in test3. The temperature profiles indicate a migration of 
cold water upwards in the soil sample as the temperature drops closer to the surface 
despite the increase in surface temperature.

Figure 23. Comparison of settlements between the image analysis sample and the 
reference sample (fully insulated).



Figure 24.  Position of 0oC isotherms due to access to 4oC water, level of water before 
and after a day. 

Figure 25. Test progress pictures from the beginning of the test to end.

In order to have better understanding of the progress, ice lenses are illustrated in 

figure 26. It shows how the ice lenses turned to water in a day and moisture 

redistribution in thawed soil. Light grey area is the ice formation in the beginning of test 

3 and dark grey area shows the formation of ice lenses after a day of thawing in 

schematic image.



Figure 26. Thawing of the ice lens in Test 3. Light grey areas indicates the position of 
the ice lenses at the beginning of the thaw cycle (time = 0 d) and dark grey the ice lens 
positions after one day (t = 1 d) in the thawing cycle.

Summary of the experimental observations

The frost heave in the reference samples are approximately twice as large as for the 

image analysis samples. It is an effect of the opening for image analysis. The deeper 

frost depth penetration results in thicker ice lenses (more heave) since the ice lens 

formation occurs closer to the water source at the bottom of test equipment. The thaw 

deformations are larger for the image analysis samples. The thaw deformation begins 

earlier for the image analysis samples due to the opening in the insulation around the 

cylinder. The reference samples in test 1 and 2 shows similar frost depths and heave 

while the image analysis samples have different frost depth penetration and total frost 

heave. In all three tests, results from reference samples show the same trend comparing 

to those from image analysis samples. However, the amount of settlement between 

reference samples and image analysis sample differs. Thawing of frozen soil including 

ice lenses is faster in reference samples, see figures 20 and 21. Discontinuous area in 

figures 20 and 21(between 10 to 15 hours) is believed to be due to the detection of 0oC

water. 



It is expected that water drains downwards in the soil due to the basic law of 

gravity. Although it is observed that downwards drainage exists, the majority of the 

water migration is upwards. As it is seen in figures 8, 9, 10 and 11 from test 1 and 

explained in results, released water from ice lenses was mixing with the fine particles 

from the top and sediment at the bottom of the voids generated by ice lenses.

Test 3 was conducted without access water in the beginning of the freezing test 

for a day. Both reference sample and image analysis sample had 10% of water content 

when they were subjected to freezing temperature.  The heave during the period of no

access to the water was negligible (less than 3 mm) because of the low water content. 

Frost heave to this moment was due to expansion of phase changing of in-situ water.  

Since the water content was only 10% in the soil, the expansion (frost heave) was very 

small comparing to the sample with access to the external water i.e tests 1 and 2. After a 

day the water was accessed in the system and water migration to the frost depth, was 

observed. Water migrations was due to both capillarity and suction in the freezing soil. 

The water was sucked into the frost front and changes the colour within the soil has 

been observed. The change of colour in the sample proved the water migrations in the 

soil. Soil is relatively darker when the water content is higher. 

Since the temperature in the water intake was +4 C, thermal conditions changed 

when it reached to the frost front. Therefore, frost front moved upwards and thawed the 

frozen part, while the water simultaneously was sucked into the newly thawed part. This 

will be continuing to new thermal equilibrium and then frost penetrating downwards 

again.  Figure 25 shows the changes within the sample after a day showing the growing 

ice lenses as well as movement of 0oC isotherm line. As long as the heat extraction 

through the top cap is able to penetrate the frost depth in the sample again and be able to 

freeze newly sucked water, the frost front will continue to move upwards. 



At the latest stage of freezing test, three different zones can be identified prior to 

the thawing test. The first picture to the left in figure 26 water level shows these three 

zones. The first zone has the brightest soil which is a frozen part before water migration 

into sample and shows the heat released from water access to the sample could not thaw 

it. The second zone’s soil is a bit darker than the first zone and it was frozen before 

access to water. The water thawed the second zone and froze again after heat extraction 

through the top cap. Higher water content in the second zone compared to the first zone 

makes the soil darker before and after freezing. The third zone is the rest of the sample 

which was not frozen before access to the water and the soil froze as it did in test 1 and 

2. The soil is darker from zone 2 due to the higher water content. Ice lenses were 

created in the sample similar to test 1 and 2.

Prior to the thawing test, the frost depth penetrated to the depth of thermal 

equilibrium (70 mm). The warm temperature (+2oC) was applied through the top cap 

and thaw front penetrated downwards. Meanwhile thick ice lenses started thawing as 

well as it is explained in the process for test 1 and 2. The main difference is thawing in 

zones 1 and 2. Thawing in zone 1 has no visual change and settlements. When thaw 

front reached to zone 2, due to more released water in the voids the water moved to the 

dryer parts in zone 1. This can be explained by capillarity in soil. It is because of the 

capillarity in soil, zones 1 and 2 have more of a uniform in color than zone 3. Zones 1 

and 2 contain roughly the same water content after 2 days and 10 hours. When thaw 

front reaches to the zone 3, thawing in ice lenses sped up while releasing water. Zone 1 

and 2 got darker by time which means released water filled the voids in zone 1 and 2. 

This also means similar to test 1 and 2, the water migration traveled upward. The 

volume of water was more than the voids although the excess water which trapped in 



the soil was not as it was in test 1 and 2. That is the reason that upward mudflow was 

not observed in test 3. 

Discussion and Conclusions on the thawing process

In this study the thawing mechanism has been studied by image analysis. Figure 27 

shows an idealized scheme of the observations in the result section of this study. At the 

beginning of the thawing cycle, A) in Figure 27 the sample profile consists by of a 

frozen zone from the top, segregates ice lenses and an unfrozen zone.

Figure 27. Idealized observed thawing process. The path A-B-C-D-E idealizes the 
behavior at saturated conditions and path A-B-C-F unsaturated conditions.



During the first stages of the thawing cycle, the thaw front migrates rapidly from 

top downwards until the thaw front reached the uppermost positioned ice lens, 

illustrated in Figure 27 as B. Simultaneously the frozen zone thaws from below in a 

similar way. 

At stage C) in figure 27 the ice starts to melt. During this process the thaw front 

remains stationary. Depending on the initial saturation conditions of the tests two 

different thaw progress schemes has been observed from this stage.  The samples that 

were saturated during freezing, test 1 and 2, follow the path D) and E) in Figure 27 and 

the initially unsaturated sample, test 3, follows path F) as the melted water can be 

absorbed by the soil body on top. 

In the samples with fully access to the water (test 1 and 2), released water from 

the ice lenses exceeds the void volume, i.e the thaw rate exceeded the drainage capacity. 

Leslie and Bengt (1965) reported the formation of separated water sheets during these 

conditions. The water forms as water bubble and mudflow towards the surface of the 

sample occurs as seen in e.g. Figure 28 (picture D and E). The driving force upwards is 

probably the suspension of the fine particles in the upper part of the bubble and in 

combination with sedimentation in the lower part. The suspended soil in the water 

bubble migrates upwards. The result is a re-distribution of fine particles in the soil, 

which is in line with other studies, e.g. Chamberlain and Gow (1975). 

During thawing process, excess water dissolve finer soil particles in the soil 

matrix, see figures 9, 10, 11 and 13. The zones of free water and suspended solids are 

unstable and this results in loss of strength and stiffness. The response to an applied 

stress results in settlement and uneven soil surface. The arrival of the mudflow at the 

surface of the thawing soil has similar consequences as liquefaction.  



Based on results from tests 1 and 2 in part of thawed sample, soil behaved like a 

liquid. Therefore, observed phenomenon in tests 1 and 2 can be explained by means of 

soil liquefying. Comparison between three tests indicates that soil should be relatively 

saturated during thawing in order to observe thawed soil liquefaction or fluidization. In 

test 3 the volume of water filled the void in dryer parts therefore the amount of released 

water was not enough to be trapped as it is observed either in test 1 or 2.

In addition to degree of saturation during thawing (volume of ice lenses), the 

thaw front penetration rate has a high impact on the mudflow. The faster the thaw front 

penetration the higher the likely hood of soil liquefying. Test 2 was an example of the 

impact of the thawing rate. It was obvious that the volume of released water in test 2 

was larger than those from tests 1 and 3. 

For the test where the initial freezing was conducted under unsaturated 

conditions (test 3) the void space is sufficient to absorb the released water from the 

thawing ice lenses. It indicates that thaw weakening is dependent on the saturation 

conditions, which is in-line with conclusions by e.g. Launonen and Turunen (1995) and 

Shoop et al. (2008).

Based on presented results and discussion following conclusions and remarks 

would be taken into consideration:

If the soil gets oversaturated during thawing free water including dissolved fine 

particles are formed in the thawed zone

The free water migrates upwards as a mudflow and redistributes the soil 

particles
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Technology, Lulea, Sweden

Abstract 
Thaw weakening of road embankments is a common problem in cold region areas during spring period. 
Thaw weakening depends on intensity of winter, frost susceptibility of the road material and access to 
water. The stiffness of base and subbase layer of road embankment decreases during thawing period. 
The scope of the study is to investigate the thaw weakening progress by Falling Weight Deflectometer 
(FWD) and Dynamic Cone Penetration (DCP) tests on low volume embankment road near Luleå, 
northern Sweden. The results from methods is compared and the differences in how they are capturing 
the thawing is discussed.  DCP which is known as an easy and cheap method to estimate stiffness of soil 
layers is applied to estimate thawing period and the layer which thaw weakening takes place at. Stiffness 
gained by back calculation of FWD results which was performed on the same road embankment and 
same period of time DCP test was done.  In this study, DCP Index, mm/blow with time for a number of 
points is provided. DCP test has a delay to estimate when thaw weakening starts and cannot be 
considered as an alternative to FWD. 

Keywords: Dynamic Cone Penetration, Falling Weight Deflectometer, frost action, thaw weakening, 
stiffness modules 
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Introduction 
In cold regions like north of Scandinavia freeze-thaw cycles damage roads and deteriorate soil physical 
properties like bearing capacity and shear strength. 

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 susceptible soil

The existing water content is not the main reason for frost heave and consequently thawing. The main 
source of heave is the external water which has been drawn into freezing soil. During thawing liberated 
water from melted ice causes liberated water which was not there before freezing. For frozen soils, the 
weakest condition happens in spring time where the liberated water cannot drain. If the thawing rate is 
greater than the flow rate layer or sheets of water will be forming in the location of the former ice lenses 
and the soil will be separated sheet of newly formed water (Leslie & Bengt, 1965). Liberated water from 
ice lenses coupled with load causes excess pore water pressure in thawing part. “Most critical condition 
can happen as softening of road structure and permanent deformation during thaw process period in 
spring.” (Saarenkto,2005)

Reduction of resilient modulus between 50 to 60% happens in fine grained soil which undergoes thaw-
freezing cycles. The effect on coarse soil still remains but its less (Simonsen & Isacsson , 1999).

Frost susceptibility refers to fine-grained soil. Fine-grained soils are often regarded as problematic soils 
in earthworks because of their water- and frost sensitivity. Soil classifications for identifying frost 
susceptible soils usually reflect susceptibility to softening on thaw as well as to heaving. There is a wide 
diversity in frost susceptibility determination methods; from county to another. Frost susceptibility of 
the soil is defined based on laboratory tests and is classified from very high to low susceptibility. In 
pavement engineering, subgrade material might be classified as frost susceptible material. Several 
institutes proposed different frost susceptibility classification based on UNIFIED FACILITIES 
CRITERIA (UFC) (Guymon, et al., 1993). In figure 1 the principles of frost susceptibility classification 
is shown.   

Figure 1. The relationship between frost susceptibility and hydraulic properties of the soil 

(Chamberlain, 1981)
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Scope of the study 
The aim of this study is to investigate the thaw weakening progress by Falling Weight Deflectometer 
(FWD) and Dynamic Cone Penetration (DCP). A field study has been conducted on low volume road 
embankment during thaw weakening period. FWD test is well known and widely used to capture the 
thawing events. DCP and FWD tests are done on the road in northern Sweden in order to figure out if 
DCP test can be applied for the same purpose.  

Falling Weight Deflectomete (FWD)
A semi-mechanistic-empirical analysis procedure was developed in South Africa which makes use of 
deflection bowl descriptors or parameters of the deflection bowls as measured with the falling weight 
Deflectometer (FWD) (Horak, 2007). Many pavement engineers rely on FWD technology. FWD is a 
non-destructive testing (NDT) and non- intrusive device. FWD has been widely used in pavement 
engineering to evaluate pavement structural condition. FWD is often preferred over destructive methods 
of testing because it is much faster than destructive tests and do not entail the removal of pavement 
materials. FWD thump the pavement and record information related to its structural integrity. FWD data 
may be questionable, such as when the AC thickness is less than 7 cm, or when shallow bedrock is 
encountered. These two situations often cause a misinterpretation of FWD data (Chen et al., 2001)

FWD raw data can be used to determine surface modulus, stiffness variation within depth, 
approximation of pavement strain, bearing capacity index and area-parameter. FWD is a tool used to 
achieve rapid and repeatable in-situ characterization of the pavement layer stiffness. FWD plays a 
crucial role in selecting optimum pavement maintenance and rehabilitation strategies. In addition, the 
testing apparatus is easily transportable as a trailer or vehicle-mounted (Belt et Al., 2006).

The FWD applies dynamic loads to a pavement surface, simulating the magnitude and duration of   a 
single heavy moving wheel load. The FWD loading system delivers a transient impulse load to the 
pavement surface. The pavement response (vertical deformation or deflection) at various distances from 
the loading plate are measured by a series (usually seven) of geophone sensors. Pavement layer 
thickness, layer material types, material quality, subgrade support, environmental factors, pavement 
discontinuities and variability within the pavement structure are the major factors affecting pavement 
deflection when FWD is applied (Chen et al., 2008). 

The instantaneous deflections of the road surface is measured at a number of points at different distances 
radially outward from the center of the falling weight. To perform the analysis, the properties such as 
the elastic modulus and Poisson’s ratio, should be known for the materials in each pavement layer as 
well as the thicknesses of all pavement layers (Nazzal, 2003). Information on structural condition can 
be extracted from analysis of the FWD data by back-calculation. The purpose of back-calculation is 
primarily to estimate the in-situ stiffness moduli of the different pavement layers. In this process, the 
deflections values are calculated for assumed elastic moduli values, compared with the observed 
deflection values, and accordingly the assumed moduli values are further adjusted for the next iteration. 
The iteration continues until the calculated and observed deflection values match closely (Das & Pandey, 
1998).

The deflection sensors can be adjusted to variable distances from the load plate according to user’s 
requirement. A typical FWD test applies four different load levels at discrete locations; this test is 
completed in less than two minutes (Chen et al,2008). The typical spacing in pavement design and 
structural evaluation distance from load cell for the first to the 7th geophones are 0, 200, 300, 450, 600, 
900 and 1200 mm respectively. The load in this study is between 30 kN to 50 kN but only 50 kN is 
used in calculations. The FWD trailer used in this study, see left picture in figure 2. Schematic diagram 
of falling weight defloctometer are shown in the figure 2 as well.
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Figure 2. FWD unit (left) and schematic of FWD load and deflection measurement (right)

Dynamic Cone Penetration (DCP)
The Dynamic Cone Penetrometer (DCP), since being introduced by Scala 1956 has been utilized for 
estimating the stiffness of soils (Al-Rafeai and Al-Suhaibani,  1996). The DCP, also known as the Scala 
penetrometer, was developed in 1956 in South Africa as an in situ pavement evaluation technique for 
evaluating pavement layer stiffness (Amini, 2003).  DCP is a destructive method using to identify 
weaker layers by means of penetration resistance. According to Siekmeier et al. (1998) The DCP has 
also been recommended as a subgrade evaluation tool.

The Dynamic Cone Penetrometer (DCP) uses an 8 kg hammer dropping through a height of 575mm and 
a cone having a maximum diameter of 20 mm (Siekmeier et al., 1998). The instrument is assembled as 
shown in Figure 3. After assembly, the first task is to record the zero reading of the instrument. This is 
done by standing the DCP on a hard surface, such as concrete or asphalt. In this study an operator 
adjusting the cone tip by dropping the hammer until the widest part of the cone is just below the testing 
surface and make sure it is vertical. The DCP needs three operators, one to hold the instrument, one to 
raise and drop the weight and to record the readings. The instrument is held vertical and the weight rose 
to the handle. Care should be taken to ensure that the weight is touching the handle, but not lifting the 
instrument, before it is allowed to drop. The operator must let it fall freely and not partially lower it with 
his hands. It is recommended that a reading should be taken at increments of penetration of about l0 
mm. However, it is usually easier to take a reading after a set number of blows. It is therefore necessary 
to change the number of blows between readings, according to the stiffness of the layer being penetrated. 
Readings every 5 or 10 blows are usually satisfactory but for weaker/ thawed layers readings every 1 or 
2 blows may be appropriate. There is no disadvantage in taking too many readings. So, all effort has 
been applied not to take readings too infrequently.  This is because weak spots may be missed and it 
will be more difficult to identify layer boundaries accurately, hence important information will be lost.
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Figure 3. Structure of Dynamic Cone Penetrometer (a) Before hammer dropping (b) After hammer 

dropping (c) (Salgado and Yoon, 2003)

This method describes the test used to evaluate the thickness and bearing capacity of the subbase and 
subgrade using the Dynamic Cone Penetrometer (DCP). The Dynamic Cone Penetrometer (DCP) has 
been applied for assessing in-situ stiffness of geomaterials easily. The Dynamic Cone Penetrometer 
(DCP) is cheap and quick to use. Although, DCP is destructive testing, it causes little disturbance to the 
ground (20 mm in diameter hole). It can be used in both new construction or as a quality analysis tool 
for evaluating current conditions of existing highways, airfields and similar structures.   

It is also can be used to quickly determine site conditions prior to, during and after construction. They 
are used to evaluate the uniformity of different layers and areas of construction without the need for 
removing wearing materials and can quickly pinpoint problems, such as soft or hard sublayers. It can be 
applied in test pits to obtain a continuous profile of soil layers, or to find the boundaries frozen and 
unfrozen layers in foundation materials and embankments. The DCP is an instrument which can be used   
for the rapid measurement of the in situ stiffness of existing pavements constructed with unbound 
materials. Measurements can be made down to a depth of approximately 1000 mm or, when an extension 
rod is fitted, to a depth of 1200mm. Where pavement layers have different stiffness, the boundaries 
between them can be identified and the thickness of each layer estimated.

It has been widely used in geotechnical and foundation engineering for site investigation in support of 
analysis and design. The Dynamic Cone Penetration (DCP) shows features of both the Cone Penetration 
Test (CPT) and the Standard Penetration Test (SPT). The DCP is similar to the SPT in test procedure.

a b c
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Results of DCP were mainly compared with the stiffness values determined by falling weight 
deflectometer(FWD). In this study the procedure is based on ASTM D 6951. DCP Index (DCPI) for 
each DCP test is defined by calculating penetration in mm per one blow. The effect of the pavement 
confinement has been considered and according to Chen et al. (2005) correction factor is applied to 
unpaved embankment.

DCPI (unconfined)  =1.19*DCP (confined)

where: DCPI (unconfined) is the penetration rate in mm/blow for a road embankment without pavement.
DCP (confined) is penetration index when DCP is done on top of asphalt concrete through a narrow 
drilled hole.

The DCP was studied mainly in relation to application in pavement structures and was primarily 
correlated with California Bearing Ratio (CBR). Since in situ CBR testing is expensive, relatively slow 
to conduct, and generally not favored by highway engineers, DCP, being light and portable, offers an 
attractive means for determining in situ CBR at comparative speed and ease of operation. The 
repeatability of DCP  is  considerably  higher than that of CBR. The coefficient of variation in CBR for 
particular soil at one test location could be of the order of 60% whilst that of the DCP could be of the 
order of 40% (Al-Rafeai and Al-Suhaibani, 1996). Several correlations between penetration depth (D), 
in mm/blow and CBR (%) under different density and moisture content condition have been done. 
Unique relationship between penetration depth (D) and CBR exists for all tested soil regardless of 
density and moisture content conditions.

According Amiri (2003): 

log(CBR) = a + b log(DCPI) 

Where DCPI = DCP penetration resistance (mm/blow), a = constant that ranges from

2.44 to 2.60,  and b = constant that ranges from -1.07 to -1.16.

Several researchers have developed correlation between DCPI and resilient modulus (Mr). Jianzhou et 
al. (1999) found a strong relationship between DCPI and FWD backcalculated moduli. 
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Methodology 
A low volume road in Björsbyn, Luleå, Northern Sweden was selected for this study. The tests were
conducted in 100 m of the selected road. The location of the road (derived from google map) is shown 
in figure 4.

Figure 4. Site location near Luleå, Northern Sweden

This road is an access road from Luleå to Björsbyn and apart from some houses, horse riding school and 
few workshops are located by the road. Observed damages and settlements due to the frost actions in 
Björsbyn road is shown in figure 5. 

Figure 5. Cracks and settlement in the pavement due to the frost actions 

FWD and DCP tests are carried out in the road during spring 2011. The summary of the date for both 
tests are shown in table 1.
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Table 1. Dates for DCP and FWD tests 

Month April May June 
DCP 22nd 29th 3rd 7th 12th 23rd 1st 
FWD 14th 19th 22nd 26th 28th 6th 12th 23rd 30th

Three lines in transversal direction were selected to represent the proposed road section in order to 
conduct DCP tests. The lines are named as A, B, and C and they are approximately 50meters apart from 
each other. Test points were located on the lines and for each test point one set of data was collected. 
Along these lines, 8 holes (test points) in each line were prepared to remove the top 10 cm thick asphalt 
layer as the asphalt is not taken into the consideration. 5 holes were prepared before mid-April and 3 
more holes were prepared on May 12th in order to carry on conducting DCP tests towards the end of 
thawing period. These points are nearly 1m apart from each other as it is shown, see figure 6. However, 
the tests were closer to the right edge of the road when it is seen towards south east.

Figure 6. Test line at A (Left) and DCP testing and points on line B (right)

Description and position of the test lines and test points are illustrated in figures 7 and 8.

Figure 7. Plan view of DCP test  lines
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Figure 8. Section view of DCP test lines

FWD test was carried out in the selected section of Björsbyn road. The operator drove the car towing 
FWD, stopped every five meters in order to conduct the test for four different leadings (two loads around 
30 kN and two loads around 50 kN). Since he drove both side of the road each day, the data is collected 
in two sets for each section, see figure 9.

Figure 9. Plan view of FWD D test lines in (in blue and red) and position of DCP test lines (A, B and 

C)

Based on wet sieve and sedimentation analysis on subgrade material, it is sandy Silt type of soil. 
According to frost susceptibility classification based UNIFIED FACILITIES CRITERIA (UFC) 
(Guymon, et al., 1993) sandy Silt soil is classified in F4 group which is the highest frost susceptible 
group.  Soil gradation curve is shown in figure 10 and other properties are mentioned in table 2. The
cross section of the road a road embankment including type of material and layer thickness is illustrated 
in figure 11.
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Figure 10. Sandy silt soil based on wet sieve and sedimentation analysis  

Table 2. Soil properties 

Spesific Gravity 
(Gs)

Maximum Dry Density 
dMax)

Cu Cc

2.67 2.0 t/m3 2.63 0.8

Figure 11. Cross section of the road embankment 
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Result 
The accumulated air temperature above the freezing relative a reference thawing temperature which 
known as Thawing index (TI) (Edeskär & Fredriksson, 2016). Berglund et al. (2011) proposed equation 
1 for TI calculation. 

= . (1)

Where; Tm is the average daily temperature, Tref 

step in the thawing period.

According to Hicks et al. (1985), the thawing index is accumulated over time in the thawing period. 
TIacc is calculated by equation 2. 

= ( 0.5 ) (2)

Where; FI is freezing index and when Tm 0 the freezing index FI is calculated according to equation 
3.

= (0 ) (3)

The results and mean temperature are plotted in figure 12. Accordingly, mid-April is the beginning of 
thaw weakening evets. 

Figure 12. Accumulated thaw index and mean temperature

The calculated DCP Index for each section within spring time are presented in figure 13. Sections A and 
B have similar trend. Although section B has lower stiffness in first test compare to second, the stiffness 
decreases from 3rd day. Decreasing in stiffness in section C starts at the same day as section B although 
in the beginning test stiffness increases. 
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Figure 13. DCP Index during spring in Björsbyn road

Stiffness modulus of the superstructure is backcalculated FWD data for the same sections DCP test is 
conducted and plotted in figure 14. Surface modulus is plotted for all test points and shown in figure 15.

Figure 14. Stiffness modulus in Björsbyn road derived from FWD data 
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Figure 15. Surface modulus in Björsbyn road derived from FWD data 
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Analysis and Discussion 
Based on DCP test results, DCP Index increases from second week of May in all test sections. Increasing 
in DCP Index shows decreasing in stiffness and an indicator of thaw weakening in the pavement. That 
is a trend for all three sections although at some test points DCP Index is lower than the previous test. 
According to weather data mid-April would be consider as the beginning of thawing event, see figure 
12. According to decrement in surface modulus from mid-April, thaw weakening is captured since then,
see figure 16. The thawing process can be observed first mainly by the FWD test showing lower 
modulus and from end of April the FWD tests show an almost constant result till end of May, see figures 
14 and 15. This might be due to the fact that thawing soil is fully saturated after melting segregated ice 
lenses.  If thawing soil is loaded by a dynamic vertical load this would result in an undrained situation 
where water will carry the short term pressure applied by the test. Taking the DCP data we see an 
increase in starting almost at the time (with potentially slight delay) when the FWD stays constant. This 
again would relate to fully saturation and potential upwards drainage of the excess water.  DCP Index 
increases from second week of May in all test sections. According to FWD data in section B and C, the 
stiffness modulus increases by the end of May which can be indicating that liberated water from ice 
lenses is draining. 

Figure 16. Surface modulus during thaw weakening period

Since the DCP Index indicates the stiffness it is used to find the weaker layer. The stiffness of the layer 
which thaw weakening takes place at is lower than other layers. If the DCP Index increases at certain 
depth, it would be due the thawing process (thawing soil and liberating water) in the layer. Figures 17 
and 18 are showing at which depth the soil is thawing for 2 different days. Vertical dash line in the 
figures 17and 18, is indicator of increasing in DCP Index and horizontal dash lines indicates subbase 
(300 mm) and the layer which thaw weakening takes place. Although the DCP Index in subgrade is 
higher than DCP Index in subbase, it is way higher (up to 6 times).
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Figure 17. Thaw weakening in depth 400 mm to 800 mm (April the 29th) 

Figure 18. Thaw weakening in depth 400 mm to 800 mm (May the 7th)
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Conclusions and remarks
Based on presented results and discussion following conclusions and remarks are drawn:

Even though no strong relationship is found between DCP Index and backcalculated stiffness modules 
by FWD data, which is partially due to the fact that a FWD test is not suitable in fully saturated or even 
oversaturated boundary conditions, the combination of both data provides an interesting in sight on the 
state of thawing. The start of thawing is captured more clearly by the FWD test till the top soil is most 
likely be fully saturated. The saturation is indicated by more or less constant results of the modulus 
derived by FWD but the softening in the thawing material is captured by the DCP index increased. Even 
though the measurement campaign has been ended end of May the latest readings of the FWD show a 
slight increase in measured values (sections B and C) as well as the DCP index slightly decreases 
(section C). Both measurements indicate an increase in stiffness which might be related to drainage in 
both directions indicating a melted or permeable frozen layer.  DCP Index is found useful to estimate at 
which layer thaw weakening occurs.
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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 
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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: 
 

��
��

	 
�
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�������
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����������
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 (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: 

 
�� 
��

	 
�
� ��
��
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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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A B S T R A C T

A freezing test apparatus was supplemented with a digital 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 measure-
ments has been found. 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.

1. Introduction

Changes within a soil body as a result of cold climate conditions
where freezing occurs 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 Standard D5918-13, 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 ex-
periments found in literature (Brandl, 2008; Wang et al., 2014; 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 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 phase of the test, in particular.

In order to observe the changes in the specimen during freezing
experiments, various techniques (image analysis techniques, utilization
of an endoscope) have been employed. 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 (by
means of a tracer fluid) to the frozen fringe via time-lapse photography
and documented the qualitative relationship between ice lens thickness
and the temperature gradient during the tests. Later, 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. Dysli (2007) used a micro-camera (endoscope) placed in a
translucent tube inside the soil specimen to monitor the changes during
freezing and thawing. Azmatch et al. (2012) have also used image
analysis techniques to propose a criterion for the initiation of new ice
lenses in fine grained soils.

In this article, the mechanisms of frost heave during freezing tests
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have been studied by using image analysis techniques. The test equip-
ment was augmented with a camera system that took pictures through
an opening in the insulation layer during the entire test. 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 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 frozen fringe,
ice lens formations and their respective locations, resulting displace-
ments (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 dif-
ferent phases. Correlation plots and speckle analyses are used to keep
track of frost penetration and displacements, respectively.

Another aim was to evaluate the applicability of recording the tests
by a camera as a permanent modification for ordinary frost heave 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.

2. Methods and materials

2.1. 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 correla-
tion, digital speckle photography (DSP) and when applied in fluid and
soil mechanics, particle image velocimetry (PIV) (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 show-
ering the surface with drops of paint. For this work, a speckle pattern is
glued to the surface of the test cell, as shown in Fig. 1.

The method uses two raw images of the speckle structure; the first
image is taken 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 be-
havior. 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 dis-
placement map showing the displacement field are obtained (Sjödahl
and Benckert, 1993).

A MATLAB algorithm was used for the analyses of images taken
during the experiments. An image with a ruler at the beginning of each
experiment was taken (see Fig. 1) to obtain the pixel to millimeter ratio.
The image analysis code calculates displacements between two con-
secutive images in pixels (px) (Sjödahl and Benckert, 1993). These are
then converted to millimeters based on the scale of the image. The
lower speckle pattern (glued to the bottom of the sample) that remains
stationary during the entire test was used as the reference point for
displacement calculations. 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
and the upper pattern (which can move freely with the cell).

2.2. Testing procedure

2.2.1. Test apparatus
A schematic representation of the test equipment is given in Fig. 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 ambient temperature of +4 °C. 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 (type T thermo-
couples with an accuracy of± 0.5 °C) 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 using a data acquisition

Fig. 1. Speckle patterns to keep track of deformations (the ruler is used to scale the image
later on). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.) Fig. 2. Schematic representation of the test cells.
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system which is connected to a computer for further analyses and the
data is logged every five minutes with an “Intab 31000-usb PC-logger”.

Furthermore, an opening (7 × 15 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. The image resolution is 2304 × 3456 pixels
which gives the pixel to millimeter ratio of 1 px≈ 0.05 mm. 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 Fig. 3.

2.2.2. Sample preparation
All tests have been conducted on disturbed samples of silt. The

particle size distribution (psd) of the soil tested is given in Fig. 4. The
portion of the soil tested 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 moisture
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 (ρd = 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.

2.2.3. 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 were applied at the top cap as shown in Table 1, while
keeping the bottom cap temperature constant at +2 °C. These condi-
tions 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 con-
ditions) were investigated as well. In addition, in one of the tests,
changes during thawing were monitored too.

Pictures were taken every 5 min 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.

3. Results

3.1. Capillarity & suction

Water will be drawn to the sample as a result of capillary action 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 combined effect of capillarity and cryogenic suction to attract
water from the surroundings was also observed (Fig. 5). 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

Fig. 3. Modification of one of the test cells for the experiments to be
recorded by a camera. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this
article.)
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allowed later 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 Fig. 5 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.

3.2. 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 equili-
brium has been reached. This is presented in Figs. 6, 7 and 8 for Test#1.
In order to have identical conditions for comparison, the period under
which frost penetration took place was chosen to be 80 min and images
were compared every 20 min. The images in Figs. 6, 7 and 8 were taken
after a freezing time of 2, 6 and 11 h, 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
(Fig. 6). 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 pene-
tration is visible in Fig. 6.

Similarly, frost penetration during 80 min after 6 and 11 h of
freezing is given in Figs. 7 and 8, respectively. As the system comes to
thermal equilibrium, the rate of frost penetration reduces gradually and
eventually stops (Fig. 8). Values of ΔH given in Fig. 6 to Fig. 8 represent
frost heave occurring in the respective time period. Heave is calculated

Fig. 4. Particle size distribution of the soil tested.

Table 1
Summary of testing conditions.

Testing conditions Test #1 Test #2

Cold end temperature −5 °C −4 °C
Warm end temperature 2 °C 2 °C
Temperature gradient at thermal

steady state
0.07 °C/mm 0.06 °C/mm

Access to water Entire duration After freezing
started

Thawing Yes No
Variation of temperature

boundary conditions
Via changing the ambient
temperature

Via top cap

Ambient temperature 4 °C (−1 °C in the second
phase)

4 °C

Test duration 9 days 17 days

Fig. 5. Capillary action and suction after the initiation of the freezing phase during test #2. The first four pictures show the first 15 min (five minutes between each image) after the
sample had access to water. The last picture is taken about four hours after. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 6. Frost penetration after 2 h of freezing for a
period of 80 min. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Frost penetration after 6 h of freezing for a period of 80 min.
(For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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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. The size of the displacement arrows
were magnified for better visibility (i.e. not to scale) and filters were
applied in the code to reduce the noise generated by the analyses.

A more detailed view of the speckle plots is given in Fig. 9. The
results are from Test#1; after stationary frost front conditions were
established (i.e. thermal equilibrium has been reached after 38.5 h).
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.

3.3. Changes in the heat balance

3.3.1. 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 ambient temperature was reduced to −1 °C, over a 3-hour
period, while keeping the initial temperature conditions at the top and
bottom caps. The analyses were carried out identically to those pre-
sented earlier; meaning that the changes documented in Figs. 10, 11
and 12 have occurred within a time period of 80 min.

Changes in the ambient temperature causes the frost front to pe-
netrate even deeper and penetration continues until new thermal
equilibrium is reached (Fig. 11). 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 (Fig. 12).
Heave takes place during the progression of the frost front and under
stationary frost front conditions, as indicated by the arrows.

Changes in the heat balance were also studied by varying the tem-
perature in the top cap while keeping the ambient and bottom cap
temperatures 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 tem-
perature 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 (Fig. 13).
Different from the analyses of Test#1, results given in Fig. 13 cover a
period of 20 h. 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 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.

3.4. Thawing

At the end of Test#1 the sample was thawed by increasing the
ambient temperature until the entire sample thawed. As a result, the
sample thawed from bottom to top (Fig. 14). 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 dis-
turbed by condensation. Therefore, images document the changes
within the sample qualitatively without any further analysis being
carried out. Excess water can be seen being entrapped within the
sample under the thawing period.

Fig. 8. Frost penetration after 11 h of freezing for a period of 80 min.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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4. Discussion

4.1. 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 (cryo)
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 (Miller, 1978) and the significance
of it is demonstrated in Fig. 9. The sample continues to heave at dif-
ferent 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 Fig. 5. 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 dimen-
sional due to the specimen being exposed to ambient temperatures
around the opening, suction is clearly visible as a thin ice lens starts to
grow at the frost front, shortly after, as shown in Fig. 15.

Fig. 15 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.

4.2. Validation of image analysis technique

The accuracy of the speckle pattern analysis was assessed by com-
paring the calculated results to the LVDT readings logged during the
experiments. Results were compared for relatively short (5 h for
Test#1) and longer (20 h for Test#2) time spans. This was done to
evaluate the accuracy of the image analyses over varying time intervals
as well as to provide a variety of results to be able to draw reliable
conclusions. Fig. 16 compares the results of image analyses and LVDT
readings over a five-hour period for Test#1. Displacements from five
different occasions (1 h apart from each other) were compared and it
has been found that the results are almost identical.

Similarly, results from Test#2 were used for comparison (Fig. 13).
Total amount of heave was calculated as 1.26 mm by image analysis.
Corresponding displacements measured by the LVDT under the same
period are presented in Fig. 17. Four different occasions (5 h apart from
each other) over a time period of 20 h were used for comparison.
Agreement between image analysis technique and LVDT measurements
is strong.

4.3. Disturbance in the temperature profile due to the opening

Making an opening in the insulation as shown in Fig. 3 disturbs the
one dimensional heat flow and results in different temperature profiles
in the sample (Fig. 18). 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
ambient temperatures. After the ambient temperature was reduced
during Test#1, the opening caused an adverse effect. This is schema-
tically explained in Fig. 19, right. When the ambient 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 pe-
netration in the well-insulated regions of the sample (Fig. 19, 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. Fig. 20 presents the temperature profile in the sample
during the freezing phase of Test#1. Frost penetration, based on ther-
mocouple readings, is given in Fig. 21. The thermocouples are located
on the opposite side of the opening. The frost front is assumed to co-
incide with the position of the 0 °C isotherm. The location of the 0 °C
isotherm is calculated via linear interpolation between two neighboring
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
Fig. 21. 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 thermal
equilibrium is established. The agreement between the results of image
analyses and thermocouple readings is coincidental and was not ex-
pected. 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 loca-
tion (in the frozen or unfrozen part), thermocouples are expected to
move upwards (if they are located in the frozen part, trapped in the

Fig. 9. Heave after 38.5 h of freezing for a period of 5 min. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 10. Frost penetration immediately after the ambient tempera-
ture was reduced down to −1 °C for a period of 80 min. (For in-
terpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

H 2.9 px 0.145 mm H 2.2 px 0.11 mm H 3.3 px 0.165 mm
H 3.9 px 0.195 mm

H=0.615mm

Fig. 11. Frost penetration 6 h after the change in ambient tem-
perature. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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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 re-
garded as a better tool to follow frost front progression compared to
thermocouples as they rely on visual inspection and allow for ice lens

Fig. 12. Frost penetration 12 h after the change
in ambient temperature. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Fig. 13. Heave calculated by means of speckle
analyses over a period of 20 h. (For interpretation
of the references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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thickness corrections which is not possible in the case of thermocouples.

4.4. Thawing

Despite the fact that no quantitative analyses could be 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

Fig. 14. Thawing. The image sequence represents a time frame of 40 h. Excess water is trapped inside the sample during thawing. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 15. Formation of an ice lens as a result of the suction at the frost front. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 16. Comparison between LVDT readings and image analyses for test #1.

Fig. 17. Comparison between LVDT readings and image analyses for test #2.
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amount of water being trapped inside the sample. This process is in-
dicative of what might occur in soil bodies with limited drainage ca-
pacity 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 (Fig. 14). 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 hy-
draulic conductivity. Once the sample is completely thawed, excess
water can drain in upward and downward directions. The upward
movement of water might be explained as a result of the sedimentation
of particles that takes place in the body of excess water trapped inside
the specimen (drainage capacity of which is limited). As the particles

sediment over time the water might move upwards. It should also be
noted that the water is allowed to leave the specimen from the sample
bottom as well. This might be why a reduction in volume accompanies
the upward movement of the water trapped inside the specimen in
Fig. 14.

5. Conclusion

A freezing test apparatus was modified with a digital camera system
to study frost action mechanisms in more detail. Speckle patterns were
glued to the test cell to keep track of frost heave. In addition, a speckle

Fig. 18. Effect of the opening on the temperature profile and ice lens formations. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 19. Effect of temperature boundary conditions on ice
lens formation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)

Fig. 20. Temperature profile in the sample during the freezing phase of Test#1. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 21. Frost penetration comparison between thermocouple readings and image ana-
lyses. 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. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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pattern inside the specimen was created by addition of black sand
grains. 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 analysis. Correlation plots provide more
accurate information about frost penetration compared to the thermo-
couple readings. Being visually able to observe the changes in the
specimen compared to the uncertainties involved in thermocouple
readings (as a result deviations in the initial position of thermocouples
due to heave) has obvious advantages. 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 demon-
strate that layered ice lens profiles can occur within a soil body under
sufficiently low frost penetration rates in a laboratory setting. Images
analyses also demonstrate that, for soils in which layered ice lens for-
mations 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 sur-
roundings under steady state conditions. Speckle analyses and the dis-
placement 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 condi-
tions 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 condi-
tions on the surface and in the surroundings. Consequently, any change
in these temperatures will have a direct effect on the forming or van-
ishing of ice lenses.

Findings of the experimental work also demonstrate the significance
of ground water depth in relation to the frost depth. During Test#2, an
increase in the heave rate and the rate that ice lenses grow was ob-
served as the frost front gets closer to the sample bottom due to the
significant reduction in the distance over which the mass transfer
(water intake) takes place. This has been the case for both tests ana-
lyzed in this work. Growth of relatively thicker ice lenses at relatively
faster rates took place as the distance between the water table and the
frost front reduced gradually. Therefore, it can be argued that a sig-
nificant 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 over relatively short and long time
spans. This can also mean that under certain conditions the method has
the potential to replace some of the traditional measurement techni-
ques.

Shortcomings of image analyses when used in freezing tests were
also identified and remedies were suggested to overcome these pro-
blems. The greatest drawback of employing the image analysis tech-
nique described in this paper is the disturbance in the temperature

profile within the specimen due to the opening created in the insulation
layer. However, this problem can be overcome by reducing the size of
the opening in future experiments. The image analysis technique works
best on partially saturated samples as saturated conditions were noted
to destroy the speckle pattern inside the specimen. Although the focus
of this work was to evaluate the usefulness of the technique to keep
track of deformations in a broader sense, the algorithm (due to the way
it is formulated – see Sjödahl and Benckert, 1993) has the potential for
keeping track of the changes in a particular region of the specimen (e.g.
the frozen fringe or the regions where ice lenses are located).

Overall, image analysis is found to be a viable option as it allows for
more detailed analyses compared to those of traditional frost testing.

Acknowledgement

This research was funded by the Swedish Transport Administration
(Trafikverket) within the research program “Make Way for Future”
(Bana och Väg För Framtiden – BVFF).

The authors would also like to thank Prof. Kauko Kujala, Veikko
Pekkala and Tuomo Pitkänen at the University of Oulu (Oulu, Finland)
for the help and collaboration during the construction of the frost
testing apparatus and for freezing tests with the camera.

References

Arenson, L.U., Sego, D.C., Take, W.A., 2007. Measurement of Ice Lens Growth and Soil
Consolidation during Frost Penetration Using Particle Image Velocimetry (PIV)
(Ottawa, Ontario, Canada, s.n.). pp. 2046–2053.

ASTM Standard D5918-13, 2013. Standard Test Methods for Frost Heave and Thaw
Weakening Susceptibility of Soils. ASTM International, West Conshohocken, PA.

Azmatch, T.F., Sego, D.C., Arenson, L.U., Biggar, K.W., 2012. New ice lens initiation
condition for frost heave in fine-grained soils. Cold Reg. Sci. Technol. 8–13.

Begemann, T.-F., Hinsch, K.D., 2004. Measurement of random processes at rough surfaces
with digital speckle correlation. J. Opt. Soc. Am. A 252–262.

Brandl, H., 2008. Freezing-thawing behaviour of soils and unbound road layers. Slovak J.
Civ. Eng. 4–12 March.

Chamberlain, E.J., 1981. Frost Susceptibility of Soil Review of Index Tests. U.S. Army
Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire.

Dysli, M., 2007. Étude expérimentale du dégel d'un limon argileux: application aux
chaussées et pergélisols alpins. École polytechnique fédérale de Lausanne (EPFL),
Lausanne, Switzerland.

Hendry, M.T., Onwude, L.U., Sego, D.C., 2015. A laboratory investigation of the frost
heave susceptibility of fine-grained soil generated from the abrasion of a diorite
aggregate. Cold Reg. Sci. Technol. 91–98.

Konrad, J.M., Morgenstern, N.R., 1981. The segregation potential of a freezing soil. Can.
Geotech. J. 482–491.

Miller, R.D., 1978. Frost heaving in non-colloidal soils. National Research Council of
Canada, Edmonton, Alberta, pp. 708–713.

Rempel, A.W., 2010. Frost heave. J. Glaciol. 56 (200), 1122–1128.
Sjödahl, M., Benckert, L.R., 1993. Electronic speckle photography: analysis of an algo-

rithm giving the displacement with subpixel accuracy. Appl. Opt. 32 (13), 2278–2284
(1 May).

Taber, S., 1929. Frost heaving. J. Geol. 428–461.
Wang, T.-l., Yue, Z.-r., Ma, C., Wu, Z., 2014. An experimental study on the frost heave

properties of coarse grained soils. Transp. Geotech. 137–144.
Wang, T.-l., Liu, Y.-j., Yan, H., Xu, L., 2015. An experimental study on the mechanical

properties of silty soils under repeated freeze-thaw cycles. Cold Reg. Sci. Technol.
51–65.

White, D.J., Take, W.A., Bolton, M.D., 2003. Soil deformation measurement using particle
image velocimetry (PIV). Géotechnique 619–631.

Xia, D., Arenson, L.U., Biggar, K.W., Sego, D.C., 2005. Freezing Process in Devon Silt -
Using Time-lapse Photography. (Saskatoon, Saskatchewan, s.n.).

Zhang, L., Ma, W., Yang, C., Yuan, C., 2014. Investigation of the pore pressure of coarse
grained sandy soil during open system step-freezing and thawing tests. Eng. Geol.
233–248.

Zhou, J., Wei, C., Wei, H., Tan, L., 2014. Experimental and theoretical characterization of
frost heave and ice lenses. Cold Reg. Sci. Technol. 76–87.

D. Dagli et al.






	Blank Page

