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ABSTRACT 

 

Freeze-thaw cycling is investigated as a possible method for consolidation of fine grained soils. The 

method relies mainly on phenomena of thaw consolidation. While the soil is subjected to multiple freeze-

thaw cycles the water is pressed out of the material as the excess pore pressure dissipates. To prove that 

this phenomenon can be used to consolidate fine grained soils several laboratory tests are conducted. 

Oedometer test are conducted with alternating freeze-thaw cycles at different load. Unconfined soil 

specimens are also frozen to assess the effect of freeze-thaw cycling on plastic and liquid limit and also 

to determine how much free water is produced in the process. A larger scale test is conducted to provide 

a better understanding about how the method could work in reality. It is proven that it is possible to 

significantly lower the water content of the tested material by using freeze-thaw cycles. It is concluded 

that liquid and plastic limits as well as the void ratio of the material decrease with increasing number of 

freeze-thaw cycles. 

 

 

1 INTRODUCTION 

 

In situations where structures have to be constructed on saturated fine grains soils with low hydraulic 

conductivity a dewatering technique has to be used. Dewatering of such a material can take tens of years. 

There are many cases in which the unsuitable soil for construction cannot be excavated for example, 

when dealing with a reclaimed land or large amounts of fine grained material that are too excessive to 

be excavated and stored. In these cases, properties of the material have to be enhanced in situ or the soil 

has to be transported to another location where it can be dewatered. Whatever the reason may be for 

using such a soil a suitable dewatering and consolidation technique has to be applied. 

As the hydraulic permeability of fine grained soils is very low conventional dewatering techniques 

to stabilize the soil can be inefficient. Usually a combination of vertical drains and additional load would 

be used to consolidate the soil. Most commonly used method is vacuum preloading but many alternatives 

such as, installation of wells and drains, vibro compaction, electro-osmosis as well as installation of 

different columns to improve the bearing capacity are available. Soil stabilization is widely used. 

Ultimately suitable technique is chosen based on properties of the soil and available resources. 

A new possible soil dewatering technique using artificial ground freezing is researched for the 

purpose of this thesis. The idea is to expose the soil to multiple freeze-thaw cycles, which will draw 

water out of the soil structure and form ice layers. When the ice melts the water is drained away and 

extracted from the soil. The technique should be used in combination with other dewatering techniques. 

While freeze-thaw cycles help to break natural cementation bonds of the material and draw out pore 

water, free water still needs to be drained from the material.  

 

 

2 RESERCHE TOPIC AND PURPOSE 

 

The purpose of this thesis project is to prove that it is possible to use artificial ground freezing to 

consolidate fine grained soils with low strength and corresponding low bearing capacity. In cases where 

a structure has to be built on a fine grained soil with low shear strength and excavation of the unsuitable 

material is not an option a dewatering technique has to be applied in order to consolidate the soil. This 
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can prove difficult for clay and clayey soils, as they have very low hydraulic conductivity, and 

consequently it takes very long time for water to move through the material to a free surface. Therefore, 

the soil structure has to be broken down in a way that water can migrate more easily. For this purpose, 

artificial ground freezing could be used. 

Freezing of a fine grained soil firstly, causes water to migrate to the freezing front forming ice lenses, 

therefore consolidating the unfrozen soil. Secondly, thawing of the ice lenses causes the excess free 

water to flow out of the material (Andersland and Ladanyi). Considering this, it should be possible to 

consolidate soil alternating freezing and thawing cycles. Because fine grained soils have low hydraulic 

conductivity the flow of the water out of the material would be very slow if the soil is subjected only to 

self-weight loading. Therefore freezing and thawing cycles would have to be used in combination with 

some another dewatering technique, for example preloading of the soil and additional installation of 

well-points or drains. Figure 1 shows a common dewatering technique with combination of drains and 

an added load. Preloading and drains can be either used on their own or in combination. Figure 1 just 

gives a schematic idea of possible techniques and drains can be substituted for wells or connected to 

vacuum pumps. 

 
Figure 1. Consolidation of soft soil using preloading and vertical drains 

 

The freeze-thaw cycles should be planned in relation to the seasonal temperature changes. The 

freezing takes place in the winter when the temperatures are lower and thawing in the summer when 

outside temperatures are above zero, this helps to conserve energy and streamlines the process. If 

freezing of the soil could be accomplished by using an indirect artificial freezing method cooled brine 

could be used to freeze the soil and the same brine at a warmer temperature could be used to speed up 

the process of thawing. Since cooling of the brine generates heat as a byproduct it could be used for 

heating purposes during winter months in the nearby buildings. The heat generated will be directly 

related to the amount of soil being frozen. Analogically brine could be used in the summer to provide 

air conditioning. 

Before testing the potential method with an actual artificial ground freezing installation a laboratory 

testing program should be carried out in order to verify that alternating freezing and thawing cycles will 

lead to the consolidation and dewatering of the material. For this purpose, previous studies concerning 

artificial ground freezing and freeze-thaw cycling have been researched. 

It has not previously been common to use artificial ground freezing and thawing for the purposes of 

soil consolidation and dewatering. Since artificial ground freezing is generally used as a temporary 

ground support and as cut-off walls, only one freezing and thawing cycle is normally applied. Though 

there are some records of changes in soil properties after thawing of artificially frozen ground, no 

recorded cases of artificial cyclic freeze-thaw could be found. While effect of freeze-thaw cycling has 
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been investigated before, the main focus has always been on changes in the mechanical properties of the 

soil. The articles also focus on the frost heave aspect which is not of interest in this study. All in all, 

studies investigating freeze-thaw cycling of fine grained soils are very few and limited. 

The main focus of this thesis project is the consolidation process of clay and specifically the phenomena 

of thaw consolidation. The thesis does not focus on the material in its frozen state. It is expected that the 

mechanical properties of the material will be deteriorated. The purpose of the laboratory testing is to 

show that water can be extracted from fine grained materials using freeze thaw cycling by drawing out 

pore water after which a dewatering technique should be applied to remove the accumulated free water. 

Removal of the free water is another problem in itself and is discussed only briefly. The thesis could 

also be used to lay groundwork for future studies on the subject. 

For the purpose of this thesis a clay material was used. A preliminary investigation was conducted 

to gain knowledge of general soil characteristics. Oedometer tests with alternating freezing and thawing 

cycles were conducted to assess the effect of freeze-thaw cycling on the consolidation process of the 

material. Unconfined samples of clay were subjected to freeze-thaw cycling to observe the changes in 

physical properties of the material. Finally, a large scale test was performed. 

 

 

3 THEORY 

 

In this chapter, main processes and basic terms used in the thesis are explained. Main subjects in this 

chapter are freezing and thawing processes in fine grained soils and it includes brief summaries of 

previously conducted studies. The subjects of consolidation and phase relationships in soil are also 

explained. 

 

3.1 Consolidation process in fine grained soils 

 

Consolidation is a process where soil particles are packed more closely together over a period of time 

under the application of pressure. The phenomena is accompanied by drainage of water from the pore 

spaces in-between the soil particles. When external load is applied to a saturated clay soil the entire load 

is first carried by the pore water pressure generated, that can be referred to as excess pore water pressure. 

If the clay is surrounded by material or free surfaces, from which water can escape the excess pressure 

will cause water to flow out of the clay. In essence the consolidation process consists of a gradual transfer 

process of stress in the pore water to the soil skeleton. (Head and Epps) 

Consolidation settlement is the vertical displacement of the soil surface corresponding to the volume 

change at a stage of the consolidation process. Consolidation settlement will occur if a structure 

(imposing additional total stress) is built on top of a layer of saturated clay, or if the water table is 

lowered permanently. (Knappett and Craig) 

 

3.2 Phase relationships 

 

A soil specimen generally consists of three different phases: solid mineral particles, gas and liquid, 

most commonly water. There are three important relationships of volume describing how the phases 

relate to each other: porosity, void ratio, and degree of saturation. Voids in this case can be filled with 

either liquid or gas.  Porosity is the relationship of void volume to total volume and the value of porosity 

is usually expressed in percentage. Void ratio is ratio of void volume to the volume of solids, usually 
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expressed in decimal value.   Porosity and void ratio can be calculated using formulas 1 and 2, where n 

is porosity, e is void ratio, Vv is volume of the voids present in the material, Vs is volume of the solids 

and V is volume of the whole sample. The relationship between void ratio and porosity can be seen in 

formula 3. (Lambe and Whitman) 

 

 

𝑛 =
𝑉𝑣

𝑉
                                                                                                                                                (1) 

 

𝑒 =
𝑉𝑣

𝑉𝑠
                                                                                                                                                (2) 

 

     𝑒 =
𝑛

1−𝑛
                                                                                                                                              (3)  

 

The degree of saturation indicates the percentage of the voids filled with water, where a value of 

100% would indicate a fully saturated soil. Degree of saturation can be calculated as a relationship of 

voids filled with gas to voids filled with liquid. (Lambe and Whitman) 

To find porosity or void ratio for saturated fine grained soils it can be assumed that all voids in the 

material are filled with water except when working with a soil which contains high amounts organic 

material or additives such as asphalt. Most useful relationship between the phases is water content, 

which can be calculated using formula 4, where w is water content, Ww weight of the liquid contained 

in the sample and Ws weight of the solids in the sample, meaning the dry material. It is much easier to 

determine weights than volumes, therefore it is possible to use changes in water content of a saturated 

soil to measure volumetric strain.  

 

𝑤 =
𝑊𝑤

𝑊𝑠
                                                                                                                                              (4) 

 

 

3.3 Freezing process in fine-grained soils 

 

For saturated or partly saturated fine-grained soils the effects of freezing depend on the rate at which 

the temperature is being lowered. If a soil sample is cooled rapidly the water freezes in situ. If the 

temperature is lowered gradually the water accumulates in the form of ice lenses, layers of clear ice that 

are situated parallel to the surface exposed to the freezing temperature. Formation of these ice layers 

requires water to migrate through the soil towards the freezing front. Therefore, it can be said that 

hydraulic conductivity and grain size affects development of ice lenses and freezing of the soil. The 

finer the soils are the more susceptible to frost they are, until the lack of permeability of the unfrozen 

soil restricts the water flow. (Andersland and Ladanyi) (Harris) 

If a cylindrical soil specimen is standing on a firm base and the temperature at the upper surface of 

the sample is lowered below the freezing point the growth of the ice lenses is limited to the amount of 

water that can be drawn out of the lower part of the specimen. Due to this, the lower part of the sample 

consolidates. The process is similar to water being pulled up by capillarity toward an evaporation 

surface. Growth of the ice layer may continue until the water content in the lower part has reduced to 

the shrinking limit. This sample can be referred to as a closed system as all the water entering the ice 

lenses comes from within the specimen itself. (Andersland and Ladanyi) 
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Even though only a closed system for freezing soil will be used for this thesis an open system can 

also exist. In laboratory conditions, the cylindrical specimen would be placed in a bath containing free 

water, therefore with the consolidation progressing in the lower part of the sample free water from the 

bath would also be drawn up. In the field, an open system can be encountered if the vertical distance 

between the water table and the frost depth is smaller than the capillary rise of the soil. In the open 

system the water that migrates to the freezing front is replenished continually. Therefore the ice lenses 

can rapidly increase in size. This causes large changes in volume of the soil mass causing the ground 

surface above the frozen zone to rise. This phenomenon is known as frost heave.  (Andersland and 

Ladanyi) 

For significant frost heave three conditions are necessary: continuous freezing temperatures, a frost 

susceptible material and a supply of water from the unfrozen part of the soil meaning an open system. 

Silts and clays with liquid limit lower 50 % are considered highly susceptible to frost. (Harris) (Aoyama, 

Ogawa and Fukada) 

A study researching water migration of freezing soils in closed systems found that water migration 

in unsaturated clayey soil can be divided into two parts. (Xiaozu, Yousheng and Weiyue) Firstly water 

migrates from the warm end of the specimen to the freezing front in the unfrozen section. Secondly the 

water migrates from the freezing front to the cold end of the frozen section. It was also concluded that 

the water migration flux increases with increasing initial water content and dry density. (Xiaozu, 

Yousheng and Weiyue) 

 

3.4 Thawing of the frozen ground and thaw consolidation 

 

Frozen ground contains ice in several forms: coatings on individual soil particles, small lenses, large 

inclusions and massive deposits. Upon thawing and as ice melts, the soil skeleton must adapt to a new 

equilibrium void ratio. The volume change in the material is caused by the phase change and flow of 

excess water out of the material. Figure 2 illustrates the volume change in fine grained soils due to 

thawing process. A small settlement of frozen soil occurs increasing stress between points a and b 

followed by a large settlement between b and c that takes place during thawing (phase change of the 

water). After the thawing the soil continues to consolidate under the increasing stress of completely 

thawed soil (Harris). Deformation caused by the melting of the ice inside the material is called thaw 

settlement.  
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Figure 2.typical thaw settlement behavior of frozen soils 

 

Frozen soil will begin thawing when subjected to an increase in temperature. The process is 

controlled by the temperature boundary conditions and thermal properties of the soil. If we consider a 

frozen sample of soil and raise the temperature at the ground surface the thaw interface, that can be 

assumed at 0° C isotherm location, will move in a downwards direction as the soil above the interface 

melts.  Therefore, it can be said that the settlement with time will be controlled by the thaw plane 

location. Movement of the thaw plane in time means that consolidation of the thawed soil above the 

interface is governed by a moving boundary condition.  The thawed soil is subjected to self-weight 

loading or additional loads may be used. One dimensional thaw consolidation is presented in figure 3 

(Harris) 
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Figure 3. One dimensional thaw consolidation 

 

 If thawing takes place at a slow rate the generated water flows from the soil at the same rate as 

melting occurs. Excess pore pressure cannot be sustained and the settlement is simultaneous with 

thawing. When thawing happens at a faster rate excess pore pressures are generated, this leads to 

reduction in shear strength of the soil. (Andersland and Ladanyi) 

 A study in 1991 researching thaw consolidation of frozen clayey soil was based on over 1000 

undisturbed soil specimens (Qingbai and Changjiang). Thaw consolidation test were conducted in two 

ways. Firstly, a load was applied to the specimen before thawing as the thawing process would take 

place under additional load. Secondly, the specimen was loaded only after it was fully thawed. It was 

noticed that for both samples loaded and unloaded the excess pore pressure during thawing dissipated 

in a similar manner although the process was much slower for the unloaded sample. Also if the rate of 

thawing of the preloaded soil was very slow the consolidation process and thawing process would take 

place simultaneously. These findings are in correlation with a similar study conducted in 1985. (Qingbai 

and Changjiang) (Yong, Poonsinsuk and Yin) 

Instead of focusing on pore pressure the study focuses on settlement and water content after loading. 

1000 undisturbed seasonally frozen soil samples were tested in a manner described in the previous 

paragraph. One dimensional thaw consolidation was achieved using an oedometer. Sample with height 

of 5 cm and diameter of 7,98 cm were used. Melting water was allowed to drain and settlements of 

samples were measured. For both methods a relationship between strain and water content was found. 

Strain increases as water content increases. It was also recorded that strain decreases with dry density. 

(Changjiang and Enyuan) 

 

 



9 

 

3.5 Soil properties after freezing and thawing 

 

Freeze thaw action mostly affects clays as a frost susceptible material. After freezing and thawing 

clays become fissured while coarser soils with little or no clay fracture can stay mostly unaffected. Clay 

soils are made up of individual fabric units, so called peds. The peds contain micro pores and are 

separated by macro pores. In a soil that has been previously unfrozen the form of the peds is determined 

by mineralogy, depositional conditions and bonding due to either particle surface charge or cementation. 

When the temperature is lowered freezing process begins in the macro pores with water migration from 

adjoining micro pores. The growing ice will compress the peds and break some of the bonds between 

them. Eventually new peds can be formed. This process affects most sensitive clays as cementitious 

bonds are broken permanently. The size of aggregates resulting from freeze-thaw treatment depends on 

initial soil structure, water content, rate and temperature of freezing. (Harris) 

A study by Vliet-Lanoe and Dupas that used undisturbed samples of fine unconsolidated sediments 

found after the first freeze thaw cycle the hydraulic conductivity and shear strength of the sediment 

increased considerably, especially in uncompacted clay and clay-loam. More interestingly the study 

found that these changes of properties usually stabilized within 4 to 5 freeze-thaw cycles. (Vliet-Lanoe 

and Dupas) 

Another study was conducted using undisturbed samples of sensitive clay. The purpose of the 

research was to determine the effect of cyclic freeze-thaw treatment on sensitive clays. Samples were 

insulated on all sides except top to simulate one dimensional freezing. Both open and closed system 

samples were tested. To determine influence of cyclic freezing and thawing on the liquid limit soil 

samples were subjected to various number of freeze-thaw cycles. Significant decrease in liquid limit 

was seen with increase of freeze-thaw cycles.  Freezing appears to destroy the strong bonding of 

sensitive clay during first freeze-thaw cycle. Cyclic freezing of sensitive clay causes alterations in the 

soil structure, which causes a decrease in shear strength, and liquid limit as the amount of cycles grows. 

(Yong, Boonsinsuk and Murphy) 

A study in 1978 examined 4 fine-grained soils to determine the effect of freezing and thawing cycles. 

Samples were frozen from bottom up with access to water from above (open system) and thawed 

uncontrolled with access to water at both ends. Freeze thaw cycling was repeated until little to no 

changes in void ratio or permeability occurred, usually for 3 cycles. All samples were frozen and thawed 

with 3 different applied loads from 1,7 to 120 kPa. In all cases it was noticed that freeze-thaw cycling 

led to a reduction in void ratio and all soils showed an increase in permeability. Reduction was biggest 

for samples with highest plasticity. Decrease in void ration for Ellsworth clay can be seen in figure 4. 

(Chamberlain and Gow) 
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Figure 4. Decrease in void ratio of the thawed material compared to unfrozen material (Chamberlain and 

Gow) 

 

It was also determined by a study in 1991  (Bondarenko and Sadovsky) that the larger the initial 

water content of the soil was, the more its shear strength at thawing was affected by freeze-thaw cycling. 

The soil was studied before, during and after being fully thawed. Soil which is in the process of thawing 

had the loosest structure, highest values of pore pressure and lowest shear strength. Fully thawed soil 

has still lower values in shear strength than unfrozen soil but considerably higher values than thawing 

soil since the pore water pressure has dissipated. It was also discovered that if the water content of the 

material is close to the liquid limit there is no significant difference in the shear strength of unfrozen, 

thawing and thawed soils. (Bondarenko and Sadovsky) 

In 1985 temperature dependencies of mechanical properties of soil were investigated. Samples of 

undisturbed volcanic ash, collected below the frost depth, with natural water content of 85-110 %, liquid 

limit of 95-105% and plastic limit of 75-85% were used. Samples were frozen in a closed system at 

temperatures of -1, -8, -18, -25°C for 24 hours and thawed at +20°C for 24 h. As a result, liquid limit as 

well as specific surface decreased with decreasing temperatures. This is thought to be due to the tendency 

of fine grains to stick to each other. Cohesion of soils subjected to freezing and thawing was lowered 

but the internal friction angle remained unaffected. Coefficient of permeability was extremely high after 

freezing and thawing compared to unfrozen soil. Decreasing liquid limit in relation to increasing number 

of cycles for block 88 of the material is shown in figure 5. (Aoyama, Ogawa and Fukada) 
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Figure 5. Decreasing liquid limit with increasing number of cycles (Aoyama, Ogawa and Fukada) 

 

Another research (Yong, Poonsinsuk and Yin) investigated the effects of cyclic freezing and thawing 

on mechanical properties of a high moisture content, sensitive natural clay that also had not been 

previously subjected to freezing. Closed and open freeze-thaw systems were used. Artificial soil samples 

were subjected to 1, 2, 4, 8, 16, 32 cycles of one-dimensional freezing and thawing. Freezing was 

conducted at -12° C thawing at room temperature, each for 12 hours. Significant changes in liquid limit 

and undrained shear strength were seen after one cycle. Liquid limit reduced from 80% to 60 % in 4 

freeze-thaw cycles. Some data scattering was detected due to heterogeneity of the clay. Also decrease 

in specific surface, reduced ability for moisture retention and changes in grain size curves were recorded 

after freeze-thaw cycling. Shear strength was determined using a fall-cone test. Strength variation was 

compared at constant water content. Results show that freeze-thaw cycling causes a significant reduction 

in shear strength. (Yong, Poonsinsuk and Yin) 

 

 

3.6 Artificial ground freezing 

 

Generally artificial ground freezing is used to temporarily stabilize soil and create a hydraulic seal. 

The impervious nature of ice and strength of frozen soil and water mixtures are usually the main 

properties utilized by civil engineers. The effect of ground freezing is temporary therefore, once the 

cooling source is removed, depending on the soil it can return to its original state without any 

contamination or aquifers.  

The primary objective of the method is to remove heat from the ground until the temperature of the 

groundwater system is below the freezing point. This can be achieved by using a refrigeration plant to 

receive and chill a heat transfer medium (most commonly calcium chloride brine) that is circulated via 

pipes through the targeted area, the heat accumulated from the ground is usually dissipated. 

One of the advantages of the method is that it can be used on almost any scale and can accommodate 

the full range of soil and rock types. The method has only two limitations firstly, the material has to 
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have adequate water content and secondly, the water flow through or beside the ice body has to be slow. 

(Harris) 

 

3.7 Summary of literature study and further work 

 

All in all, it could be said that mechanical properties of fine grained soils deteriorate with freeze-thaw 

cycling. It is known based on previous studies that void ratio, liquid limit and specific surface of the 

material decrease with the increasing number of cycles. Permeability of the soil increases as the soil 

structure is broken down. Based on the previous studies it is difficult to say if shear strength of the 

material increases or decreases as results are somewhat contradicting due to the nature of different 

materials and testing methods. 

For further investigation, it will be considered that shear strength at a constant water content reduces 

with increasing number of freeze-thaw cycles. It will also be considered that if water content of the 

material is close to its liquid limit no significant changes in shear strength can be noticed. These two 

facts are chosen over the others concerning shear strength because in the paper by Bondarenko and 

Savorsky the testing procedure was described in detail and therefore it is certain that the facts will not 

be misleading. 

The goal of the further investigation is to confirm some of the phenomena found in the literature 

studies. But also determine to which extent water can be extracted out of the material using freeze thaw 

cycling. Since no previous studies regarding changes in plastic limit were found it will be attempted to 

determine a relationship between plastic limit and number of freeze-thaw cycles. Relationships between 

soil properties, numbers of freeze-thaw cycles, additional loads and freezing temperatures will be 

researched to gain a better understanding how freeze-thaw cycling aids the consolidation process.  

It is expected as freeze-thaw cycling causes soil fabric to break down that a lot of water will be 

expelled out of the material during thawing and therefore the water content of the material will be 

lowered if free water is removed. As water is removed the voids previously occupied by it will collapse 

and density will increase. Void ratio will also decrease as less voids remain. The effect should increase 

with number of cycles as more and more water will be drawn out. Liquid limit of the material is closely 

tied of to the specific surface area. When clay thaws new bonds between particles are formed. Thawed 

clay sticks together forming lager particles. Increasing particle size will decrease the specific surface 

area and therefore the amount of water that can be bound to that area will also decrease this in its turn 

decreases liquid limit. 

 

4 METHODOLOGY 

 

The following chapter explains in detail test conducted on the material. Firstly, an initial soil 

investigation was conducted to have a better understanding of the material properties and have an initial 

point for comparison. Secondly, several batches of material were frozen to determine the effect of 

freezing and thawing cycles on Atterberg limits as well as water content. Descriptions and pictures of 

used appliances are also provided. Thirdly, numerous oedometer tests with freezing and thawing cycles 

in between loading steps were performed in order to assess the effect of different loads on thaw and final 

strain of the samples. Lastly, a large scale test was carried out by constructing a setup that would simulate 

freezing and thawing in a more similar manner to what it would look like in the field. 

    To conduct laboratory testing Manual of Soil Laboratory testing volumes I and II were used as well 

as some other sources. Manuals are mainly based on European union and British standards (Head and 



13 

 

Epps) (Head). Some of the equipment described in the manuals was not available at Luleå University of 

technology at the time, therefore some alterations to the testing procedures were made. 

 

4.1 Initial soil investigation 

 

In order to classify the soil used in the experiment a routine soil investigation was conducted on the clay 

material. The material available at the Luleå University of Technology was already disturbed, likely 

excavated with a small excavator or a backhoe loader, and packed on a pallet with mounted sides, 

therefore it was impossible to get an undisturbed sample of the material. Material was of heterogeneous 

nature. As a part of the investigation, it was attempted to compact the sample in the soil tubes in multiple 

layers, this proved to be difficult as numerous air pockets remained in the sample tubes. The further 

paragraphs describe the test conducted during the initial soil investigation. Since the material in question 

is heterogeneous all of the tests were carried out numerous times in order to have a better assessment of 

the results. 

 

4.1.1 Water content, density, porosity and void ratio 

 

Firstly, the water content of the clay was determined. The following test procedure was carried out three 

times. A piece of clay was scooped into a previously weighed form and the weight of the wet material 

was determined after which the material was dried in an oven at 100˚C for 24 hours and weighed again. 

Therefore, water content of the material by weight can be determined using formula 4. 

To determine bulk density, the dimensions of the soil tube were measured and the tube with its 

contents was weighed. After the soil investigation was complete mass of the empty tube was determined 

again. This way the mass and volume of the soil were determined. Bulk density of the soil can be 

calculated using formula 5.  

 

𝜌 =
𝑚

𝑉
                                                                                                                                   (5) 

 

As previously mentioned the soil in the sample tube could not be properly compacted and contained 

numerous air pockets, therefore the density calculated in this way could not be correct, since in the 

calculation it is assumed that there are only natural air pockets and pores in the material. Therefore, in 

order to have less air voids smaller samples should be used, in which it is easier to pack the clay.  

Rings used for the preparation of oedometer samples were used for this purpose as they have 

approximately the same diameter of 50 mm as the soil tubes but considerably smaller height of 20 mm. 

The ring was filled with clay in two layers, each layer was gently but firmly pressed down. The sample 

was weighed and the weight of the ring was subtracted. The test was repeated three times. Determining 

density this way was more accurate as the samples contained less air pockets. Density of the original 

material is later compared to the density of the samples after loading during the oedometer tests. 

Therefore, it would be appropriate since the oedometer samples were prepared in a similar way. Void 

ratio and porosity of the material were also determined using respectively formulas 2 and 1.  
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4.1.2 Particle size distribution 

 

Wet sieving and sedimentation tests were performed in order to determine the gradation of the soil. 

Wet sieving analysis was performed three and sedimentation test two times. Wet sieving was chosen 

because as clay particles have a tendency to stick together if sieved dry, this clumping may prevent an 

accurate assessment (Knappett and Craig). In order to perform wet sieving analysis clay was dried in an 

oven at 100˚C and weight of the dry material was determined before the start of the sieving procedure. 

The dry material was placed on a sieve with opening size of 63mm and the sieve itself was secured to a 

mechanical vibrating table. The table was turned on and water was gradually introduced, particles 

smaller than the sieve mesh size were washed away while the larger particles remained on the sieve. 

The particles in the sieve were collected and dried in an oven at 100˚C, after the water had evaporated 

the weight of the particles was determined and the percentage of particles larger than 63micrometers 

present in the soil was calculated. 

Water from the sieving which now contained the fines was collected and later used for the 

sedimentation test. For the first wet sieving test larger pieces of dried clay were used (245 g of dry 

material) but it took a lot of time to dissolve them during the sieving procedure and the amount of water 

used was too large to be collected and later used for sedimentation analysis. Therefore, for the next tests 

a smaller amount of material (95-100 g of dry material) was ground into a powder before the sieving, 

that resulted only in around 4 liters worth of liquid. It is considered that material amount of 100 g for 

wet sieving test for clays, sands and silts is sufficient to be representative. (Head) 

Sedimentation test was performed on the soil in order to determine the gradation of the fines. The 

principle of sedimentation lies in the fact that larger particles settle quicker while small particles stay 

suspended longer, under the assumption that particles have similar densities and shape. The velocity that 

a falling particle reaches is known as its terminal velocity. If particles are close to spherical in shape the 

relationship between terminal velocity and diameter is determined by the Stokes´ Law, which states that 

terminal velocity is proportional to the square of the particle diameter. (Head) 

To carry out the sedimentation test less than a liter of water containing fines is needed, since the 

amount of water collected in the sieving test was much larger it had to be dried out in an oven at 100˚C. 

After most of the water had evaporated distilled water was added and the sample was mixed thoroughly 

in order to have approximately one liter of mixture. The experiment was conducted in a temperature 

controlled room, so the water temperature would be at constant 20 °C, meaning water density would 

remain unchanged during the test. 

To prepare the test sample 900 ml of the liquid was poured into a hydrometer test glass and 100 ml 

of 13,3% tetra-Natriumdiforsfat (N4P2O7) solution was added to prevent the soil particles from sticking 

together. The contents of the hydrometer glass was mixed in order to combine two liquids together after 

which it was left to settle for around 12-24 hours. Before the start of the experiment seven clean and 

empty glass bottles were weighed so they could be used later to collect sedimentation samples. To start 

the experiment, the sample was again thoroughly mixed, so at the point 0 in time of the experiment the 

whole sample had the same distribution of fine particles and as the time passed the particles would settle 

to the bottom.  

Seven sediment samples were taken during the experiment each 10 ml in volume. First five were 

taken at 0 min, 1 min, 4 min 30 sec, 9 min and 30 min from the depth of 10 cm from the top water level. 

Last two samples were taken at 1 h 15min and 3 h 40 min after the start of the experiment at the depth 

of 5 cm. The samples were dried in the oven at 100˚C. After the water had evaporated bottles with the 

sediment left at the bottom were weight again and therefore the mass of the fine material contained in 

each sample could be calculated. 
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Gradation of the fines was determined using the Stokes´ law according to which the terminal velocity 

of the spherical particle falling in fluid can be determined using formula 6. Where: ν is terminal velocity; 

D is diameter of the particle; g is acceleration due to gravity; η is dynamic viscosity of the fluid; ρs is 

particle density and ρL is density of the water. 

 

𝜈 =
𝐷2𝑔(𝜌𝑠−𝜌𝐿)

18𝜂
                                                                                                                                        (6) 

 

If particle falls a distance H in a time T the velocity can be rewritten as H/T and therefore the previous 

equation can be rewritten as seen in formula 7. 

 

𝐷 = {
18𝜂

𝑔
×

𝐻

𝑇(𝜌𝑠−𝜌𝐿)
}

1

2
                                                                                                                              (7) 

 

By transforming practical units in equation 5 into coherent SI units and putting in values for g 

(9,81m/s2) and ρL (100 kg/m3) equation 8 is obtained which provides basic calculation of the particle 

distribution curve. 

 

𝐷 = 0,005531 {
𝜂𝐻

𝑡(𝜌𝑠−1)
}

1/2
                                                                                                                  (8) 

 

In order to calculate the sieving curve, the fine particle density had to be determined. Particle density 

of a material is the weight per unit volume of only solid portion of the material. In order to calculate the 

particle density of the material the mass and volume without the voids of the material is needed. 

(Knappett and Craig) 

The mass could be found by simply weighing the dry material but to determine volume glass bottles 

were used. The two bottles with the corresponding lids were weighed after that they were filled with 

boiled distilled water to the brim. The lids were placed on bottles in a manner that no air remained 

between lid and the water, the lid was thus in full contact with the water surface. The bottles were placed 

in a temperature controlled room so they would achieve the temperature of 20° C. After couple of hours 

the water had cooled. It could be seen that some air bubbles had surfaced in between the lid and water 

surface, these air pockets were filled with previously boiled distilled water using a syringe. This 

procedure was repeated until no air was appearing under the lids and the full bottles were weighed. After 

this the bottles were emptied and dried. A piece of dry material was added to each bottle and the bottles 

were weighed again. Amount of the material added was between 20 and 30 g. The bottles were again 

filled with boiled distilled water, kept in a temperature controlled room and it was made sure during a 

24-hour period that no air was surfacing in the bottles before weighing them again. Therefore, the 

particle density could be calculated using formula 9 where: ρs is particle density; ρL is density of water 

at a constant temperature; m1 is mass of bottle; m2 mass of bottle and dry soil; m3 mass of bottle, soil 

and water; m4 mass of bottle and liquid. (Head) 

 

𝜌𝑠 =
𝜌𝐿(𝑚2−𝑚1)

(𝑚4−𝑚1)−(𝑚3−𝑚2)
                                                                                                                      (9)                 
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4.1.3 Fall cone test 

 

Undrained shear strength was determined using a fall-cone apparatus, which consists of a stand and a 

set of cones with different weights and apex angles. The cones are dropped into a soil sample from the 

stand and the penetration is measured. The test result is valid if penetration depth is between 5 and 17 

mm, if the penetration depth is smaller than 5 mm a heavier cone should be used and if it is bigger than 

17 mm a lighter cone should be utilized. A fall-cone apparatus can be seen in figure 6. 

 

 
Figure 6. Fall-cone apparatus 

 

For the moderately disturbed soil sample a cone with the weight of 100 g and apex angle of 30˚ was 

used. It was positioned over the soil sample in a way that the tip of the cone was barely touching the 

surface of the sample when the cone was dropped the depth of penetration was measured. Before 

repeating the test, a piece of the sample with 1,5 times the thickness of the penetration depth was 

discarded, so the new test could be performed on the undisturbed clay. 

Fall cone test was also repeated for a material sample that was mixed to be homogeneous. This time the 

100 g cone was too heavy and a 60 g cone with the apex angle of 60°was used. The cone penetration 

was measured analogically to the previous test. Before each test the clay was mixed and leveled out to 

provide a smooth surface for the cone. The test was performed three times for both samples. 

The fall-cone test for the fully disturbed sample could also be used to calculate liquid limit of the material 

because the cone of 60 g and 60° was used. For that purpose, the material used in the test was collected, 

dried and water content of the material was determined.  

Undrained shear strength was calculated using formula10, where K is constant depending on the apex 

angle of the cone, K=1 if apex is 30° and K=0,25 if apex is 60°, Q is mass of the cone, g is gravitational 

constant and h is the penetration depth. A corrected 𝜏𝑓𝑢 value was calculated using coefficient µ for 

which formulas 11 and 12 were used.  

“Sensitivity” of the clay was also determined using formula 13 where τfu and τr are “undisturbed” and 

disturbed shear strength respectively. Determining sensitivity of the soil requires the shear strength of 

completely undisturbed soil which we do not have but acquired value of sensitivity can still be used to 

approximately assess the reduction in strength due to remodeling of the soil. 
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𝜏𝑓𝑢 = 𝐾
𝑄𝑔

ℎ2                                                                                                                                             (10) 

 

𝜏𝑓𝑢(𝑘𝑜𝑟𝑟) = 𝜏𝑓𝑢 × 𝜇                                                                                                                              (11) 

 

𝜇 = (
0,43

𝑊𝐿
)0,45                                                                                                                                       (12) 

 

𝑆𝑡 =
𝜏𝑓𝑢

𝜏𝑟
                                                                                                                                                (13) 

 

 

To calculate liquid limit (WL), by using the fall-cone method, formula 14 was used, where M and N are 

coefficients depending on the penetration depth of the fall-cone and w is the water content of the material 

used. The water content is given in percentage. 

 

𝑊𝐿 = 𝑀 × 𝑤 + 𝑁                                                                                                                                (14) 

 

4.1.4 Liquid limit- Cassagrande method 

 

The liquid limit using the Cassagrande method is determined by measuring the water content and the 

number of blows required to close a specific groove for a specified length in a standard liquid limit 

device. Cassagrande apparatus can be seen in figure 7. To perform the test 10 mm thick layer of material 

was placed in the bowl of the apparatus and smoothed out, after which a special grooving tool was used 

to drag a groove with the depth of 10 mm in the bottom of the bowl. The as handle was rotated at 2 

rounds per second and the bowl would fall on the base. Each fall would cause the groove to close a little, 

the rotation was stopped when the groove was closed at the length of 13 mm.  

 

 
Figure 7.Cassagrande apparatus 
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The number of falls has to remain between 15 and 41 for the result to be valid. If the number was lower 

than 15 it meant that the clay was too soft in order to perform the test and needed to be dried out. If the 

number of falls was over 41 it meant that the material was too dry and distilled water had to be added. 

After recording the number of falls the clay was dried and the water content was determined. The liquid 

limit was calculated using formula 15. Where WL is liquid limit, kn is coefficient related to the number 

of falls and w the water content. The test was repeated three times. 

 

𝑊𝐿 = 𝑘𝑛 × 𝑤                                                                                                                                       (15) 

 

4.1.5 Plastic limit 

 

To determine the plastic limit of the clay a piece of the material had to be rolled out into a long thin 

tread on an absorbent piece of paper. As the clay is rolled out excess water is absorbed. The rolling 

process was carried out until the thread started breaking at 3 mm in diameter, it takes several times of 

rolling out the clay and squeezing it together before this result is achieved.  

Since the clay in its initial condition was too wet to roll and would stick to the paper dry material was 

used. The dry material was broken down into a powder using a pestle and mortar. Distilled water was 

added to the powder to make dryer clay that could be rolled out. After the thread would start breaking 

at 3 mm in diameter the pieces were collected, weighed and dried in an oven at 100˚C. Later the water 

content was determined. The test procedure was repeated three times, steps of the procedure can be seen 

in figure 8. 

 

 
Figure 8. Process of determination of the plastic limit 

 

4.1.6 Loss upon ignition 

 

Loss upon ignition is a way to determine the organic content in a material by burning the organic matter 

at high temperature. To determine the content of organic matter in the material a dried sample was used.  

To prepare the sample a pestle and mortar was used to grind a dried piece of clay into a fine powder.  

The porcelain crucible was half filled with the pulverized material. The prepared sample was placed in 

an 800° C furnace for exactly an hour. Upon removing the crucible from the furnace it was placed in a 

desiccator to cool completely after which the sample could be weighed again. The organic matter content 

was calculated using formula 16. Where mo is the organic matter content in %, m1 is the mass of the 

material before ignition and m2 is the mass of the material after ignition. 

 

𝑚𝑜 =
𝑚1−𝑚2

𝑚1
× 100%                                                                                                                          (16) 
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4.2 Freeze-Thaw cycling of unconfined material 

 

      Some of the material was also subjected to freeze-thaw cycling in aluminum forms. The material 

was not confined in any way and was subjected from 1 to 5 freeze-thaw cycles. The number of cycles 

was chosen based on several previous studies that concluded that the changes in properties of the soil 

usually stopped after about 3 freeze-thaw cycles. (Chamberlain and Gow) (Vliet-Lanoe and Dupas) 

The effect of numerous freezing and thawing cycles at different freezing temperatures was studied 

regarding the plastic and liquid behavior of the soil. Material was subjected to 1-5 freezing and thawing 

cycles. Around 600 g of clay was divided into five forms that were placed in the freezer at the 

temperature of -5° C. Each form was also wrapped in plastic to prevent water from evaporating. After 

at least 5 hours when the samples had completely frozen they were thawed at room temperature around 

+22° C. The sample subjected to only one cycle could now be used for Atterberg limits test, while the 

procedure of freezing and thawing was carried on for the other samples until the predetermined number 

of cycles had elapsed. After the completion of 1-5freezing cycles at -5° C the procedure was repeated 

with 5 new samples at -10° C.  

Liquid limit for each sample was determined using the fall-cone test as well as Cassagrande method. 

Based on literature, the fall cone method is considered more accurate. Since none of the two methods 

are very time consuming both were performed to give the opportunity to compare results. Additional 

material, around 100 g for each specimen, was subjected to freeze-thaw cycling to conduct-fall cone 

liquid limit test (Knappett and Craig). Liquid and plastic limits were attained by using the same methods 

described in the routine investigation under chapters 4.1.3; 4.1.4 and 4.1.5. 

       Disturbed shear strength of the samples subjected to freeze-thaw cycling was also determined using 

a fall-cone test. The excess free water was not removed and the sample was mixed until it was 

homogenous in order to determine the shear strength.  

       Water content of the soil was also determined after 1 to 5 freeze-thaw cycles. After the intended 

number of freezing and thawing cycles were completed free water from around and on top of the material 

was poured away and the material itself gently blotted with absorbent paper to get rid of as much free 

water as possible without discarding any material.  

 

4.3 Oedometer tests 

 

The general purpose of oedometer tests is to determine consolidation characteristics for soils with low 

permeability. Mainly two parameters can be calculated from oedometer test. Firstly, the compressibility 

which shows how much the soil will compress when loaded and allowed to consolidate. It is expressed 

as modulus of volume change. Secondly, a time related parameter which shows the rate of compression, 

the period over which the consolidation will take place. For the purpose of this thesis the focus with the 

oedometer tests mainly lies with characteristics regarding volume changes. The test itself is carried out 

by applying a sequence of vertical loads to a laterally confined soil sample. Vertical compression after 

each load is observed over a time period. Since now lateral displacement can happen only one-

dimensional consolidation parameters are derived. It should be mentioned in advance that even though 

testing procedure described in Manual of Soil Laboratory testing: Volume II was used the odometer test 

equipment available at Luleå University of Technology does not correspond to any standards described 

in the manual. Therefore, the testing procedure is described in detail below. (Head and Epps) 

Since the purpose of this thesis is to study the effect of freezing and thawing cycles on fine grained 

materials the oedometer loading steps were alternated with freezing and thawing cycles. A clay sample 

was loaded to a particular loading step after which it was transported to a freezer and the previous load 
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applied again. The sample would be frozen and unfrozen and the deformations monitored. After which 

it would be transported back to the oedometer and the standard loading procedure would continue.  

A fixed-ring loading cell was used to conduct the test. The consolidation cell consisted of a circular 

mold, an oedometer ring 40 mm in height and 40 mm in diameter, that was rigidly supporting the test 

specimen and an upper and lower drainage surface. For this particular setup the loading cap and the 

upper drainage surface were one, the surface consisted of an artificial porous stone that was covered on 

top and sides with stainless steel, openings were left in the steel to allow the excess water to escape upon 

compression, the height of the loading cap was 10 mm. The lower drainage surface consisted of a thin 

porous disc. Since the loading cell was a fixed-ring the upper load cap had as slightly smaller diameter 

than the mold to fit inside the oedometer ring. The lower drainage surface with bigger diameter was 

placed under the mold. The test specimens were fully submerged in water at 6º C to keep the samples 

cool and to stop water inside the material from evaporating. The loads were applied to the loading frame 

in the following sequence: 10 kPa, 20 kPa, 40 kPa, 80 kPa, 100 kPa, 120 kPa. An exception was made 

for samples frozen with loads of 100 kPa, for those cases loads of 160 kPa, 200 kPa and 240 kPa were 

added to the loading sequence. Digital gauges with a resolution of 0,001 mm were used to record 

compression over 24 h at each loading step. The oedometer setup available at Luleå Univeristy of 

Technology can be seen in figure 9. 

 

 

Figure 9.Oedometer setup at LTU 

 

Two soil samples were made for each oedometer test. It was initially planned that if the results differ 

greatly a third test would be conducted. Since an undisturbed simple from a soil sample tube was not 
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available and it was difficult to create one artificially a simple ring mold was used to prepare oedometer 

samples. The circular mold was placed on top of the lower drainage surface and mostly undisturbed 

pieces of the material were picked out and gently pressed down into the mold in 2 or 3 layers. It was 

essential that no air voids remain in the sample but also the goal was to disturb the material as little as 

possible. The circular mold had the diameter of 50 mm and height of 20 mm. A press was used to extract 

a sample suitable for oedometer testing.  

The freezing procedure was carried out at a different loading point for each pair of samples. Also 

different numbers of freezing and thawing cycles at different temperatures were applied. The goal was 

to see how the load at freezing as well as number of freezing and thawing cycles affect the thaw and 

final stain of the samples.  

A similar configuration to oedometer setup with a loading frame and deformation sensors was set up 

in a freezing unit, figure 10. Different samples were frozen at loading points of 20, 40, 80 and 100 kPa. 

The freezing and thawing procedure was carried out during 24 hours. Frost heave and thaw settlement 

during that time were recorded. Two temperatures of -5 and -10 º C were applied. It was planned to test 

samples with 1, 2 and 5 freezing cycles. The samples were left uncovered in the freezer unit so some 

evaporation of water was unavoidable. Since it was possible to use the freezer for only one pair of 

samples at a time it proved to be difficult to execute 5 freezing cycles with all four loads at two different 

temperatures within the timeframe planned for the thesis. Therefore, it was decided to subject the 

samples aimed for 5 freezing cycles only at loads of 20 and 80 kPa. To show the combinations of loads, 

temperatures and freezing-thawing cycles table 1 is provided.  
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Figure 10. Loading setup in the freezer 
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Table 1. Combination of, loads temperatures and numbers of freezing cycles during oedometer tests 

Number of 

samples 

Load during 

freezing/thawing 

(kPa) 

Loading sequence (kPa) Number of 

freezing/thawing 

cycles 

Temperature 

at freezing 

(ºC) 

2 20 10-20-40-80-100-120 1 -5 

2 40 10-20-40-80-100-120 1 -5 

2 80 10-20-40-80-100-120 1 -5 

2 100 10-20-40-80-100-120-160-200-240 1 -5 

2 20 10-20-40-80-100-120 2 -5 

2 40 10-20-40-80-100-120 2 -5 

2 80 10-20-40-80-100-120 2 -5 

2 100 10-20-40-80-100-120-160-200-240 2 -5 

2 20 10-20-40-80-100-120 5 -5 

2 80 10-20-40-80-100-120 5 -5 

2 20 10-20-40-80-100-120 1 -10 

2 40 10-20-40-80-100-120 1 -10 

2 80 10-20-40-80-100-120 1 -10 

2 100 10-20-40-80-100-120-160-200-240 1 -10 

2 20 10-20-40-80-100-120 2 -10 

2 40 10-20-40-80-100-120 2 -10 

2 80 10-20-40-80-100-120 2 -10 

2 100 10-20-40-80-100-120-160-200-240 2 -10 

2 20 10-20-40-80-100-120 5 -10 

2 80 10-20-40-80-100-120 5 -10 

 

After the samples had finished their intended loading and freeze-thaw cycling the water content and 

bulk density were determined. Void ratio and porosity could then be calculated according to formulas 1 

and 2. The calculations where based on the assumption of fully water saturated samples. 

A stress strain curve based on the deformation readings collected during oedometer test were also 

presented. Strain was calculated at each loading as well as freezing-thawing step by dividing the initial 

height of the specimen with the maximum deformation that had occurred at that step. Initial height of 

the sample was determined in two ways. Firstly, the distance by which the loading cap was pressed into 

the oedometer ring was measured and therefore the height of the sample could be calculated.. As a 

second method the total deformation of the sample measured by the sensor was added to the height of 

the sample after testing. No difference over 0,5 mm was noticed between two methods. 

 

4.3 Large scale test 

 

The large scale test was conducted in order to see the effect of freezing and thawing cycles on a larger 

scale. For this purpose, a plastic box with dimensions of 53x34,5x28 cm was insulated using extruded 

polystyrene, Styrofoam. The pieces used for the insulation were cut 7 cm higher than the height of the 

box itself in order to allow room for the freezing pipe and for the lid to fit tightly on top that would 

prevent water from evaporating. The insulation of the box was glued on using construction adhesive 

SikaBond. Two holes with the diameter of 13 mm were cut in in the opposing sides of the insulation to 

allow the freezing pipe to fit through.  
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A copper pipe with 10 mm inner and 12 mm outer diameter was used as the freezing pipe. Copper 

was chosen as it is flexible and is a good thermal conductor.  When choosing the diameter of the pipe it 

had to be accounted that the pipe will be bent which will cause the pipe opening to narrow, a smaller 

diameter pipe could have closed completely. The pipe was bent in a way that it had three curves angled 

at 180°, one pointing upwards and two downwards, radius of each curve was approximately 55 mm. The 

pipe was installed inside the insulated box by pushing each end of the pipe through the precut openings 

in the insulation. The shape and measurements of the setup used is shown in figure 11. 

 

 
Figure 11. Setup of the box- top view and cross-section, locations of thermocouples marked with a cross 

 

The copper pipe was connected to a HETOFRIG CB4 cryo bath via see-through polyvinyl chloride 

(PVC) tubes. Picture of the experiment setup can be seen in figure 12. Cryo bath is a device that 

maintains liquid inside the machine at constant temperature and circulates it to attached tubes. The 

machine has the capacity to cool or heat the liquid depending on the settings. Lower part of the machine 
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containing a tank with cooling liquid functions as a refrigerator unit, while on the top part a heating coil 

is submerged in the liquid. Combination of the heater and refrigerator systems in the same setup help 

achieve desired temperature. 

Since the cryo bath was going to be used at temperatures below 0º C the tank had to be filled with a 

non-freezing liquid. A mixture of water and ethanol was used. 

 

 
Figure 12. Setup of the large scale experiment  

 

Before the box was filled with clay and the experiment started a pre-test was performed. A 

thermocouple was installed around the copper pipe inside the box to monitor the temperature and the 

setup was turned on. It had to be checked that the liquid was circulating and there were no air bubbles 

in the PVC tubes. Since the concentration and the freezing point of the ethanol solution inside the 

circulator was unknown it was also necessary to check that the liquid inside the tank would not freeze 

during the experiment. 

After the liquid inside the setup had come back up to room temperature of around 21º C the prepared 

box was filled with clay material. The clay was deposited inside the box in layers and pressed down to 

have as little air pockets as possible, it was also made sure that the material was tightly packed close to 

the copper pipe. After the box was filled, surface of the material was tightly covered with plastic wrap 

and lid was placed on top to stop the water from evaporating, the material was left in that state for 18 

days to settle.  
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After this period it was uncovered from plastic wrap and total of 9 thermocouples were installed. A 

thermocouple was placed at each end of the copper pipe, ingoing one that carries cooling liquid into the 

insulated box and outgoing one that carries slightly warmed liquid back into the circulator, in order to 

monitor temperature of the solution circulating in the system. Rest of the thermocouples installed at 

different distances from the copper pipe, since the thermocouples themselves bend easily each was taped 

to a wooden dowel before inserting into the soil in order to keep the location of the temperature 

measurement as accurate as possible. Initial measured distance between thermocouples themselves and 

also thermocouples and the pipe was 5 cm, the depth of installation was 7 cm. Locations of 

thermocouples are marked with crosses in figure 11. The data from the thermocouples was recorded 

using a data logger and the results were monitored using computer software EasyView 7. Results were 

used to monitor frost front propagation.  

The cryo bath was turned on to start the cooling process; thermostat was set to achieve the cooling 

liquid temperature of -9º C from the initial run. Due to the resetting of the temperature settings, 

temperatures of only-4ºC were measured on the ingoing pipe. 

The duration of the freezing cycle was 6 days on average, during which time the deformations of the 

clay as well as frost front propagation were monitored. After it could be seen from temperature 

measurements that the temperatures inside the material had reached an equilibrium and the frost front 

was not moving forward, the thawing cycle was started. The thermostat settings were changed so the 

temperature of the circulating liquid would reach around 15º C. The thawing cycle was run until all of 

the frozen material had thawed and the temperature had stabilized. The deformations of the clay were 

monitored during the thawing period.  

Freezing and thawing cycles were repeated in a similar manner for 4 times. After each cycle two 

small soil samples with the approximate weight of 20 g were taken from the box, the free water contained 

in the sample was discarded and after that, the water content of the material was determined.  

 

5 RESULTS AND ANALYSIS 

 

5.1 Soil description 

 

The soil material used had a gray color with some reddish streaks. The material was very plastic and 

very heterogeneous ranging from almost solid pieces to very soft material. The material appeared to be 

very fine grained, no sand sized particles could be detected while rolling the material between fingers. 

Basic soil properties were determined after conducting an initial soil investigation. Values of the soil 

properties can be seen in table 2 and particle size distribution curve is presented in figure 13. Based on 

the “Unified Classification System” soil type of fine grained soils can be determined from plasticity 

chart using plasticity index and liquid limit. The soil type is CL representing inorganic clays of high 

plasticity. (Lambe and Whitman) 

The sensitivity of the clay was 4,26 but since it was not based on completely undisturbed it cannot 

be considered accurate. Because the value of undisturbed shear strength would increase with undisturbed 

material the sensitivity of the clay would also increase. Clays with sensitivities between 4 and 8 are 

referred to as sensitive, which is the case for this material. Clays with sensitivities between 8 and 16 are 

referred to as extra sensitive. It is impossible to know if the clay used would be classified as extra 

sensitive if an undisturbed sample was available but it can be said that the clay can be considered 

sensitive and soil loses considerable strength when remodeled. (Knappett and Craig) 
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Table 2. Initial soil properties 

 

Soil properties Value 

Water content (%) 65,16 

Bulk density (g/cm3) 1,5 

Particle density  2,69 

“Undisturbed” shear strength by fall-cone (kPa) 6,7 

Disturbed shear strength by fall-cone (kPa) 1,45 

Liquid limit by Cassagrande method (%) 59,47 

Liquid limit by fall-cone (%) 59,93 

Plastic limit (%) 20,38 

Plasticity index 39,09/39,55 

Loss upon ignition (%) 7,34 

Porosity 0,6 

Void ratio 1,6 

“Sensitivity” 4,62 

 

 
Figure 13. Particle size distribution curve 

 

5.2 Plastic and liquid limit, shear strength and water content 

 

In this chapter of the thesis the results concerning changes in plastic and liquid limit, shear strength 

and water content in relation to the number of freeze-thaw cycles are presented.   

Disintegration of clay when subjected to numerous freeze-thaw cycles at -5ºC can be seen in figure 

14. The pictures are not taken of one sample therefore the difference in color and shape occur but it can 
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be seen how the structure of the material changes with freezing cycles and also how the amount of free 

water surrounding the material increases. 

 

 
Figure 14. Clay after 1-5 freeze thaw-cycles at -5 ºC 

 

5.2.1 Plastic and liquid limit 

 

Plastic and liquid limit were found using both Cassagrande and fall-cone method.  The results between 

methods differed in this part of the investigation. 

Plastic and liquid limit were determined as a function of number of freeze-thaw cycles. Separate plots 

were created for different methods. The initial average liquid limit values for both methods are presented 

in figure 15 below. Liquid limit for the soil in its initial condition (at 0 freeze-thaw cycles) without any 

freeze-thaw treatment is also included in the plots. The strength of the relationships between the data 

points were very weak which was indicated by R2 value in Microsoft Excel. 

 

 
Figure 15. Relationship between number of freeze thaw cycles and liquid limit 

 

The only good relationship existing between data points is for liquid limit by using Cassagrande 

method for clay frozen at -10 º C. This is most likely deceiving as it has been proved by previous studies 

that liquid limit values should be decreasing with increasing number of freeze-thaw cycles. Previous 

studies also concluded that liquid limit decreases with lower temperatures, similar trend cannot be 

observed based on the test results. (Aoyama, Ogawa and Fukada) (Yong, Poonsinsuk and Yin) 

Differences between fall-cone and Cassagrande methods can also be observed, this is because 

separate soil samples were used to determine liquid limit with each method. As mentioned before the 
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clay is heterogeneous and it is difficult to get similar results for two samples unless large quantities are 

used. The clay was not homogenized to retain as much undisturbed structure as possible. 

Test procedure for determining plastic limit is subjective to some degree. It is difficult to determine 

the exact water content when clay crumbles at exactly 3 mm in diameter. The results for plastic limit 

between 1 and 5 freeze-thaw cycles can be seen in figure 16. It can be seen that the plastic limit increases 

with the number of cycles and also that lower values in temperature at freezing cause higher values of 

plastic limit. 

Plastic and liquid limits are not meant to be used as exact values but more as guidelines for the states 

in which the soil can exist.  Plasticity index is the difference between liquid and plastic limit and shows 

the magnitude of water content range over which the soil remains plastic (Lambe and Whitman). 

Plasticity index in relation to number of freezing and thawing cycles can be seen in figure 17. Liquid 

limit values that were achieved with the fall cone method were used to calculate the plastic limit. No 

concrete relationship was found between plasticity index and number freeze-thaw cycles, but it would 

seem that plasticity index would reduce with growing number of cycles. Since it is just a difference 

between liquid and plastic limit the result depends on the accuracy of previous measurements. 

 

 
Figure 16. Relationship between number of freeze-thaw cycles and plastic limit 
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Figure 17. Relationship between number of freeze-thaw cycles and plasticity index 

 

5.2.2 Shear strength 

 

The results for the disturbed shear strength in relation to number of freeze-thaw cycles are presented  

in figure 18. It can be seen that no significant relationship between number of freeze-thaw cycles and 

shear strength could be found. Based on the tests conducted it is difficult to say if the shear strength of 

the material would increase or not decrease with increasing number of freeze-thaw cycles. Shear strength 

for the material frozen at -10 ℃ increases. On the other hand shear strength for the material frozen at    

-5 ℃ stays relatively unchanged.  Due to heterogeneous nature of the soil, more soil specimens should 

be tested to develop a better understanding of the results. 

 

 
Figure 18. Relationship between freeze-thaw cycles and shear strength  

 

5.2.3 Water content  

 

Water content of the clay after freeze-thaw cycling was determined after the free water accumulated 
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planned number of cycles. Since it is unlikely that all of the free water contained in the sample could be 

removed these values should just be used as an approximate reference point.  

Water content in relation to freeze thaw cycles is presented in figure 19. It can be seen that water content 

decreases with the number of cycles increasing meaning more water is drawn out with each freeze-thaw 

cycle. It would be interesting to conduct the experiment with larger number of cycles to see after how 

many cycles the water content would reach equilibrium. It seems that freezing at – 10 º C causes a bigger 

initial drop in water content but after a while, the water content at both freezing temperatures seems to 

equalize.  

 

 

 

Figure 19.Relationship between water content and number of freeze-thaw cycles 

 

 

5.3 Oedometer tests 
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were denser and less plastic than the clay in its initial state. Samples would crumble instead of deforming 

plastically. Water content of all samples was between 25 and 35 %, which is around 50% smaller than 

the initial water content. Sample that was subjected to 1 freeze-thaw cycle at -10 ºC can be seen in figure 
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20. The sample was broken apart to better see the texture of the material. It was difficult to notice much 

difference in texture or water content between all samples subjected to freeze-thaw cycling. This may 

be due to the heterogeneous nature of the material. 

 

 
Figure 20. Oedometer sample subjected to 1 freeze-thaw cycle at -10 ºC 

 

Results from the oedometer test were interpreted as stress strain curves. Some examples of the curves 

can be seen in figure 21 that shows stress strain relationship between 5 pairs of samples all of which 

were subjected to freeze-thaw cycling at 20 kPa. First pair was subjected to freezing at -5 º C for 1 

freeze-thaw cycle. Second pair was subjected to freezing at -10 º C for 1 freeze-thaw cycle. Third to 

freezing at -5 ºC for 2 freeze-thaw cycles. Fourth to freezing at -10 º C for 2 freeze-thaw cycles. Also, a 

result for a control pair not subjected to any freezing are included for reference. It can be seen in this 

plot and generally in stress stain curves for samples frozen with the same load that larger amount of 

freeze-thaw cycles and lower temperatures at freezing cause larger strains. Although there can be some 

exceptions probably due to the heterogeneous nature of the soil. This can be seen in figure 21, where 

samples frozen at -10 ºC for one cycle have experienced smaller deformations than the sample frozen at 

-5 ºC for one cycle and have the same strain as control sample. 
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Figure 21. Stress strain curve for samples subjected to freeze-thaw cycling at a load of 20 kPa 

 

Figures 22 and 23 show how final and thaw strain of the samples is affected by the freeze-thaw 

cycling and different temperatures. Thaw and final strain increase with increasing load at freezing. It 

seems that the strains also increase with increasing number of cycles and temperatures. 

 

 
Figure 22. Final strain in relation to load at freezing 
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Figure 23. Thaw strain in relation to load at freezing 

 

When looking at void ratios no concrete relationships were seen at first, but after removing some 

greatly deviating values correlations in figure 24 could be seen. Values for 1 freeze-thaw cycle at -10 

ºC are questionable since that is the only trend line increasing while all others are decreasing. It can be 

concluded that in general higher load during freeze-thaw cycling will lead to smaller void ratios. Also, 

higher amount of freeze-thaw cycles will lead to lower void ratios which is in correlation with previous 

studies. (Aoyama, Ogawa and Fukada) 

 

 
Figure 24. Void ratio in relation to load at freezing 
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It can also be seen in figure 25 that void ratio decreases with number of freeze-thaw cycles. Since 

freezing and thawing cause deterioration of the soil fabric and causes structure to deteriorate the volume 

of voids decreases as the water is expelled out of the soil. 

 

 
Figure 25. Void ratio in relation to number of freeze-thaw cycles 
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Figure26. Void ratio in relation to maximum axial strain 

 

It was very difficult to assess density in relation to any other parameter, since changes in density 

were very small up to 0,2 g/cm3 so instead of getting 16 data points in total it was possible to get only 8 

at most because of the proximity of the values. 

It can be seen that water content of the sample decreases with higher load at freezing. It can also be 

seen that water content decreases with higher strains, figure 27. 

 

 
Figure 27. Water content in relation to maximum axial strain 
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Values of water content and density are plotted in relation to number of freeze-thaw cycles in figure 

28 and 29. It can be seen that density of the material increases and water content decreases with 

increasing number of cycles. 

 

 
Figure 28. Water content in relation to number of freeze thaw cycles 

 

 
Figure 29. Density in relation to number of freeze-thaw cycles 
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investigation can be counted as approximate and hypothetical. Relationships between soil parameters 

and numbers of freeze-thaw cycles were better established but still weak. 

To conclude it could be said that, freeze-thaw cycling led to reduced water content and void ratio. 

Also, freeze-thaw cycling does increase values of thaw and final strain compared to the samples not 

subjected to freezing. Strains increase with number of freeze-thaw cycles. Although, it is difficult to say 

to which amount does the temperature at freezing affect the deformations. Larger strains achieved at the 

same loading steps would suggest a faster consolidation process for samples subjected to freeze-thaw 

cycling. Therefore even the soil of heterogeneous nature could be consolidated using freeze-thaw 

cycling but it should be further investigated to what extent. 

 

 

5.4 Large scale test 

 

As freezing soil in a small container does not make it possible to see the development of the freezing 

front and ice lenses a large scale test was conducted. The setup of the test can be seen in figures 11, 12 

and 30. Installed thermocouples were used to monitor frost front development and the propagation of 

the front could also be seen visually.  

Initially it was planned to conduct each freeze-thaw cycle for a similar amount of time and at the 

same temperatures. Alternating freezing and thawing cycles required to constantly change temperatures. 

It proved to be impossible to restore initial temperature settings. Therefore, changing temperatures 

would lead to different durations of freeze-thaw cycles. Since thermocouples were used to record 

temperatures of the material this should not be a problem. Also, the cryo-bath used for producing 

freezing liquid malfunctioned on several occasions. This also led to some temperature fluctuations and 

a freezing cycle ending prematurely. Freeze-thaw process took less time with each cycle. Temperatures 

and durations of freeze-thaw cycles can be seen in figure 31. The figure shows temperatures inside the 

cooling box during freeze thaw cycling. Large temperature fluctuations caused by the malfunctions of 

the setup have been removed from the plot, the biggest malfunction occurred during between 2nd and 3rd 

cycle. 

 

 
Figure 30. Setup of the cooling box before freezing, placement of thermocouples visible on the right 
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Figure 31. Freeze-thaw cycles of large scale experiment 

 

During the first freeze-thaw cycle large thermal cracks developed around the freezing pipes in a 

radial pattern and visible ice lenses developed. Thermal cracks are caused by low temperatures. Low 

temperatures and rapid cooling cause larger tensile stresses. When tensile stress exceeds the tensile 

strength of the frozen soil ruptures and cracks are formed. (Andersland and Ladanyi) 

 While the cooling fluid was circulated through the pipe during 6 days at -6 °C ice lenses kept 

developing, the final width (perpendicular to the direction of the freezing pipe) of the frozen area was 

22 cm. The thickness of the ice lenses seen on the surface was up to 4 mm, this can be seen in figure 32. 

 

 
Figure 32. Ice lenses during first freeze thaw cycle 
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around 5 cm. It was also noticed that during the freezing process the unfrozen clay in the box became 

drier and less plastic in nature.  

To help with the thawing procedure a warm solution at around 14 ºC was circulated through the pipe. 

Complete thawing took around 4 days. After thawing the area that was previously frozen had turned into 

a “slush like” consistency that was covered by water.  
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The settlement of the frozen area was 9 cm in the middle and 11 cm on each side. The settlement 

corresponds to 0,35 and 0,42 in compression. Compression is calculated by dividing the vertical 

deformation with the initial thickness of the clay layer. Smaller deformations in the middle of the box 

are because the turn of the freezing pipe is not submerged in clay in the center and therefore does not 

affect the soil below.  

Unfrozen clay remaining on the sides of the box partly collapsed into the cavity formed. 

Thermocouples were also displaced during freezing and therefore they were rearranged to keep them at 

a similar distance as previously. New locations of the thermocouples were recorded. Figure 33 shows 

the effect of the first freeze-thaw cycle in its different stages. 

 

 
Figure 33. Clay during first freeze-thaw cycle 

 

During the second freezing cycle the thermal cracks in the clay did not form. Since free water 

accumulated during pervious cycles was not removed it was drawn to the pipes and formed dome shapes. 

By the end of the freezing cycle the area affected by frost was around 20 cm which is narrower than in 

the previous freeze-thaw cycle. Maximum recorded horizontal deformation was 4,5 cm. No ice lenses 

could be seen. Vertical deformations remained negligible. After thawing the material affected by frost 

looked even finer and more unstable. Amount of water covering the thawed material had also increased. 

The compression in the middle of the box was 0,38 and 0,5 on each side. Deformations increased with 

the second freezing cycle. Figure 34 shows clay at different stages during second freeze-thaw cycle. 
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Duration of the freezing and thawing was 5 and 4 days respectively. Temperatures during freezing were 

around -3,6 °C and 17 °C during thawing. 

 

 
Figure 34. Clay during second freeze-thaw cycle 

 

The third freeze thaw cycle was similar to the second one. As a result, even more free water was 

accumulated and clay looked finer than after the previous cycle. Width of the frozen area was 17 cm. 

The compression in the middle of the box was 0,46 in the center and 0,52 on each side. Figure 35 shows 

the freezing and thawing process as well as the condition of the material after the third cycle. Duration 

of the freezing and thawing was 5 and 1 days respectively. Temperatures during freezing were around -

3,6 °C and 17 °C during thawing. 
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Figure 35. Clay during third freeze-thaw cycle 

 

Area affected by frost can be seen in figure 36. Approximate volume of soil affected by freeze-thaw 

cycling is 0,03 m3, which is 60% of the whole material involved in the experiment. After the end of the 

freezing and thawing procedures free water was removed from the experiment setup and the clay surface 

was leveled. Six cylindrical samples were extracted from various locations in the box using oedometer 

rings to determine bulk density and water content of the material after freeze-thaw cycling. Average 

water content was 46 % and density 1,7 g/cm3. Water content has been significantly reduced compared 

to the initial value of 65%. There is also an increase in density as the initial bulk density of the material 

was 1,5 g/cm3. 
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Figure 36. Area affected by freeze-thaw cycling 

 

Deterioration of the soil could be visibly seen with increasing number of cycles. The soil became 

very loose with large settlements and there were large amounts of free water present.  This proves that 

freeze-thaw treatment can be used to extract pore water from the material but an additional technique 

should be used to remove the free water. The settlement of the material is caused by thaw consolidation.  

Several samples of the material were taken during the freeze-thaw cycling process. Samples were 

taken from both the unfrozen end of the material as well as the frozen and thawed. Free water was 

drained from the samples and water content was determined. These changes in water content in relation 

to the number of cycles can be seen in figure 37. Water content that has been previously determined for 

1-5 freeze-thaw cycles at -5 ℃ for the material is also included for comparison. It can be seen that for 

both samples thawed and unfrozen the water content has reduced considerably from the initial water 

content of 65%. If samples form the cooling box and samples subjected to freeze-thaw cycling at -5 ℃ 

are compared it can be seen that the trends are very similar regardless of the difference in scale of the 

experiment. Therefore it could be assume that the same dewatering effect would occur on even larger 

scale. 
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Figure 37. Relationship between water content and number of freeze-thaw cycles for the large experiment  

 

6 DISCUSSION AND SUGGESTIONS 

 

Results acquired in the process of this investigation could be counted as inconclusive for some part  

This is due to the heterogeneous nature of the material. A much larger amount of specimens should have 

been used in order to obtain more reliable results. On the other hand some of the experiments in 

combination with information acquired during the literature study could be counted as reliable. This 

mainly concerns values of liquid limit as well as void ratio, water content and shear strength.  

Even though the result were somewhat inconclusive the assumptions made in chapter 3.7 can be 

considered true. A lot of water was expelled out of the material with freeze-thaw treatment which caused 

the material to consolidate. The material became denser and the void ratio decreased with increasing 

number of cycles, but the effect of freezing temperature should be studied further. Changes in the 

material could best be visually seen during the large scale test. The settlement in the material was 

immense as well as the amount of water accumulated. Even though large scattering of data is present a 

trend is shown in some major relationships, which can be further investigated. 

Since oedometer tests were very time consuming perhaps it would have been more reasonable to 

leave out the loading aspect of the testing process. Instead focusing on the qualities of the material 

affected by freeze-thaw cycling. This would have allowed conducting a larger number of freeze-thaw 

cycles as well as having a larger number of samples being tested for each cycle. This in its turn would 

have provided for more concrete relationships between soil properties. Also, samples should have been 

frozen in some sort of confined form which would have made it possible to determine volumes and 

therefore void ratio. 

The large-scale test could be counted as successful except couple of malfunctions. It provides a good 

visual aid to understanding how a freeze-thaw consolidation method would work in reality. Although 

the possible dewatering solutions for accumulated free water should be investigated further. 
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All in all it could be said that consolidation of fine grained soil is possible by subjecting the material 

to freeze-thaw cycling. For further investigations, more soil specimens should be used. It was found in 

the reviewed literature that sometimes up to 1000 specimens of several soils have been used to achieve 

conclusive results. Also the effect of freeze- thaw cycles on permeability of the soil should be studied 

as this affects the consolidation process. 

 

 

7 CONCLUSION 

 

 Soil consolidation using artificial ground freezing is possible.  

 Freeze-thaw cycling causes a reduction in water content of the clay by drawing water out 

form the pore spaces after which the free water must be drained.  

 Larger loads applied during freeze-thaw cycling cause larger thaw and final strains 

 Void ratio and water content decreases with increasing number of freeze-thaw cycles 

 Density increase with increasing number of freeze-thaw cycles 

 Shear strength of the soil remains relatively unchanged if water content of the soil is close 

to its liquid limit 

 Liquid limit of the soil decreases and plastic limit increases with the increasing number of 

freeze-thaw cycles 
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