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ABSTRACT 

This thesis consists o f to major parts. Part I , containing i n total nine papers on 

the phenomena o f frost heave and the corresponding thawing process. Part I I 

consists o f six papers on the compaction o f frozen soils and the corresponding 

thaw deformations in structures constructed w i t h the use o f compacted frozen 

soils. Part I I also contains papers dealing w i t h the change i n soil structure taking 

place in a soil subjected to cyclic freezing and thawing. 

The objective o f the first part has been to improve the understanding o f the 

phenomenon o f frost heave and to develop and apply a mathematical model for 

the calculation o f the frost heave under different circumstances and conditions. 

The model is applied to laboratory test data as we l l as to data from field sites w i th 

a corresponding sensitivity analysis. The semiempirical "Segregation Potential 

Theory" is also reviewed and applied to numerous test data from field tests as 

we l l as from laboratory tests and tests presented i n Hterature. The thawing process 

is studied and analyzed in terms o f the pore water pressures developed at thaw, 

w i t h the objective to improve the knowledge and understanding o f the these 

processes. I n addition, the thaw strains are also analyzed. A study o f the moisture 

movements during winter conditions in paved road constructions are also 

presented, w i t h the objective to increase the understanding o f the pore water 

pressure bui ld up during thaw i n fine-grained as we l l as i n coarse-grained soil 

materials. 

The objective o f the second part o f the thesis has been to identify whether frozen 

soils can be compacted w i t h an acceptable result or not, i n terms o f the degree o f 

compaction. The goal has been to identify the key parameters for controlling the 

compaction result o f frozen soils. The work was carried out as a laboratory study 

where frozen soil was compacted i n a modif ied Proctor apparatus. After 

compaction, the soil was let to thaw and the volumetric strains were recorded. 

Based upon the laboratory test results, a mathematical model was deduced. By 

using this i t is possible to evaluate the thaw strains i n a fill compacted while 

frozen. The model is simple and easy to use. A comparative study o f the 

behavior o f a road embankment constructed dur ing summer conditions and an 

identical embankment constructed during winter conditions w i t h the use o f 

partly frozen soil are also presented. The comparison is performed by analyzing 

results from setdement recordings taken i n different sections o f the embankment 

and results from modif ied Proctor compaction tests performed i n laboratory. 

Further, in the second part, studies o f the structural changes o f soils subjected to 

freezing and subsequent thawing are also presented. Structural changes i n soils, 

affect many engineering parameters, but here emphasis is given to how 

permeability is affected in fine-grained tills and h o w the Atterberg consistency 

limits are affected in fine-grained soils by cyclic freezing and thawing. 
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SAMMANFATTNING 

Denna avhandling består av två huvuddelar. Del I , som totalt innehål le r nio 

artiklar rörande t jä l lyf tningsfenomenet och den därtill hörande t jä l lossningspro

cessen. Del I I innehåller sex artiklar, vilka behandlar möj l igheten att packa frusen 

j o r d och en analys av vilka deformationer som uppkommer i konstruktioner som 

är uppbyggda av j o r d som packats i fruset tillstånd. De l I I innefattar även artiklar 

som behandlar de strukturella förändringar som uppkommer i en j o r d då denna 

utsätts för frysning med efterföl jande upptining. 

Syftet med den första delen av avhandlingen har varit att öka kunskapen rö rande 

t jäUyftningsfenomenet som sådant samt att utveckla och applicera en matematisk 

modell för beräkning av tiäHyftningen under några olika förhållanden. Den 

matematiska modellen har applicerats på såväl laboratorieförsök som på fältförsök. 

En jämförelse mellan beräknade och uppmät t a värden presenteras med 

til lhörande känslighetsanalys. Den semi-empiriska modellen "Segregation 

Potential Theory" belyses och modellen appliceras på ett stort antal 

laboratorieförsök och fältdata samt på resultat som presenterats i litteraturen. 

Tjällossningsprocessen har analyserats genom att porvattentrycksutvecklingen i en 

frusen, tinande j o r d studerats med syftet att bät tre förstå hur denna uppbyggnad 

sker i en tinande j o r d och vilka faktorer som styr processen. 

Syftet med den andra delen av avhandlingen har varit att klarlägga huruvida 

frusen j o r d kan packas med acceptabelt resultat som följd. Detta har gjorts med 

användning av begreppet packningsgrad. H u v u d m å l e t var att identifiera vi lka de 

styrande parametrarna var för vilket packningsresultat som kan u p p n å s då sådan 

j o r d packas. Arbetet genomfördes i huvudsak som en laboratoriestudie med 

användning av modifierad Proctorapparat. Efter inpackning av den frusna jorden 

fick denna tina, varvid de volymetriska röjningarna uppmät tes . P å basis av 

laboratorieförsöken har en matematisk modell utvecklats med vars h jä lp det är 

möjl igt att i förväg kunna b e d ö m a vilka deformationer som uppkommer då en 

jordmassa som packats i fruset tillstånd tinar. Modellen är enkel och 

användarvänlig. En j ämfö rande fältstudie av en vägbank, som till del byggts under 

sommarförhåuande och t i l l del under vinterförhål lande, med delvis frusna 

jordmassor, presenteras också. Jämförelsen baseras på resultat från sät tnings

uppföl jn ing av vägbankarna samt på resultat från packningsförsök med modifierad 

Proctor i laboratoriemil jö. 

I del I I presenteras också resultat som visar vilka strukturella förändringarna som 

äger rum i en j o r d som fryser och däref ter tinar. Sådana frysförlopp påverkar 

många material parametrar, men i detta arbete har tonvikten lagts på hur 

permeabiliteten förändras i en finkornig m o r ä n som utsätts för en cyklisk frysning 

och tining. Därtill presenteras resultat rö rande vi lken inverkan sådana f rysför lopp 

har på Atterbergs konsistensgränser i finkornig j o r d . 
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1. I N T R O D U C T I O N 

1.1 Frost heave and thaw weakening 

I n cold regions o f the w o r l d , frost action regularly causes numerous problems 

to a wide variety o f constructions which leads to inconveniences to the 

citizens. Most obvious are problems associated w i t h constructions like 

highways, streets, parking places, airfields, railways, different types o f pipes 

buried i n ground and foundations. 

According to ISSMFE T C 8 (Technical Committee on Frost i n Geotechnical 

Engineering) 10 to 60% o f the public roads in the Nordic countries are 

subjected to limitations regarding traffic loading during thaw weakening 

period in spring. The length o f this period is typically 4-6 weeks. Estimations 

o f the road maintenance costs due to frost damage is 10 to 40 mi l l ion 

$US/year. I n Sweden, the costs related to reduced bearing capacity o f the road 

network during spring thaw, have been analyzed for the pulp industry 

(Bjurulf, Nordmark, 1994). I t is concluded, that typically 30-35% o f the road 

net-work i n northern Sweden (Nor th o f Dalälven) are subjected to bearing 

capacity restrictions every year due to thaw weakening. In the south o f 

Sweden this number is about 1%. I n the nor th , most restrictions take place in 

the period March to June, while i n the south, most restrictions are due in 

February/March. The length o f the thaw weakening period, varies from a few 

days in the south to more than 90 days (3 months) i n the north. About 50% o f 

the roads w i t h restrictions, have these for a period o f 50-60 days in the north, 

while in the south the period o f restrictions is typically shorter than 3 weeks. 

Estimations o f the additional costs, due to thaw weakening restrictions, for the 

pulp industry show that this industry only, w i l l have additional costs i n the 

range o f 800 mi lhon SKR/year (1993 prices). I t is thus obvious, that the 

problem o f frost action and thaw weakening is highly significant for the 

society. 

Frost heave is caused by ice accumulation (ice lenses) i n the frozen soil. This 

takes place in fine grained soils during winter, as long as water is present. The 

amount o f ice accumulation and thus the frost heave, is dependent on the frost 

penetration and soil properties. N o n - u n i f o r m frost penetration tend to cause 

differential heave, w h i c h normally is more destructive than a more even 

heave. The differential heave often leads to the formation o f cracks and 

openings in pavements and w i l l therefore cause greater damages than a more 

even heave. In order to predict the frost penetration and frost heave during a 

winter at a specific place under specific conditions, there is an increasing 

demand for improved calculation methods i n order to predict the ice-lensing 

process i n a realistic way. Such methods w i l l help to improve the engineering 

design w i t h respect to frost action, but also f o r m the necessary input for the 

solution o f the thaw weakening problem. 
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The thaw weakening process takes place i n spring and is normally associated 

w i t h excess pore water pressure produced by the melting ice lenses. The 

excess pore water pressure decreases the effective stress i n the soil and thus the 

shear strength and ultimately the bearing capacity. Settlement o f the ground 

surface w i l l normally also occur, and this is associated w i t h the pore water 

pressure build-up and the corresponding drainage. The thaw weakening 

process often causes damages like pot-holes and alligator cracks i n asphalt 

pavements, i n addition to a reduced bearing capacity. The increase i n pore 

water pressure and the corresponding reduced strength i n the soil, is 

dependent on several factors. The thawing rate seems to be a key parameter, 

in combination w i t h the drainage conditions. I n addition, the physical 

properties o f the soil and the conditions prevailing during freezing, have a 

significant influence on the thawing process. A t thaw, the amount and 

distribution o f ice and ice lenses are o f importance, and thus, a good 

understanding o f the freezing process is o f great value i n order to understand 

the thawing process and the corresponding thaw weakening. 

I n order to predict the bearing capacity o f a road during thaw, there is a need 

for calculation tools fo r the magnitude and distribution o f the excess pore 

water pressure as func t ion o f time and space. This type o f models should be 

based upon a good understanding o f the basic phenomena. Further, there is a 

need for instrumentation o f roads in order to identify when a road should be 

subjected to bearing capacity restrictions. I t is thus essential to understand what 

parameter should be measured and what the limits are for this, i n order to 

fu l f i l l an acceptable performance o f the road. 

1.2 Compact ion o f f rozen soils 
I n areas w i t h a significant length o f the winter, the climatic conditions 

normally f o r m hard restrictions on the length o f the time at wh ich earth 

construction w o r k can be carried out. I n northern Sweden, this period might 

be as short as a few months, whi le i n southern Sweden i t might be about 8 

months or more. The restrictions are normally based upon the idea, that 

construction w o r k w i t h frozen soil masses are difficult to carry out w i t h a 

good result. This is especially obvious fo r compaction work . Normal ly , i t is 

much more diff icul t to compact frozen soils than to compact unfrozen, due to 

the presence o f ice i n the pore space. The ice also acts as a glue between the 

solid grains and thus, compaction is affected which often results i n a less 

compacted fill. This might also lead to settlements o f the surface o f the f i l l 

after the end o f construction. I t might be possible to have a longer 

construction period i f w e better understand what the key parameters are and 

their respective role i n relation to the obtained compaction result, when 

dealing w i t h frozen soil masses. I n addition, i f the compaction behavior o f 

frozen soils are better understood, i t w i l l also be possible to identify soil 
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materials which can be compacted w i t h good result during a winter 

construction period. Thus, a higher productivity and a higher efficiency i n the 

use o f expensive equipment w i l l result. 

1.3 Structural changes due to freezing and thawing 
Soils are nowadays, to an increasing degree, used as barriers for different 

purposes. I n this application, mosdy fine-grained soils are used. I n areas w i t h 

significant winter climate, these barriers w i l l often be affected by frost. The soil 

structure w i l l thus be affected, wh ich might lead to changes o f the physical 

properties. Parameters hke permeability w i l l thus be affected. Therefore, an 

increasing demand o f knowledge exists regarding h o w frost affects soil 

properties and especially properties related to the performance o f soil barriers. 

1.4 Structure o f the thesis 
This thesis consists o f i n total 15 papers divided into t w o parts. Part I deals 

w i t h the frost heaving phenomena and the mathematical modehng o f this. 

This part also includes papers dealing w i t h the thawing process and an analysis 

o f the excess pore water pressure generated during thaw. 

Part I I deals w i t h the compaction o f frozen soils and the degree o f compaction 

obtained i n this way. Further, a method is presented to calculate thaw strains 

i n fills constructed by the use o f frozen soils and comparisons are made to field 

tests. Structural changes i n soils subjected to freezing and thawing are also dealt 

w i t h i n part I I and these changes are related to the physical properties o f the 

soil. 
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2. F R O S T H E A V E 

The phenomenon o f frost heave is dealt w i t h i n the papers A - F , i.e. i n total 6 

papers. 

I n paper A , a new mathematical model is described, which calculates frost 

heave by simulating the formation o f ice lenses i n saturated salt-free soils. I n 

the model quasi-steady state, heat and mass f l o w is considered. Special 

consideration is given to the zone close to the frost front, i.e. the frozen fringe 

i n which the permeability is assumed to vary exponentially as a func t ion o f 

temperature. The dr iving force for the water f l o w , i.e. the pore water pressure 

is calculated from Darcy's law. The ice pressure varies across the frozen fringe 

and this is determined by the generalized Clapeyron equation. N e w ice lenses 

are formed in the frozen fringe in the position where the effective stress is 

zero. The neutral stress needed to f ind the effective stress is calculated as a 

simple function o f the amount o f unfrozen water and porosity. 

The model has been used to simulate frost heave and heaving rates and the 

results are compared w i t h experimental data. The comparison shows generally 

good agreement between simulated and experimental results. 

I n paper B the model described i n paper A is further developed, i n order to 

get a more practical and engineering oriented frost heave model. The model is 

tested and verified by comparisons w i t h frost heave measurements from bo th 

laboratory and field situations. 

Paper C presents another application o f the frost heave model. Here the 

model is applied to a stratified soil profile. A generally good agreement 

between calculated and measured frost heave is obtained. The applicability o f 

the model is also demonstrated by solving a number o f practical problems. 

Here, an attempt to evaluate the differential frost heave in a road w i t h snow 

on its shoulders is also presented. 

Paper D presents a sensitivity analysis o f the model. The analysis concentrates 

on factors like overburden pressure, temperature gradient, unfrozen water 

content and the permeability. Computation results are presented, showing a 

cyclic increase and decrease o f the segregational temperature as wel l as o f the 

suction in the pore water pressure at the warm side o f the growing ice lens. 

The cyclic behavior presented i n paper D is verified i n laboratory tests 

presented in paper G. 

Paper E presents laboratory tests which are compared w i t h predicted results by 

using the frost heave model. Special attention is paid to the pore water 

pressure situation i n the frozen, freezing and unfrozen parts o f the soil. 
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Qualitatively acceptable results are found, even though some discrepancy is 

present i n terms o f the absolute numbers. The use and efficiency o f a X-ray 

technique is also demonstrated i n order to identify the position and thickness 

o f ice-lenses i n the frozen soil during the testing procedure. The position o f 

the growing ice lens found from the X-ray photos was also predicted by the 

mathematical model and so was the existence o f the frozen fringe. 

Paper F also deals w i t h frost heave and the prediction o f this. However, the 

approach in this paper is different from the other presented in this thesis. In 

paper F the concept o f "Segregation Potential Theory" is adopted to analyze a 

large number o f laboratory and field test data. I n the paper i t is shown, that the 

key parameter o f the theory, the "Segregation Potential" (SP), wh ich normally 

has to be determined from laboratory tests, might be possible to estimate from 

a simple relationship between SP and a number called "Fines factor". The 

"Fines factor" describes the type and amount o f fines in the actual soil and is 

easily calculated from results from simple index tests. I n the paper, the factor 

describing the dependency o f the overburden pressure o f the SP-factor, is 

shown to be direcdy related to the clay content o f the soil. I t was further 

found, that the pressure dependency factor decrease w i t h increasing clay 

content o f the soil, implying that the frost heave i n a clay rich soil is less 

sensitive to changes in overburden, compared to soils w i t h a lower clay 

content. 

3. E F F E C T S O F T H A W 

The effects o f thaw i n a frozen soil mass is dealt w i t h i n the papers G - I , i.e. in 

total 3 papers. 

Paper G presents a laboratory study o f the pore water pressures developing 

during thaw i n a frozen, fine-grained soil. Pore water pressures and 

temperatures were measured along the height o f the sample during both 

freezing and thawing. Vertical movements, as wel l as i n - and ou t f low o f water 

in the sample was also detected. X-ray pictures were taken i n order to 

correlate the measured data to the position o f the different ice lenses formed 

during freezing. 

The results show, that peaks in the pore water pressures always coincided w i t h 

temperature peaks. A t steady state conditions in the sample, small temperature 

increases were related to the formation o f ice-lenses. I t was thus also found, 

that the small temperature rises created increased pore water pressure, which 

varied i n a cyclic pattern, as did the temperatures. This behavior was predicted 

in the theoretical analysis as presented earlier (chapter 2.). Further, the 

maximum positive pore water pressure detected during testing, was i n the 

same order o f magnitude as the overburden pressure. For samples w i t h an 

initial water content close to the plastic l imi t , water content did not decrease 
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during freezing and thawing, indicating that no freeze/thaw consohdation 

takes place at these l o w values o f water content. 

Dur ing early freezing, ice-lenses were formed, according to the X-ray 

pictures, but no heave was recorded. This suggests, that the volume increase 

due to ice lens formation, was balanced out by the volume decrease due to 

compression o f unfrozen soil portions. 

Paper H presents additional laboratory test results concerning measured pore 

water pressure during thaw. Again, i t is verified that a cyclic behavior o f the 

pore water pressure takes place even though steady state conditions are 

present. O f special interest was the occurrences o f high pore water pressure 

immediately after the frost front had stabilized. This behavior was a part o f the 

cyclic behavior o f pore water pressure and temperature. Based upon X-ray 

photos taken during testing and the measured pore water pressures as wel l as 

the i n - and out f low o f water, i t was possible to estimate the hydraulic 

conductivity o f the frozen fringe. Typically this value was about 10 times 

lower than the hydraulic conductivity i n unfrozen soil. 

Paper I deals w i t h a condensation phenomena at the interface between the 

base material i n a road and the top pavement. I t is shown from both laboratory 

experiments and field tests, that condensation below the pavement might 

occur during winter, even i n clean, wel l draining soil. This result i n 

accumulation o f ice just below the pavement. W h e n thawing starts, the ice 

turns into water and the excess water cannot normally dissipate and therefore 

high pore water pressure w i l l develop, reducing the shear strength and bearing 

capacity o f the soil. Failure o f the pavement may then occur. I n the field tests 

performed, as wel l as i n the laboratory tests, the moisture content was found to 

be highest at the soil/base interface, w i t h a maximum value above the 

saturation moisture content for the unfrozen soil. A t lower depths the 

moisture contents were much lower and about the same as in never frozen 

soil. 

4. C O M P A C T I O N O F F R O Z E N S O I L S A N D C O R R E S P O N D I N G 
T H A W D E F O R M A T I O N S 

Compaction o f frozen soils and the corresponding thaw deformations are 

analyzed and discussed i n the papers J - M (part I I ) , i.e. i n total 4 papers. 

The three papers J-L, all deals w i t h laboratory tests regarding the possibihties 

to compact frozen soils and what the compaction result w i l l be in terms o f 

relative density. The focus i n the papers has been to identify the key 

parameters controlling the obtained compaction results. The influence of: 
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• the size o f the frozen lumps 

• the water content 

• the soil type 

• the size o f the compaction cylinder 

• the stone size 

have all been studied and the results are presented i n the papers. I t is 

concluded, that the water content is the main key parameter wh ich determines 

most o f the behavior related to compaction properties o f frozen soils. None o f 

the other studied factors, have such an influence on the compaction result as 

the water content. The type o f soil is o f some importance, and to some degree 

the temperature at wh ich compaction takes place. The size o f the frozen 

lumps seems to be o f no importance fo r the compaction result, thus indicating 

that i t does not matter whether the frozen soil is compacted in the f o r m o f big 

or small pieces. 

The water content plays this important role due to the behavior o f the ice. 

Pore ice might be present i n the soil and i f such a soil is compacted, the ice 

w i l l hinder the solid grains to get in to a closer arrangement during 

compaction. This w i l l obviously lead to a less good compaction result. I f no 

pore ice is present, the ice might act as a glue between the solid grains. The 

strength o f the ice has then to be overcome before the grains can get into a 

closer arrangement. Strength o f the ice is temperature dependent, and 

therefore a small temperature dependency can be identified i n the obtained 

compaction results. 

The influence o f the size o f the compaction cylinder i n the modif ied Proctor 

apparatus is o f some importance and this is discussed in the papers J and L. 

Stone size has some minor influence, and this is discussed i n paper J. 

When a fill, compacted by using frozen soil thaws, thaw strain w i l l develop. In 

the papers J-L, a method to predict this compression is presented. I t is based 

upon the hypothesis, that the ultimate dry density a given soil can achieve is 

given by the compaction curve o f the unfrozen soil. Based upon this, i t has 

been possible to create a relationship between thaw compression, (a-value) and 

the water content for the studied soils. Temperature o f the frozen soil is 

considered. The results are presented i n the three papers J-L, i n the f o r m o f 

diagrams showing the ultimate thaw strain (a) as funct ion o f water content, soil 

type and temperature at the time o f compaction. 

Paper M presents a field test, where a road embankment partly was 

constructed during winter time and frozen soil was used for construction. 

Other parts o f the embankment were constructed during summer conditions 

and comparisons between the different sections are presented. The settlements 

in the summer and winter sections were fo l lowed separately. I n the winter 

constructed section, most o f the settlements were caused by thawing o f the 

compacted, frozen material. The measured settlements i n this section are 
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compared w i t h what could be expected f r o m the water content, temperature 

and type o f soil used in the embankment. I t was also concluded that the use o f 

good material under winter conditions can give a better construction than the 

use o f a more fine-grained material under summer conditions. 

5. S T R U C T U R A L C H A N G E S D U E T O F R E E Z I N G A N D T H A W I N G 

Structural changes in soils subjected to freezing and thawing are dealt w i t h i n 
the papers N - O , i.e. 2 papers. 

Paper N presents results regarding changes i n permeability due to cyclic 

freezing and thawing. The changes are related to structural alterations and to 

some extent to particle redistribution. The material used was a fine-grained 

t i l l , wh ich showed an increased permeability i n the order o f 0.02 to 11 times 

after being subjected to cyclic freeing and thawing. However, i n some tests a 

reduced permeability was found . As the particle movements were found to be 

very small, the major part o f the changed permeability was explained by 

structural alterations o f the soil matrix, i.e. formation o f cracks, openings, 

consolidation and softening effects. I t was concluded that the initial degree o f 

compaction plays an important role, whether the permeability w i l l increase or 

decrease after cyclic freezing and thawing. I f the soil initially has a high vo id 

ratio, the permeability w i l l decrease after freezing and thawing due to 

consolidation o f the soil matrix. O n the other hand, i f the soil initially is 

dense, the permeability w i l l increase due to softening effects i n the matrix. I t 

was also concluded that the vo id ratio strive towards the same residual value 

independendy o f whether i t initially was l o w or high. 

Paper O presents results showing h o w Atterberg limits i n clayey soils are 

affected by cyclic freezing and thawing. A strong influence on the l iquid l i m i t 

is found and for the material used, i t is reduced to about 60% o f the value i n 

undisturbed clay. The plasticity l im i t is, however, almost unaffected. The 

reduction o f the l iquid l i m i t is explained by an ongoing consolidation and 

densification o f the clay particle aggregates. This process reduces the effective 

surface area o f the aggregates and thus the l iquid l i m i t is reduced. 

6. C O N C L U D I N G R E M A R K S 

6.1 Frost heave 

The mathematical modeling o f frost heave has been subjected to an increased 

development during a number o f years. The main reason for this is the 

development in computer technique and also the distribution o f computers. 

Nowadays computers are regarded as a natural tool for solving engineering 
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problems. In combination w i t h the increasing capacity o f computers, much 

more complicated models can n o w be used for frost heave calculations in 

comparison w i t h what was possible just some years ago. The model presented 

here is an example o f this development. The model is primarily based upon 

the concept o f Mil ler , k n o w n as the "r ig id ice model". This is bui l t upon the 

microscopic mechanisms o f frost heave, but unfortunately i t involves a 

complex system o f equations and also parameters which are very diff icul t to 

determine by laboratory methods. The numerical and computational problems 

o f this model have earher been very big, leading to a restricted use. The major 

difficulties have been caused by the high degree o f non-linearity o f the 

problem, the dual nature o f combined convection and conduction, internal 

moving boundaries, and a continuously deforming structure. The presented 

model contains some simplifications o f the rigid ice model, w h i c h have made 

i t possible to develop effective numerical solutions, wh ich can be solved w i t h 

relative ease by a quite ordinary PC. The simplified model presented here, 

gives values o f heave, as we l l as o f heaving rates which are i n agreement w i t h 

data measured i n both laboratory and field tests. The great advantage w i t h this 

model, compared to others, are the modeling o f ice lenses on the microscopic 

scale, ultimately leading to a detailed picture o f where the ice is located in the 

structure as wel l as the amount o f ice i n comparison to the available pore 

space. I t has also been shown, that the major factors influencing frost heave 

are: overburden pressure, boundary temperatures, permeability o f the unfrozen 

soil and the unfrozen water content at temperatures lower than zero. The 

amount o f unfrozen water seems to be one o f the key parameters for the 

calulations. 

The applicability o f the simplified and operational model for solving practical 

engineering problems, have been demonstrated through case studies. The 

obtained results are generally good and i n accordance w i t h what has been 

measured. 

Future research in this area should highlight: 
• Boundary conditions are often stochastic in time and space. The deterministic 

model should be modif ied in order to be able to account for the stochastic 

behavior o f parameters. 

• The unfrozen water content is a key parameter i n the presented model. I f the 

unfrozen water content is not correcdy determined, large errors w i l l be 

introduced in the calculation result. More research has therefore to be carried 

out about the unfrozen water content and how this can be determined more 

easily than today. Maybe i t w i l l be possible to predict i t from simple index 

tests instead o f using all the relatively complicated tests common today. 

• M u c h more w o r k has to be carried out i n order to quantify the accuracy o f 

the model and to perform more sensitivity analysis. More comparisons should 

be made in relation to both laboratory tests and to field tests, w i t h k n o w n soil 

profiles. Special consideration should be paid to the location o f the ice lenses 
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and to the distributed ice accumulations i n the frozen soil. These locations 

should be compared w i t h the computed locations o f the ice accumulations and 

ice lenses. 

• Comparisons w i t h frost heave results obtained by using other models then the 

one presented here should also be performed. These other models can very 

wel l be either more simple, or more complex and complicated than the 

presented. Comparisons should preferably be made i n relation to field tests. 

The input data should be varied from: very litde and crude data, to high 

quality data in which every aspect o f the soil has been analyzed. This w i l l then 

f o r m a firm base to evaluate the models and understand the sensitivity o f these 

and their respective accuracy. 

6.2 T h a w weakening and thaw deformation 
I f there has been a great development i n the modeling o f frost heave during 

later years, this cannot be said about the thaw weakening problem. The 

interest i n the thawing problem has to a great degree originated from 

permafrost engineering, where melt ing o f ice and thawing o f the frozen 

ground has formed the most challenging engineering questions. However, 

during the last decade a growing interest o f the thawing problem i n areas wi th 

seasonal frost has been noticed. As an example o f this, the committee on 

"Frost i n Geotechnical Engineering" T C 8 w i t h i n ISSMFE nowadays has 

pointed out this area o f research as one o f the main target areas. This is 

described in w o r k group reports by Slunga, 1993, Dysli et al, 1997, Fukuda et 

al, 1997, Kujala, 1997 and Saarelainen, 1997. Many road administration 

organizations have also shown an increasing interest for the problem. 

The developments i n the modeling o f thaw weakening unt i l today, are either 

based on mosdy empirical models for road structures, e.g. Simonsen,1996 or 

originating from the area o f permafrost engineering. One o f the classical works 

here, is the w o r k by Morgenstern and N i x o n , 1971. Thaw weakening models 

trying to model the loss i n strength are mostly dealing w i t h the problem o f 

excess pore water pressure and h o w this varies i n space and time as thawing 

progresses. K n o w i n g this, the effective stress can be determined and thus the 

strength and ultimately the bearing capacity o f e.g. a road structure. The 

papers i n this thesis, dealing w i t h the problem o f thaw are presenting 

laboratory results o f measured excess pore water pressure and are thus 

representing an important input to understand the basic phenomena. The 

phenomena is i n no way completely understood today, thus giving difficulties 

in the modeling work . 

The fact that structural changes i n freezing and thawing soils take place are 

known since a long time ago. I n fact, this is an experience farmers have had 

during generations. Today, there is an increasing demand to better understand 

what the effects o f these structural changes are, i n relation to different types o f 

soil structures. There are very close connections between the structural effects 
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caused by freezing and thawing and the behavior o f the frozen soil during 

thaw. Structural effects may lead to increased permeability i n some cases and 

to decreased permeability i n other. This is illustrated i n the thesis. The 

permeability change is direcdy related to the soil behavior during thaw, as the 

permeability seem to be one o f the major controll ing factors for the generation 

o f excess pore water pressure. Thaw deformations are also direcdy related to 

the behavior at thaw. 

Future research in this area should highlight: 
Detailed studies o f the basic phenomena o f the generation o f excess pore water 

pressure during thaw. There are big demands fo r accurate laboratory tests i n all 

types o f soil materials i n order to better understand what the main parameters 

are controlling the magnitude and dissipation o f the excess pore water pressure 

generated during thawing. 

Evaluation o f good numerical models for the computation o f the magnitude 

and the dissipation o f the excess pore water pressure. 

The necessary input data to the numerical models. These should at least 

include: the structure o f the frozen ground, the amount o f ice in the soil, the 

location and thickness o f the ice lenses (when dealing w i t h a frost susceptible 

soil), good description o f the temperature situation on the ground surface thus 

incorporating the effect o f solar radiation, drainage situation and the thermal 

properties. 

The relation between the loss o f strength i n the soil and the bearing capacity 

due to the increase in pore water pressure during thaw, need to be 

highlighted. Today there is a lack o f theoretical w o r k i n this field, leading to 

less optimal constructions. 

Field tests, including simultaneous bearing capacity measurements and pore 

water pressure measurements during the thawing period. The field tests should 

also include frost heave measurements, frost penetration measurements, 

ground water level etc. i n order to understand the amount o f ice and the 

structure o f the ice lenses in the soil when thaw commences. 

Creation o f design criteria for structures, based upon the understanding o f the 

thaw weakening problem. 

Detailed analysis o f the behavior o f different soil materials i n relation to their 

behavior during thaw. This also includes effects on the soil structure itself. 

Thaw consohdation and thaw softening have to be understood better. 

Volumetric strains occurring at thaw should also be taken into thorough 

consideration. 

Structural effects due to freezing and thawing causing changes in permeability. 

These phenomena have to be better understood and we must better know 

when we get a permeability increase and when we get the inverse. There are a 

clear need for this knowledge, not only for the modeling o f excess pore water 

pressures, but also fo r the understanding o f the behavior o f different types o f 

soil barriers which are affected by frost. 
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• The possible existence o f a residual vo id ratio. I f such a value exist for soils 

affected by cyclic freezing and thawing need to be clarified, and also verified. 

I f such a value does exist, there w i l l be many practical, engineering 

consequences. For example, the need fo r a high degree o f compaction in the 

frost affected zone i n a soil structure can be questioned. A n other example is 

the possibihties to make better estimations o f the long time behavior o f 

hydraulic barriers affected by frost. 

• The movements o f particles and stones i n the direction o f the heat f l o w i n a 

frost heaving soil. This phenomena is only partly understood and today i t is 

not possible to make any theoretical calculations in order to quantify the stone 

movements i n different type o f soils. 

• Development o f 2- , and ultimately 3-, dimensional numerical models for the 

thaw weakening problem, in order to take the deviation from the simple 1-

dimensional structure into consideration. 
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1. Theory and Verification 
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Department of Civil Engineering, 

Luleå University of Technology, Sweden 

A frost heave model which simulates formation of ice lenses is developed for 
saturated salt-free soils. Quasi-steady state heat and mass flow is considered. 
Special attention is paid to the transmitted zone, i.e. the frozen fringe. The 
permeability of the frozen fringe is assumed to vary exponentially as a function 
of temperature. The rates of water flow in the frozen fringe and in the unfrozen 
soil are assumed to be constant in space but vary with time. The pore water pres
sure in the frozen fringe is integrated from the Darcy law. The ice pressure in the 
frozen fringe is determined by the generalized Clapeyron equation. A new ice 
lens is assumed to form in the frozen fringe when and where the effective stress 
approaches zero. The neutral stress is determined as a simple function of the un
frozen water content and porosity. The model is implemented on an personal 
computer. The simulated heave amounts and heaving rates are compared with 
experimental data, which shows that the model generally gives reasonable esti
mation. 

Introduction 

The phenomenon of frost heave has been studied both experimentally and theoreti
cally for decades. Experimental observations suggest that frost heave is caused by 

ice lensing associated with thermally-induced water migration. Water migration can 
take place at temperatures below the freezing point, by flowing via the unfrozen wa

ter f i l m adsorbed around soil particles. Overburden pressure, temperature gradient 

and depth to groundwater table are the most important factors that influence frost 
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heave, Taber (1929, 1930), Penner and Ueda (1977), Penner (1986), Horiguchi 

(1987) and Konrad (1989). 
Theoretically, a number of frost heave models have been proposed, e.g. Harlan 

(1973), Konrad and Morgenstern (1980, 1981, 1982), Gilpin (1980), Hopke (1980), 

Guymon et al. (1980, 1984), O'Neill and Miller (1980, 1985), Shen and Ladanyi 

(1987) and Padilla and Villeneuve (1992). These models are in general based upon 

the fundamental principles of thermodynamics and on experimental observations, 

and have been demonstrated very useful in understanding the phenomenon of frost 

heave and to some extent also in predicting frost heave for engineering purposes. In 

respect of 

- Adequacy in describing the phenomenon, 
- Validation against e.g. experimental data, 

- Ease in determining input parameters, and 
- Applicability in solving practical problems 

each of existing models has advantages and disadvantages and very few of them are 

satisfactory in all the aspects. For instance, the model by O'Nei l l and Miller (1985) 

has been considered to be physically elaborate in describing the phenomenon. How

ever, this model has not been validated by any experimental data. In addition, it is 

difficult to apply this model to solve practical problems which may involve e.g. 

stratified soil profiles, unsaturated soils, variable ground water table and capillarity, 

because some parameters needed are rarely available and difficult to determine. On 

the other hand, the models e.g. by Harlan (1973), Guymon et al. (1980, 1984) and 

Konrad and Morgenstern (1980, 1981,1982) deal with coupled heat and mass trans

fer in a scale of observation and have been applied to solve field problems. How

ever, an important feature of frost heave, i.e. the formation of discrete ice lenses, 

have not been considered in these models. Detailed review of the existing frost 

heave models may refer to O'Neil l (1982), Berg (1984), Kay and Perfect (1988), Fu

kuda and Ishizaki (1992) and Sheng (1994). 

In an effort to develop a frost heave model which takes into account the basic fea

tures of the phenomenon, but which excludes strange parameters, and more impor

tantly which can be further developed into an operational model for solving practical 

problems, Sheng et al. (1992) investigated a model which is somewhat a simplified 

version of that by Gilpin (1980). The soil was assumed to be saturated and salt-free. 

Quasi-steady state heat and mass flow was considered and the governing equations 

were established in a similar manner as by Gilpin (1980). It was assumed that ice 

lens initiation takes place when and where the maximum ice pressure reaches the to

tal overburden pressure plus the soil tensile strength. A linear variation in the perme

ability of the frozen fringe was also assumed. The input soil parameters were the dry 

density, the porosity, the saturated permeability and the thermal conductivity. The 

heave amounts computed were found very much dependent on the time step and the 

comparison with the experimental data was not satisfactory. 
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In this paper, the investigated model wi l l be modified so that a better computa

tional behaviour of the model and a better agreement between the model and experi

ments wi l l be reached. Modifications are expected to be carried out in many aspects, 

e.g. in the expression of heat and mass equation, in the expression of the neutral 

stress, in what concerns the criterion for ice lens initiation, and in the permeability 

and unfrozen water content of the frozen fringe. The modified model w i l l first be 

presented in this paper in a form of a research model, in order to gain an indepth 

understanding of the phenomenon, to justify various concepts used in the model and 

to simulate laboratory tests. In a following paper (this issue), it w i l l be demonstrated 

that the research model can be further developed into an operational tool which can 

deal with field conditions such as a stratified soil profile, a varying ground water 

table, unsaturated soils and snow insulation on the ground surface. 

Frozen Fringe and Ice L e n s Formation 

Freezing of a moist soil is essentially a process coupling heat and mass transfer. 
When a saturated fine-grained soil is subjected to a subfreezing temperature, part of 

the water in the soil pores can solidify into ice, i.e. pore ice particles; close to soil 

particles and more tightly bound to them, a film of unfrozen water remains. Accord

ing to thermodynamics, this adsorbed water f i l m has lower free energy at a lower 

negative temperature. Therefore a potential gradient can develop along the tempera

ture gradient. Water can be sucked from the warm portion to replace the amount of 

water lost due to freezing and to feed the accumulation of pore ice. As the pore ice 
particles grow, they can finally contact each other and form an ice lens, oriented per

pendicular to the direction of heat and water flow. In fact, significant frost heave ob

served in field or laboratory is attributed to ice segregation and ice lens formation as

sociated with water migration. 

It is observed that there exists a frozen zone between the growing ice lens and the 

frost front where the warmest pore ice exists. This zone has been referred to as the 

frozen fringe, Miller (1977) and Loch and Kay (1978). Within this frozen fringe the 

temperature drops from the freezing point at the frost front to the segregational tem

perature at the warm side of the ice lens. In response to this temperature drop, the 
pore water pressure, unfrozen water content and permeability also decrease through 

the fringe. The water pressure at the warm side of the lens, which appears in suction, 

is affected by the segregational temperature and the overburden pressure. Konrad 

(1989) measured the segregational temperature and pore water pressure in absence 
of overburden pressure and found they are related to each other by the Clapeyron 

equation. Unfrozen water content and the permeability decay more or less exponen
tially with decreasing temperature, Anderson et al. (1973), Burt and Williams 

(1976). 
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Fig. 1. Mechanisms of ice lens initiation and growth («„,: water pressure, ice pressure, «„: 
neutral stress, P overburden pressure, Ps separation pressure, T temperature, Tsf seg
regational temperature at ice lens initiation, Tsm segregational temperature when the 
ice lens stops growing, Tf freezing point, k permeability ku permeability of unfrozen 
soil, Xh position of current ice lens, x„b position of the new ice lens, xj position of cur
rent frost frontet,,/ position the frost front at r+Ar). 

As freezing proceeds, the frost front advances in the opposite direction of heat 

flow, which thickens the frozen fringe. Meanwhile the segregational temperature at 

the warm side of the growing ice lens drops gradually since the formation of the 

lens, which results in decreases in the liquid water content and in the permeability of 

the soil close the ice lens. Therefore, it becomes more and more difficult for water to 

f low to the warm side of the ice lens. At a certain time, water migration wi l l stop 

somewhere below the growing ice lens and feed the accumulation of the pore ice at 

this location. A new ice lens is then initiated. 

The criteria governing the ice lens initiation have been studied by a few re

searchers. Konrad and Morgenstern (1980) stated that the starting position of a ice 

lens is governed by the local permeability of the current frozen fringe, which is asso

ciated with the segregational temperature. As the segregational temperature reaches 

a critical value, Tsm, the permeability is so low that no water is able to f low to the 

warm side of the growing ice lens. Then a new ice lens appears where the tempera

ture is equal to the initial segregational temperature T s f , Fig. 1. These two segrega

tional temperatures, i.e. at the start and the end of a ice lens, are assumed to be con

stants under specified soil, thermal and overburden conditions. The. quantitative de

termination of T s m and Tsf is, however, not known. 

Differently from the mechanism of ice lens initiation described above, other re

searchers have used the concept of the maximum ice pressure or neutral stress. G i l 

pin (1980) suggested that a new ice lens appears when and where the maximum ice 

pressure reaches the separation pressure which is equivalent to the overburden pres-
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sure plus the soil tensile strength, Fig. 1. In the model by O'Nei l l and Miller (1980), 

a neutral stress defined as the difference between the overburden pressure and the ef

fective stress is used instead of the ice pressure. A new ice lens appears when and 

where the maximum neutral stress reaches the overburden pressure, i.e. the effective 

stress vanishes. The generalized Clapeyron equation is used to relate the water pres

sure, ice pressure with the temperature within the frozen fringe. The neutral stress is 

equal to a weighted sum of water and ice pressure. The weight factor depends on the 

unfrozen water content and porosity. This criterion has advantage in quantitative ap

plication and w i l l be employed in this paper. The weight factor in the expression of 

the neutral stress is, however, evaluated differently from O'Nei l l and Miller (1985). 

Frost Heave Model 

Basic Assumptions 

Consider a saturated, solute-free soil column subjected to an external distributed 

load q, as shown in Fig. 2. A subfreezing temperature Tc is applied at the top of the 

column, whereas the bottom is subjected to a temperature Tw higher than the freez

ing point of soil water Tj. Both the top and bottom temperatures can vary with time. 

The external load is, however, assumed to be constant. 

Supposing the length of the soil column h and the location of the frozen fringe ( X f , 

x0) are known at time level t„, the aim is to determine the heave rate during a time 

step Ar and the new location of the fringe at r„ +/=r„+Ar. With reference to h and {xp 

Xh), the soil column is divided into three zones, i.e. frozen zone, frozen fringe and 

unfrozen zone respectively from top down, Fig. 2. The growing ice lens is included 

in the frozen zone. During the time period Ar, it is assumed that 

- The temperature gradient in each zone is constant, 
- The thermal conductivity in each zone is constant, 

- The unfrozen water content and the permeability in the unfrozen zone are constant 
and the unfrozen zone is saturated by capillary or by a water table, 

- The permeability of the frozen fringe decreases exponentially as the temperature 

decreases, and 
- The water flows in the frozen fringe and in the unfrozen zone are at steady states. 

It should be noted that the assumptions above just hold during a time step but not 

across the time step. The constant values assumed may vary stepwise. In addition, it 

is assumed that pore ice particles are always connected with ice lenses as a rigid 

body. Initiation of a new ice lens takes place when and where the maximum neutral 

stress within the frozen fringe exceeds the total overburden pressure. The warm end 

of the soil column is a drainage boundary connected to a constant water table. The x-

axis, defining the space coordinate, is directed upwards with the origin at the warm 

side the soil column. 
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Fig. 2. Temperature, pore water pressure, permeability and unfrozen water content (Wu un
frozen water content by volume). 

The assumptions made above, which are expected to reduce the number of parame

ters that are difficult to determine, w i l l not violate the basic features of the phenom

enon of frost heave. For instance, the thermal conductivity is assumed to be constant 

in space but the permeability is assumed to vary across the frozen fringe. In reality, 

the both parameters change throughout the frozen fringe due to the change in unfro

zen water content. However the variation in the thermal conductivity is in general 

much less than in the permeability. This can be substantiated by experimental data 

e.g. by Black and Miller (1990) and Horiguchi and Mil ler (1983). According to 

Black and Miller (1990), i f the unfrozen water content changes, for instance, from 

0.5 to 0.25, the permeability wi l l decrease from 10~8 to 5x10-11 m/s, i.e. by a factor 

0.005. The data by Horiguchi and Miller (1983) give similar correlations. The in

crease in thermal conductivity caused by the same change in the unfrozen water con

tent wi l l , however, be less than 1.6 times, i f the thermal conductivity is estimated by 

a geometric mean of the thermal conductivities of the soil phases. This change is 

small, compared to that in the permeability and therefore not considered in this mod

el. 

Heat Balance 
In order to establish the heat and mass balance equations, we first study the mass 
transfer within the frozen fringe. At a time level f„, we assume that the frozen fringe 
is located between ^ a n d x^,, where ;cy is the frost front and xj, the warm boundary of 

the latest ice lens, Fig. 3. Within the fringe, we denote the soil solid fraction by the 

area filled with thick lines, liquid water by the area fi l led with thin lines and ice by 
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Fig. 3. Schematic view of mass transfer within the frozen fringe. 

shaded areas. The volumetric ice content is 1 above xD, Ib (not necessarily equal 1) at 

x0 and zero at x f . Through the fringe it decreases according to the bold curve in the 
diagram. I f the relationship between the unfrozen water content and the temperature 

is known for the soil under consideration, the shape of the curve is determined 

uniquely by the segregational temperature at x^. 
I f the rigid ice body moves upwards at a velocity V,-, a space of the size (1 V/ dt) 

w i l l be left during time period dt and must be fi l led by new formed ice. This volume 

of ice is represented by the lightly shaded area in Fig. 3, which includes the ice 

formed at x^, i.e. 4 V,- dt, and that within the fringe, i.e. (\-I0) V/ dt. The ice particles 

within the frozen fringe move upwards through a process referred to as regelation, 

Mil ler (1977). In addition, the penetration of the frost front (-dxf) wi l l also cause an 
ice formation of the volume of I(-dxf), where I is the average ice content in the 

frozen fringe. This amount of ice is represented by the medianly shaded area in Fig. 
3. It should be noted that the same volume of water is reduced in the frozen fringe. 

Therefore, the total mass in the frozen fringe decreases by (pK-p,) / (-dxfi. 

Now let us consider the heat conservation at the base of the ice lens Xb- The heat 
f l ow rate to Xb plus the release rate of latent heat by phase change must equal the rate 

of heat removal upward through the frozen zone. The rate of latent heat release de
pends on the amount of ice formed here. The existing ice content has to be subtract

ed f rom the total ice content. For a steady thermal state on each side of x^ the heat 

balance can be expressed as 
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where is the height of the soil column, X.yand X^-are the thermal conductivity of the 

frozen zone and frozen fringe respectively, L the specific latent heat of water, p; the 

density of ice, and Vj the rate of ice lens formation or the rate of heave. 

Within the frozen fringe, the rate of ice formation is V,- due to rigid ice motion, in 

addition to (-dxjldt)I due to frost front penetration. Therefore, the overall heat bal

ance equation for the frozen fringe can be written as 

T-T- T - T . dx„ 
\ S 0 \ W f nr T f ^ r 

V " s ^ ~ ~ V ~ 5 ^ ) P i L *f<*<Xb (2) 

where \ u is the thermal conductivity of the unfrozen zone. 

Pore Water Pressure and Mass Balance 
Since it is assumed that the water f low rate in the frozen fringe, v g, is a constant, the 

pore water pressure can then be integrated from the Darcy law 

k~~ du 

where tø is the permeability of the frozen fringe, ow the density of water and g the 

acceleration of gravity. The permeability tø is assumed to decrease exponentially 

through the frozen fringe 

-b ( I - I . ) 

k r r k u e */<*<*6 «> 

where ku is the permeability of unfrozen saturated soil and b a constant determined 

in a following section. Substituting Eq. (4) into Eq. (3) and integrating Eq. (3) from 

Xflo x yields 

b(x-x~) 
Q 

u (x) = - v„„p q — j - = p gx + C x~<x<x, (5) 
w f f w ok w3 f - - b 

where C is an integration constant and can be determined by substituting the boun

dary value of uw at xn. According to the generalized Clapeyron equation, this pore 

water pressure is related to the segregational temperature Ts and the ice pressure at 

Xh by, Kay and Groenevelt (1974) 

u u. T 

w % 
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where TQ is the freezing point of bulk water in degrees Kelvin, the ice pressure 

which equals the total overburden pressure. Eliminating the constant C f rom Eq. (5) 
by substituting Eq. (6) into Eq. (5) leads to 

T P 

b(x^-x^) b(x-Xj.) 

u 

where p, is the geometric mean density of frozen soil interlayered with ice lenses. 

The mass conservation at x0 requires that the water mass f lowing to xD equals the 
ice mass formed there 

The overall mass balance within the frozen fringe states that the outflow of ice mass 

atxfc equals the inflow of water mass at xyplus the decease of mass in the fringe 

dx~ 
V.p . =v p + (p -p ) x„<x<x, (9) 
z v u w w ^ at f — — b 

The water flow rate in the unfrozen soil, v„, can be expressed by the Darcy law 

k u {x.) 
v = - -~- o a ) 0<x<x„ (io) 

u Pwg Xj. ws - - J 

The heat Eqs. (1) and (2), the pore water pressure Eq. (7) and the mass Eqs. (8), (9) 

and (10) form the basis of the frost heave model. Providing the length of the soil 

column h and the initial location of the frozen fringe (xy, x^) are known, the six 

equations can be solved for the six unknowns Ts, V,-, dxjldt, vg, vu and uw(x). The 

equation system is non-linear because parameters such as I0 and b are dependent on 

the temperature Ts. Therefore iteration is needed to solve the system. 

Location of the Frozen Fringe 

The expression for the neutral stress or the effective pore pressure is proposed by 

Bishop (1961) for ice-free unsaturated soil. Mil ler (1977) used the same formula for 
air-free freezing soil 

un = x u w + { 1 ~ * ) u i (11) 

where x is a stress partitioning factor and is only a function of the degree of pore sat

uration, Snyder and Miller (1985). Miller (1977) first approximated x by wjn, i.e. 

the fraction of unfrozen water with respect to the pore space. Hopke (1980) tested 
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this approximation but found cyclic increases and decreases in the heaving rate. This 

cyclic behavior of heaving rate was considered unreasonable by Hopke (1980) but 

observed late by Penner (1986). In O'Neill and Miller 's Model, x was initially set to 

(wu/n)\.5 (O'Neill and Miller 1980) and then upgraded to an equivalent expression 

by Snyder and Miller (1985). However, the two different expressions for x did not 

lead to any apparent difference in the computed results i f we compare the two papers 

by O'Nei l l and Miller (1980, 1985), though the authors did not mention this differ

ence. Therefore, we use the simple expression by Mil ler (1977) for the parameter x, 

which results in 

° - ° , + J Z ^ V n " i " f f , + t t n (12) 

where a denotes the total overburden pressure, a ' the effective stress, un the neutral 

stress, n the soil porosity and I the ice content. 

Providing the maximum neutral stress in the frozen fringe governs the initiation 

of a new ice lens, the aim is to search for the position where the maximum value oc

curs. Substituting the Clapeyron Eq. (6) to replace the ice pressure in Eq. (12) 

yields 

I I p i I ^ p ' 
u = ( l — + ) * * , - s— x„<x<x, (13) 

n K n n pw' w n f— — b 

Again Eq. (13) is non-linear because of the temperature-dependent ice content/. The 

derivative dunldx is a very complex function of x and the solution dun/dx=0 can not 

be found easily. In order to f ind the position of the maximum neutral stress, xno, we 

divide the frozen fringe ( x f , xb) into m equal intervals and compute un at each divid

ing point. The maximum neutral stress and its position can then be determined by 

interpolation. This maximum value of neutral stress is then compared with the total 

overburden pressure. I f the overburden pressure is exceeded, a new ice lens is as

sumed to appear at the position xno. The new frozen fringe is located between xDn 

and Xf. Otherwise, no new ice lens appears and the position x0 remains during next 

time step. 

So far, the frost heave model is established based upon the knowledge of the in i 

tial location of the frozen fringe. The depth of frost penetration during the first time 

step can be computed approximately by e.g. the Neumann solution for pure phase 

change problems. By assuming an initial segregational temperature, the location of 

the first ice lens can be determined by interpolation. The initial segregational tem

perature can be modified after the system of the heat and mass equations have been 

solved. The location of the first frozen fringe can then be determined by iteration. 

Equilibrium Situation 

The previous discussion is based on the existence of the frozen fringe. In the case the 
rate of frost penetration -dxjldt is slower than the moving rate of the cold boundary 
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of the frozen fringe xb, the frozen fringe wi l l become thinner and thinner. Once the 

distance between xb and xf is too small for computation significance, the frozen 

fringe is expected to disappear. This is the case when the frost front penetrates close 

enough to the warm boundary of the soil column. The water f low rate in the unfro

zen zone is then in equilibrium with the rate of ice lens formation and thus the frost 

front w i l l stay sti l l . The heat balance equation becomes 

T -T T -T 

A , - ; X =V.p.L (14) 
f n-x^ u x i ) % 'L 

The Clapeyron Eq. (6) can still be used to determine the pore water pressure at the 

frost front. The mass balance at the frost front is simplified to 

V.p . = v p (15) 

where vu is determined by (10). The four Eqs. (6), (10), (14) and (15) can be solved 

for the four unknowns Ts, V,-, uw(xD) and v„. The soil column is elongated by (-V,)Ar 

after each time step. 

Material Properties 
Theoretically all the parameters used in the frost heave model could be treated as in

put data. This, however, could limit the potential applicability of the model. In order 

to avoid parameters that are too elaborate to determine, we introduce some empirical 

relations. 

The effective thermal conductivity in the unfrozen zone and the frozen fringe can 

be computed using the geometric mean 

X = A 1 " n X n - J x { (16) 
s w % v ' 

where the subscripts s, w and i respectively stand for the soil solid phase, the water 

phase and the ice phase. The mean value of the volumetric ice content / equals zero 

in the unfrozen zone. 

In the frozen zone, frozen soil is interlayered with pure ice lenses. The equivalent 

thermal conductivity can be calculated in a manner analogous to the resistance in a 

series electrical circuit, /.e.using a harmoic mean 

(17) 

y < * - v v + ( w y 

where Xfis the thermal conductivity of frozen soil and can be determined by Eq. (16) 

with /=« , and h0 the initial height of the soil column. 

The constant b in Eq. (4) can be determined by substituting the permeability at the 

base of the growing ice lens. The expression suggested by O'Nei l l and Miller (1985) 

can be used to calculate this permeability, which gives 
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n-I-
k f f i x b ) -*u( 

n 
(18) 

The volumetric unfrozen water content Wu in the frozen fringe can be expressed as a 

function of the local temperature or a function of the pore pressure difference («„.-

«,-), Anderson and Tice (1973), O'Neil l and Miller (1985), Kujala (1989) and Black 

and Miller (1990). Alternative relationships have been obtained by regression of ex

perimental data. For instance, that by Black and Miller (1990) states 

where <|>,-w. the pressure difference between water and ice. This equation can of 

course be applied in our model. In fact, by using the Clapeyron equation this for

mula can also be expressed in terms of temperature. However, the parameters in the 

formula are not easy to determine and limited experimental data are available. 

Another relationship is given by Kujala (1989, 1991) 

n-I = W ( D = Wn e a { T ) (19) 

where Wo is the initial volumetric water content and a and ß parameters dependent 

on soil specific surface area and pore geometry. This formula is obtained based on 

126 laboratory measurements of totally 68 samples covering both coarse and fine 

finish soils. The parameter ß approximately equals 2 for most soils of interest. The 

parameter a can be determined by substituting the unfrozen water content at a sub-

freezing temperature e.g. -1.0 °C. In the model discussed here, Eq. (19) is applied 

with ß=2. 

Computation Strategy 
Now we summarize the frost heave model described above. Knowing the following 

conditions at r=0 

- Initial height of soil column, 

- Soil porosity and dry density, 

- Thermal conductivity of soil solid particles, 

- Permeability of unfrozen saturated soil, 

- Unfrozen water content at a subfreezing temperature, e.g. -1 °C, 

- Overburden pressure and initial and boundary temperatures. 

We first determine the position the first ice lens according to the theory discussed in 

the section location of the frozen fringe. The heat and mass balance Eqs. (1) and (2) 

and Eqs.(7)-(10) are then solved by iteration, for the segregational temperature Ts, 

the rate of ice lens formation V,-, the rate frost front penetration dxfldt, and the pore 

water pressure uw(x). The length of the soil column is elongated by V,- Ar. The frost 

front moves {-dxjldt) Ar downwards. The position of the new frozen fringe is deter-

W = /(<*>. ) =f(u.-u ) 
u J zw J z w 
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next time step Fig. 4. Flow chart of the frost heave model. 

mined according to the ice lens formation criterion described by Eqs. (12)-(13). The 

system is then ready for next time step. This procedure is illustrated by Fig. 4. 

A computer programme for the process described above has been developed and 

computer graphics has been used to represent heaved soil columns enclosing ice 

lenses, history diagrams of heave, of frost front, of segregational temperature and of 

suction in pore water pressure in the frozen fringe. The input parameters include dry 

density, porosity, saturated permeability, unfrozen water content at a subfreezing 

temperature, thermal conductivity, boundary temperatures, length of soil column, 

freezing time and time step for computation. 

Experimental Verification 

Experimental studies on frost heave have been carried out by many researchers. In 
this paper, the laboratory results presented by Takeda and Nakano (1990), Penner 
and Ueda (1977), and Konrad and Morgenstern (1980) are chosen to verify the mod

el presented. The tests by Penner and Ueda are representative for studying the effect 

of overburden pressures, whereas Konrad and Morgenstern for temperature gra
dients and Takeda and Nakano for soil types. 

Although the test conditions and soil properties are described relatively in detail 

in these three references, some input parameters needed for simulation are not given. 

One of them is the unfrozen water content at a subfreezing temperature. I f a series of 

tests on the same sample have been carried out, the parameters needed can be back-

estimated using the results from one of the tests and then applied to simulate the oth
ers. Otherwise, average values for the soils are used. 

Takeda and Nakano (1990) 
Freezing tests on three soil samples were conducted using a steady-state method in 

which the temperature profiles in the soil specimens were controlled. The three soil 

samples were Kanto loam, Tomakomai silt and Fujinomori clay, with the basic prop-
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Table 1 - Soil properties and test conditions of the tests by Takeda and Nakano 

Soil sample Kanto loam Tomakomai silt Fujinomori clay 

Dry density kg/m 3 865 1090 1180 
Porosity % 66.3 58.8 55.0 
Saturation degree % 101.7 101.3 96.9 
Specific surface area 10-3 m 2 /kg 191.2 86.2 24.5 
Plasticity index % 15.3 15.1 25.9 
Permeability* 10-8 m/s 0.20 0.54 0.22 
Thermal conductivity W/mK 0.92 0.93 1.12 
Top temperatures °C -5.3 ~ -8.6 -2.3 ~ -6.7 -5.3 ~ -6.3 
Bottom temperature °c 8.0 2.0 8.0 
Unfrozen/initial water content at -1 °C,% 60 53 45 

* Calculated from the given hydraulic conductivity, 
t Best fit. 

erties listed in Table 1. Two cylindrical soil specimens, 4 cm long and 2.8 cm in di

ameter, placed parallel to each other in the test cell, were thoroughly insulated so 

that they freezes unidirectionally from top down. The top and bottom temperatures 

were adjusted during the tests. No overburden pressure was applied during freezing. 

Heave and temperature as well as water intake rate were measured. 

The simulation of the tests is carried out for a time period 55 hours, with a time 

step equal to 19.8 seconds. The unfrozen water content at -1 °C is determined so that 

the measured heave is best fitted. The best fitted value of unfrozen water content is 

then adjusted with reference to the given specific surface areas. The boundary tem

peratures used in the simulation are not exactly the same as those in the tests, but the 

average cooling or heating rate is used. 

The computed and measured values of heave are plotted versus time in Fig. 5, 

which shows that a general agreement between the simulated and measured heave 

exists. It is observed that the model slightly underestimates frost heave for the Kan

to loam and the Tomakomai silt, but matches well for the Fujinomori clay. 

• J I o Kanto loam 

Time (hours) tests by Takeda and Nakano. 
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Table 2 - Soil properties and test conditions of tests by Penner and Ueda 

Soil sample No. 2 N o . 4 No. 5 No. 9 

Initial water cont. by dry weight % 16.3 19.5 18.2 23.7 

Dry density kg/m 3 1870 1780 1830 1680 

Porosity 0.35 0.35 0.33 0.40 

Permeability* 10-8 m/s 1.0 0.5 0.1 0.08 

Ther. conduc. of soil solid* W/mK 3.0 3.0 3.0 3.0 

Average top temperature °C -1.45 -1.75 -0.85 -1.8 

Average bottom temperature °C 2.4 1.9 2.35 1.9 

Unfrozen/initial water content t at -1.0 ° c % 36 41 45 53 

* Average values. 

t Best f i t of the measured heave under the lowest overburden pressure. 

Table 3 - Computed and measured heave rates for the tests by Penner and Ueda 

Pressure Initial length Total heave rate, cm/hour Computed 

soil sample kPa cm measured computed Measured 

No.2 49.0 10.87 1.67 x 10-2 *1.67x 10-2 1.00 

98.1 10.66 1.45 x 10-2 1.33x1 10-2 0.92 

294.2 10.64 0.42 x 10-2 0.61 x 10-2 1.45 

490.3 10.87 0.11 x 10-2 0.32 x 10-2 2.91 

No. 4 49.0 9.86 2.28 x 10-2 *2.29x 10-2 1.00 

147.1 9.4 1.08 x 10-2 1.63 x 10-2 1.51 

245.2 9.76 0.51 x 10-2 0.71 x 10-2 1.40 

343.2 9.88 0.27 x 10-2 0.80 x 10-2 2.96 

No. 5 98.1 9.73 1.01 x 10-2 *1.01 x 10-2 1.00 

196.1 9.97 0.49 x 10-2 0.67 x 10-2 1.37 

392.3 9.64 0.26 x 10-2 0.28 x 10-2 1.08 

490.3 9.43 0.10 x 10-2 0.10 x 10-2 1.00 

No. 9 49.0 9.82 3.15 x 10-2 *3.15 x 10-2 1.00 

147.1 10.15 2.25 x 10-2 2.28 x 10-2 1.02 

245.2 10.07 1.59 x 10-2 1.60 x 10-2 1.01 

343.2 9.96 0.90 x 10-2 1.13 x 10-2 1.26 

Best f i t by adjusting the unfrozen water content at -1.0 °C. 

Penner and Ueda (1977) 

Heaving rates under various overburden pressures were measured in unidirectional 

freezing tests with constant boundary temperatures. The soils studied include a silty 

sand i.e. No. 2, two silts i.e. No. 4 and No. 5, and clayey silt i.e. No. 9. The soil sam

ples are all saturated. The physical properties are listed in Table 2. The unfrozen wa

ter content at -1 °C, in percentage of the initial water content, is back-estimated from 
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the measured heave at the lowest overburden pressure for each soil sample and is 

then used to simulate the tests under higher overburden pressures. The computation 

is carried out for 60 hours with a time step 21.6 seconds. 

The particular values of the computed and measured heaving rates are listed and 

compared in Table 3, which shows that a general agreement again exists. For the soil 

samples No. 5 and No. 9, the model gives an excellent estimation of the heaving rate 

under every pressure. For the samples No. 2 and No. 4, overestimation is observed at 

some high overburden pressures. A possible reason for the overestimation can be at

tributed to the way of calculating the heaving rates. In the case of step freezing with 

constant boundary temperatures, the heaving rate is not constant but decreases grad

ually as the time increases. The decreasing rate is more pronounced at high pres

sures. The computed heaving rates are the mean values during the first 60 hours of 

freezing. The measured heaving rates probably represent a longer period of freezing, 

though not indicated in the reference. 

Table 4 - Computed and measured heave for the tests by Konrad and Morgenstern 

Initial length Temp. grad. Heave at 60 hours, cm Computed 

Test T °C Tc, °C cm °C/cm measuredf computed Measured 

NS-1 1.1 -3.4 10.4 0.43 1.24 1.24* 1.00 

NS-2 1.1 -4.8 10.4 0.57 1.52 1.53 1.01 

NS-4 1.1 -2.5 7.6 0.47 1.32 1.20 0.91 

NS-5 1.1 -6.2 10.0 0.73 1.35 1.61 1.19 

No.6 1.1 -3.4 6.4 0.70 1.40 1.48 1.06 

NS-7 1.1 -3.5 12.0 0.38 1.10 1.17 1.06 

NS-9 1.0 -6.0 28.0 0.25 1.00 1.14 1.14 

NS-10 1.0 -6.0 18.0 0.39 1.06 1.34 1.26 

t Interpolated f rom Fig. 9 in Konrad and Morgenstem (1980). 

* Best fit by adjusting the unfrozen water content at -1.0 °C. 

Konrad and Morgenstern (1980) 
Konrad and Morgenstern (1980) conducted a series of freezing tests at a constant 

warm end temperature and under different cold side temperatures. The physical 

properties of the soil sample Devon silt are as follows: initial water content WQ=33% 

(Konrad and Morgenstem 1982), saturation S r=100%, porosity «=0.47, dry density 

p r f=l,440 kg/m 3 , and saturated permeability ^=10-9 m/s. The thermal conductivity 

of soil solid is assumed to be 2.3 W/mK, an average value for most soils. The un

frozen water content at -1 °C is 58% of the initial water content. This value, back-

estimated f rom the measured heave of test NS-1 is consistent with the data ( 20% by 

dry weight) given by Konrad (1990). The back-estimated unfrozen water content is 

then used in simulating other tests. 
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The computed and the measured values of heave at time 60 hours are listed and 

compared in Table 4. It is shown that the computed values under low temperature 

gradients match well the measured data. The heave amounts under large temperature 

gradients are, however, slightly overestimated. 

Summary 

A mathematical model for simulation of frost heave and ice lens formation in satu

rated and salt-free soils has been presented in this paper. Quasi-steady state heat and 

mass f low has been simulated, with special emphasis on the transmitted zone, the 

frozen fringe. The permeability of the frozen fringe has been assumed to vary expo

nentially as a function of temperature. The rates of water f low in the frozen fringe 

and in the unfrozen soil have been assumed to be constant in space but able to vary 

with time. The pore water pressure in the frozen fringe has been integrated from the 

Darcy law. The ice pressure in the frozen fringe has been determined by the general

ized Clapeyron equation. A new ice lens has been assumed to form in the frozen 

fringe when and where the effective stress approaches zero. The neutral stress has 

been determined as a simple function of the unfrozen water content and porosity. 

The unfrozen water content in the frozen fringe has been expressed as a function of 

the temperature. 

The frost heave model has been implemented on a personal computer. The input 

parameters include dry density, porosity, permeability, unfrozen water content, ther

mal conductivity, external load, boundary temperatures, freezing time and time step. 

The output results include frost heave, frost penetration, discrete ice lenses, segrega

tional temperature and pore water pressure. 

The model has been verified against experimental data by Takeda and Nakano 

(1990), Penner and Ueda (1977) and Konrad and Morgenstem (1980). The verifica

tion has shown that the predicted heave amounts and heaving rates are generally in 

agreement with the experimental results, although overestimation has been observed 

under high overburden pressures. 
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Notations 
g Acceleration of gravity m/s 2 

h Length of soil column m 
/ Ice content 
Ib Ice content at the base of the growing ice lens 
/ Mean ice content in the frozen fringe 
k Permeability m/s 
kg Permeability of the frozen fringe m/s 
ku Saturated permeability of unfrozen soil m/s 
L Specific latent heat of water J/kg 
n Porosity of soil 
q Overburden pressure Pa 
t Time s 
Ar Time step s 
T Temperature °C 
Tc Applied temperature at the cold side °C 
Tf Freezing temperature soil moisture °C 
T0 Freezing point of bulk water degree Kelvin 
7^ Segregational temperature °C 
Tsf Segregational temperature at the start of a ice lens °C 
T s m Segregational temperature at the end of a ice lens °C 
Tw Applied temperature at the warm side °C 
Uj Ice pressure Pa 
un Neutral stress Pa 
uw Pore water pressure Pa 
vg Rate of water f l ow in the frozen fringe m/s 
vu Rate of water f low in the unfrozen soil m/s 
Vj Rate of ice lensing (rate of heave) m/s 
Wu Unfrozen water content by volume 
wu Unfrozen water content by dry weight 
Xb Base position of the growing ice lens m 
xj Position of frost front (0-isotherm) m 
x„b Base position of the new ice lens m 
xnf Position of the new frost front m 
Xf Thermal conductivity of frozen soil W/(m°C) 
\f Effective thermal conductivity of frozen soil with ice lenses W/(m°C) 
kg Thermal conductivity of frozen fringe W/(m°C) 
Kj Thermal conductivity of ice W/(m°C) 

Thermal conductivity of soil solid W/(m°C) 
\ u Thermal conductivity of unfrozen soil W/(m°C) 
Xw. Thermal conductivity of water W/(m°C) 
p r Total density of frozen soil kg/m 3 

p,- Density of ice kg/m 3 

pw. Density of water kg/m 3 

a ' Effective stress Pa 
X Stress partitioning factor 
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Frost Heave due to Ice Lens Formation 
in Freezing Soils 

2. Field Application 

D. Sheng, K. Axelsson and S. Knutsson 

Department of Civil Engineering, 

Luleå University of Technology, Sweden 

An operational model for estimation of frost heave in field where stratified soil 

profile appears is presented. The model is developed from the research model 

described in part B. Soil layers are first classified into frost-susceptible layers 

(FSL) or non-frost-susceptible layers (NFSL). In an FSL, both heat f low and 

water f low are considered and ice lensing can occur. In a NFSL, only heat flow 

is possible and no ice lensing is allowed. The governing equations for heat and 

mass transfer are established for the time period when the frost front is moving 

within FSL. Capillarity and unsaturation are also considered. The operational 

model is verified by field measurements of heave amounts. Examples of appli

cation are given. 

Introduction 

As mentioned in part 1, very few existing frost heave models are satisfactory in all 
the following aspects 

- Adequacy in describing the phenomenon, 

- Validation by e.g. experimental data, 

- Ease in determining input parameters, and 

- Applicability in solving practical problems. 

In an effort to overcome the shortcomings of existing models, we presented in Part 1 

an alternative model for simulation of frost heave and ice lensing in saturated and 
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salt-free soil columns. In the model quasi-steady state heat and water flows were 

dealt with. Special attention was paid to the pore pressure and the permeability in the 

transmitted zone, i.e. the frozen fringe. The formation of each ice lens was simulat

ed. The effect of overburden pressure was taken into account. The governing equa

tions for heat balances were obtained in a similar manner as Gilpin (1980), but in 

different forms. The mass equations were newly presented. The criterion for ice lens 

initiation follows that by O'Nei l l and Miller (1985), i.e. that ice lens initiation takes 

place when and where the neutral stress approaches the total overburden pressure. 

The neutral stress was, however, calculated differently from O'Neill and Miller. The 

unfrozen water content in freezing soil was computed according to Kujala (1989). 

New expressions for the pore water pressure in the frozen fringe and for the varia

tion of the permeability were presented. In comparison with the existing models 

such as by O'Neil l and Mil ler (1985), the model we presented needs less input pa

rameters but still covers the basic features of the phenomenon of frost heave. The 

model was also verified against laboratory data of heave and heaving rate for differ

ent soils and under different overburden pressures and different temperature gra

dients. It was found that the computed values are generally in a good agreement with 

the experimental data. 

In this paper, the research model presented in Part 1 wi l l be developed into an 

operational model which is expected to be capable of handling field conditions such 

as a stratified soil profile, unsaturated soils, capillarity and insulation. The opera

tional model w i l l be evaluated against field measurements of heave and frost depth 

at an insulated road section. The verified model wi l l be applied to solve practical 

problems. 

Operational Model 

Soil Profile 

Consider a soil profile consisting of different soil layers as shown in Fig. 1. We first 

classify the soil strata into frost-susceptible layers (FSL) and non-frost-susceptible 

layers (NFSL). In an FSL, water f low as well as heat f low is possible, ice lenses can 

form and frost heave may take place. Three thermal states can exist in an FSL, i.e. 

unfrozen, freezing (frozen fringe) and frozen states. The soil on the warm side of the 

frost front, where the temperature equals the freezing point, is unfrozen, between the 

latest ice lens and the frost front, freezing, on the cold side of the ice lens and includ

ing the lens, frozen. A n FSL can be any moist soil saturated or unsaturated. In a 

NFSL, only heat f low occurs and ice lensing is not allowed. Therefore, no interme

diate state, i.e. freezing, can exist. A NFSL can be any non-soil layer such as an in

sulation layer, or a layer of a very coarse soil such as gravel, or a layer of a dry soil. 

In Fig. 1, the first upper two and the lowest strata are classified as NFSL. The third 

stratum is an FSL. 
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Fig. 1. Soil profile (a) and distributions o f temperature and pore water pressure (b). 

The coordinate origin is set to the warm boundary of the soil profile, with positive 

direction upward. The frost front is denoted by xjanå the warm surface of the latest 

ice lens by xb. The groundwater table (GWT) is denoted by xw, existing in the third 
layer. The saturation capillary head is denoted by xs. The temperatur-e at the ground 

surface is Tc, which is below the freezing point Tj, The temperature at x=0 is Tw, 

above the freezing point. The surface and bottom temperatures are either constant or 
vary as known functions of time. 

The basic assumptions in the operational model follow those in the research 
model in Part 1: 

- The temperature gradient in each layer is constant in space, 

- The permeability of the frozen fringe decreases exponentially as a function of the 
temperature, 

- The frozen fringe is always saturated by water or ice, 

- The water f low in the frozen fringe and in the unfrozen soil reaches a steady state, 

- The pore ice particles in the frozen fringe are connected to the latest ice lens as a 
rigid body, 

- A new ice lens forms in the frozen fringe when and where the effective stress ap
proaches zero. 

The assumption that the frozen fringe is saturated by water and ice is in accordance 

with Miller (1980), who stated, with reference to the experiment by Dirksen and 

Miller (1966), that heave occurred only i f the total moisture content just behind the 
frost front rose to about 90% pore saturation. In addition to the assumptions listed, 
the soil is assumed to be salt free. 
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Governing Equations 
Since no ice lensing is allowed in a NFSL, it is of little interest to study the frost pen

etration within those layers. Therefore, attention is only paid to heat and mass f low 

when the frozen fringe ( x f , xb) is located in the FSL. As in the research model in Part 

1, it is assumed that the location (x/, xb) is known at the time level t„. The aim is to 

determine the rate of heave during a small time step Dt and the new location of the 

frozen fringe at time level t„+)=t„+At, To do so, we first have to determine the se

gregational temperature 7^ at xb, the pore water pressure and the ice pressure at the 

time level f n + / , and the rate of frost penetration and the rates of water flow in the 

frozen fringe and in the unfrozen soil during the time step Ar. 

The governing equations for heat and mass f low can be obtained in a similar man

ner as in Part I . The heat balance at the warm surface of the latest ice lens xb states 

T -T T„-T 

-^—^ - J _ J = ( I - * J Vj p„.L x =xb (1) f n-x^ f f x^-Xj, b v'i 

where Kf denotes the effective thermal conductivity of the current frozen zone, Kg 

the effective thermal conductivity of the current frozen fringe, h the total height of 

the soil profile at time r„, L the specific latent heat of water, Ib the current volumet

ric ice content at xb, p, the density of ice, and Vj the rate of ice lensing or the rate of 

heave during the time step Ar. 

The overall heat balance for the frozen fringe can be expressed as, 

T -T _ T - T . _ dx 
s o 

where dxj I dt is the advancing rate of the frost front Xf or the frost penetration rate 

during Ar, \ u the effective thermal conductivity of the current unfrozen zone, / the 

mean ice content in the current frozen fringe. 

The mass conservation at xb requires that the water f low to xb equals the ice mass 

formed there 

v f f p w = a - J b ) V i p i x = x b ( 3 ) 

where Vß denotes the water flow rate in the frozen fringe and pw. the density of bulk 

water. 

The overall mass balance within the frozen fringe is slightly different from that in 

Part 1, because the unfrozen soil beyond the frozen fringe may not be saturated. The 

outflow of ice mass at xb must balance the inflow of water mass at xyplus the de

crease of mass in the frozen fringe, i.e. 

dx~ 

V . p . = v p + ( 5 p - p . ) I ( - - s r ) x.<x<x, (4) 

where Sr is the degree of saturation of the unfrozen soil at Xf. 
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In the case where the frost front is above the GWT, i.e. Xf>xw, the rate of water 

f low in the unfrozen soil, vu, can be determined by the Darcy law 

k U Xr, 
V = — — *— + p Q x < a ; < x (5) 
vu owg xf-xw w» w- - f 

where ku is the effective permeability of the unfrozen soil between the frost front 

and the GWT, g the acceleration of gravity, and uw(xß the pore water pressure at the 

frost front xf. Eq. (5) is assumed to be valid both for saturated and unsaturated flow. 

The pore water pressure in the frozen fringe is given as in Part 1 

T p b{xb-Xj.) bix-Xj.) 

uw[x) = L p w f n

+ a f . + ( V A * ( ~ ^ ) + p ^ ( V x ) ( 6 ) 

0 *z J J u 

where T0 is the freezing point of water, cr the total stress at the level xb, kfu the satu

rated permeability of the soil in the frozen fringe, and b a parameter which wil l be 

determined in a subsection. The generalized Clapeyron equation is included in Eq. 

(6) . 

The six Eqs. ( l ) - (6) form the basis of the frost heave model. Providing the loca

tion of the frozen fringe (xp xb) and the material parameters are known, they can be 

solved by iteration for the six unknowns Ts, V h dxpldt, vjp, vu and uw(x). 

I f the frost front penetrates below the GWT, i.e. xp<xw, the pore water pressure at the 

frost front is then determined by 

V V s ( V V f f p « x = v ( 7 ) 

In this case, the governing Eqs. (1), (2), (3) and (6) are still valid. Together with Eq. 
(7) , the five equations are solved for the five unknowns Ts, Vj, dxjldt, v^ and uw(x). 

In the case where the frozen fringe is too thin for computation significance, the 

base of the latest ice lens is set to the frost front. The rate of water f low in the un

frozen zone is then in equilibrium with the rate of ice lensing and thus the frost front 

wi l l remain stationary. The following equation is used instead of Eqs. (1) and (2) 

X - - f ^ - X ^ L = y . p . L (8) 
f h'X, u x^ z % 

The mass equation is simplified to 

V.p . = v p (9) 
% z u w 

Eqs. (5)-(6) are still valid. Together with Eqs. (8) and (9), the four equations can be 

solved for the four unknowns Ts, Vj, u(xß and vu. 

Location of the Frozen Fringe 
So far the governing equations have been established by assuming that the location 
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of the frozen fringe is known. Now let us discuss how to locate the frozen fringe at 

each time step. 

I f the frozen fringe (xf, xb) is known at the time level r„, the frost penetration rate 

dxfldt can be determined and the new position of the frost front at the time level 

r„ + /=r„+Ar is Xf+(dxf/dt)At. The position of the warm surface of the latest ice lens xb 

w i l l remain fixed unless a new ice lens appears within the frozen fringe. A new ice 

lens w i l l form when and where the effective stress vanishes. The effective stress can 

be computed approximately as 

a ' = o - • n " I ) u --u.=c-u x-<x<x, (10) 
n w n % n f - - o 

where cr' denotes the effective stress, un the effective pore pressure or the neutral 

stress, n the soil porosity and / the ice content. 
The ice pressure Uj in Eq. (10) can be determined by the generalized Clapeyron 

equation 

^ - X L J L ( I D 
p» *i To 

The neutral stress u„ can then be expressed by 

I Ipi ILpi 
u = ( 1 - - + - — )u - ± - j r L T x„<x<xh (12) 

n n n p w n T f - - o 

Eq. (12) is non-linear in temperature because of the temperature-dependence of the 

ice content I . The derivative &~un/hx is a very complex function of x and it is not easy 

to solve the condition oun/bx=0 for the position xnb, where the maximum neutral 

stress takes place. Therefore, the frozen fringe (xf, xb) is divided into many equal 

intervals and the neutral stress un is computed at each dividing point. The maximum 

neutral stress and its position can be determined by interpolation. This maximum 

value is then compared with the total stress. I f the total stress is exceeded, a new ice 

lens is expected to form. The new frozen fringe at the time level t n + j is (xbn, xf). 

To locate the starting position of the frozen fringe, the method by trial and error is 

used. Since there is no need to study the frost penetration within any NFSL, the first 

position of the cold boundary of the frozen fringe xb can reasonably be set to the 

upper boundary of the first FSL. By assuming a trial temperature Tb at xb, the posi

tion of the frost front x/can be found by interpolation of the temperature field from 

x=0 to x=xb. The governing equations can then be solved for the segregational tem

perature Ts. The procedure is repeated until Ts approximately equals Tb. 

Material Parameters 
The governing equations contain a number of material parameters that have to be 

determined. Such parameters include the effective thermal conductivity and the 

permeability of a multi-layer structure, the thermal conductivity and the permeabil-
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ity of a multi-phase layer, and the ice content of the frozen fringe. 

The effective value of a conductive parameter of a stratified profile e.g. the ef

fective thermal conductivity and the effective permeability, can be represented by 

the harmoic mean 

where Ä denotes the effective value to be determined, L the total thickness, /„ the 

thickness of the « t h layer, and A„ the parameter of the nth layer. 

The thermal conductivity of a soil saturated by water or ice can be expressed by 

the geometric mean 

X = A 1 " " K71''1 X1. (14) 
sat s w % 

where the subscripts s, w and i respectively stands for soil solid phase, water phase 

and ice phase. 
The thermal conductivity of an unsaturated soil is given by Johansen (1975) 

X = (X - X ^ _ )K + \ ( IS) 
sat dry e dry 

where X_ d r y is the thermal conductivity of the dry soil and Ke a parameter called the 

Kersten number. 

The permeability of a partially frozen soil is a function of the temperature and the 

soil, Horiguchi and Miller (1983). A representative relationship between permeabil

ity and temperature is unfortunately not available yet. Therefore a test function, 

which was used in Part 1 and which demonstrated good performance, is here again 

applied temporarily. This function states that the permeability of the frozen fringe 

decreases as an exponential function of the temperature 

k„. = k„ e J = k„ e 1 x„<x<xh (16) 
f f fu fu J - - o 

The parameter c or b in Eq. (16) can either be treated as an input parameter or, as a 

first approximation, be estimated as follows. I f it is assumed that 

W ( x , ) . n - T , 
k k ( _ * _ A . ) 9 = k J — ( 1 7 ) 

f f fuK n ' fuK n ' 

as done by O'Neill and Miller (1985), the parameter b can be determined by substi

tuting Eq. (17) into Eq. (16). Eq. (16) can be replaced or modified in future i f more 

information on the subject comes up. 

The permeability kps of a partially saturated soil in the unfrozen state, can either 

be treated as an input parameter or approximated by a given saturated permeability, 

Hillel (1971) 
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k 
ps 

(18) 

where ks is the saturated permeability and m a soil parameter that should be given. 

The volumetric ice content in the frozen fringe equals (n-Wu), with Wu denoting 

the volumetric unfrozen water content. The unfrozen water content is a function of 

the temperature or a function of the pressure difference (u-u,). The function given by 

Kujala (1989) was used in Part 1 and is applied again here 

where W0 is the initial volumetric water content, a and ß constants depending on the 

specific surface area and pore geometry of the soil. The constant ß approximately 

equals 2 for most of soils of interest. The constant a can be determined by substitut

ing into Eq. (20) an unfrozen water content at a subfreezing temperature e.g. -1.0 °C. 

Computational Strategies 

The model presented in the previous text has been implemented on a personal com

puter. The computation scheme is described as follows. At each time step, the mate

rial parameters are first computed, based on the current frozen fringe and the segre

gational temperature. Thereafter, the governing equations are solved for the rate of 

ice lensing (heaving) V h the rate of frost penetration dxf/dt, the distribution of pore 

water pressure within the frozen fringe uw(x), and the new segregational temperature 

Ts. Finally we determine i f there is any new ice lens initialized in the frozen fringe, 

in which case the length of the soil profile and the position of frozen fringe are mod

ified accordingly. The procedure is then repeated for next time step. 

The computer program was written in Turbo C and computer graphics was used to 

represent the heaved soil columns enclosing ice lenses, history diagrams of the 

heave, frost front, segregational temperature and suction in the pore water pressure 

in the frozen fringe. The input parameters include boundary temperatures, GWT, dry 

density, water content, degree of saturation, thermal conductivity, permeability and a 

unfrozen water content at a subfreezing temperature. The time step for computation, 

another input parameter, should be given such a small value that the frost penetration 

during any single time step does not exceed the half thickness of the FSL that con

tains the frozen fringe. 

Field Verification 

In this section the operation model presented in the previous section is evaluated by 

the field data measured at a test road located at Piteå, 900 km north of Stockholm. 

Heave and ground temperature were measured at the centre and the shoulders of the 

road, Fig. 2, at a time interval of approximately 4 weeks through the winter 1985/86. 

n~ I = W (T) =Wne 
a(T) 

(19) 
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Fig. 2. Road section with insulation o f 50 cm thick. 

The test road was originally constructed to study the efficiency of expanded clay 

balls as an insulation layer for frost protection. A layer of expanded clay balls of a 

thickness varying from 0 to 50 cm was placed under the subbase course, the gravel, 

Fig. 2. At one site, a layer of sand of a thickness of 85 cm was used instead of the in

sulation, Fig. 3a. The subgrade soil is a highly frost-susceptible clayey silt of sever

al metres, occasionally enclosing gravel pockets, Fig. 3b. 

In the simulation, the mean air temperature is used as the boundary condition at 

the ground surface. The ground temperature is assumed to be 3°C and remains con

stant at the depth of 3.5 m. The simulation is initiated at the time when the measured 

frost penetration reaches the subgrade soil and stopped at the end of March 1986. 

The groundwater table during the freezing period is assumed to remain at the depth 

of 1.5 m. The silt above the GWT is assumed to be saturated by capillarity. The dry 

density, the water content and the thermal conductivity of the silt were measured in 

laboratory using undisturbed samples. The permeability used in the computation is 

an average value of the soil at temperatures close to 0°C. The unfrozen water content 

at -1°C is 7% by dry weight, back-estimated from one measured heave at the section 

shown by Fig. 3a. The material properties are listed in Table. 1. 

Table 1 - Material properties 

Material Surface & Base Gravel Sand Silt Insulation 

Course (NFSL) (NFSL) (NFSL) (FSL) (NFSL) 

Dry density, kg/m3 2100 2200 1900 1600 340 
Water content, % 5 3 10 25 25 
Degree o f saturation,% 80 100 10 
Permeability, cm/s 10.7 
Thermal conductivity 1.5 2.0 1.4 1.1 0.10 
Thickness, cm 16-34 10-14 85 -250 0-50 
Unfrozen water content at -1.0°C,% 7 t 

t Back estimated from the point marked in Fig. 4a. 
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Fig. 3. Material profiles under the road centre, with varying insulation thicknesses. 
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Table 2 - Boundary conditions 

Section T C , ° C Freezing Period Freezing Index, °C day 

a) no insulation -10 Dec 2 1 , 1 9 8 5 - M a r 31,1986 1000 

b) 15 cm insulation -11 Dec 1, 1985-Mar 31, 1986 1265 

c) 30 cm insulation -10 Dec 2 1 , 1 9 8 5 - M a r 3 1 , 1986 1000 

d) 50 cm insulation - 9 Jan 10, 1 9 8 6 - M a r 3 1 , 1986 720 

The computed values of frost depth are, however, not in a good agreement with the 

measured ones. For sections a and b, an underestimation of up to 25% is observed. 

This underestimation occurs very early. The reason may again be attributed to the 

lower surface temperature used in the simulation than the actual values of December 

and January, which was close to -21°C in average. The actual frost penetration 

stopped in January, due to the rising of the surface temperature. This 'step freezing' 

effect is, however, smoothbored in the simulation by the use of an average tempera

ture. For sections c and d, the thick insulation layers themselves also smoothed the 

variation in the surface temperature and thus better agreements are obtained. 

Application Examples 

Efficiency of Insulating Materials in Reducing Frost Heave 
In road construction in cold regions, it is very common to place a layer of insulation 

or non-frost-susceptible material within the subbase course, in order to reduce frost 

penetration and heave. Various materials e.g. extruded and expanded polystyrene, 

expanded clay balls, wet bark, compressed peat and gravel have been used for this 
purpose. In this section the effectiveness of the materials commonly used in practice 

are evaluated by the operational model presented. 
For convenience we use the same road section shown in Fig. 3c and the same sub-

grade soil, i.e. the silt listed Table 1, but with varying thicknesses of insulating or 

non-frost-susceptible materials. The temperature at the ground surface varies 

between -5 to -15°C and the temperature at the depth of 4 m remains 3°C. The initial 

position of the frost front is set to the upper boundary of the subgrade soil. The 

heave amounts after freezing of 100 days are computed for various thicknesses of 
insulation. The difference between the heave amounts without and with insulation, 

in percentage of the heave without insulation, is plotted versus the thickness of the 

insulation for three design values of freezing index in Fig. 5. It can be noted that the 

most effective insulation materials are the synthetic insulation (e.g. extruded poly

styrene) and the expanded clay balls. The wet bark and the compressed peat cause 
approximately the same amount of reduction in the heave. It is found by test compu
tations that the influences of the properties of the subgrade soil on the curves in Fig. 

5 are insignificant, as along as the reduced heave is plotted in percentage of the 
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(a) 

O 20 40 60 80 100 
Thickness of insulation, cm 

0 20 40 60 80 100 
Thickness of insulation, cm 

(c) 

0 20 40 60 80 100 
Thickness of insulation, cm 

Fig. 5. Heave reduced versus the thickness o f insulation for different design freezing indices. 

Heave reduced equals the difference between the heave without and with insulation, 

in percentage of the heave without insulation. 

(a) Design Freezing Index = 500°Cxdays 

(b) Design Freezing Index = 1000°Cxdays 

(c) Design Freezing Index = 1500°Cxdays 
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Table 3 - Properties of replacement materials 

Replacement Dry Density Water Content Thermal Conductivity 

kg /m 3 % by weight W/m°C 

Synthetic Insulation (S. I.)0 40 25 0.04 

Expanded Clay Balls (C. B.) 340 25 0.1 

Bark 350 186 0.45 

Compressed Peat 400 120 0.6 

Sand, Gravel 2000 5 2 

t Average values of polystyrene, Nordal and Refsdal (1989). 

heave without insulation. Therefore, the curves shown in Fig. 5 can also be used, in

dependently of soil profile and soil properties, to evaluate the effectiveness of the in

sulating materials in reducing heave. 

In Fig. 6, the design thickness of the insulation is plotted versus the freezing index 

for different design values of heave. It is observed that the design thickness of the in

sulation increases almost linearly as the freezing index increases. The slopes of the 

lines in Fig. 6 are, however, dependent on the soil profile and soil properties used. 

Therefore, this diagram can not be applied for other soil profiles different f rom that 

shown by Fig. 3c. 

It should be noted that the freezing indices indicated in Figs. 5 and 6 do not count 

the time when the frost front is penetrating within the surface and base courses and 

the insulation layer. As the thickness of the insulation layer increases, the actual 

freezing time of the subgrade soil decreases. Therefore, when the diagram Fig. 6 is 

used to estimate the efficiency of insulation, the freezing period before the frost 

front reaches the upper boundary of the subgrade soil has to be subtracted from the 

total freezing time. This freezing period can be estimated by e.g. the Neumann solu

tion. 

Fig. 6. Thickness o f insulation versus freezing index for different design values of heave. 
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Fig. 7. Longitudinal cracks caused by differential heave due to snow insulation. 

Effect of Snow Cover on Differential Frost Heave 
Non-uniform frost penetration used to cause differential heave. That is often the case 

when a road is covered by snow at the shoulders so that a deeper frost penetration 

and hence a larger heave takes place at the centre of the road. The resulting damage 

on asphalt pavements is characterized by the occurrence of longitudinal cracks at the 

centre of the road, Fig. 7. This problem can approximately be studied by the opera

tional model described above. 

Consider the road section shown in Fig. 3a.The shoulders of the road are covered 

by snow, Fig. 7. The horizontal heat f low in the ground is assumed to be zero so that 

the actual three-dimensional or at least two-dimensional problem can be simulated 

by the one-dimensional model. As a first approximation, the material profile at the 

shoulders of the road is assumed to be the same as at the centre of the road, but with 

an additional layer of snow on the top. The snow may be in a loose, medium or 

dense state, with a density of 300, 400 and 500 kg/m 3 and a thermal conductivity 

0.25,0.46 and 0.71 W/mK respectively. The initial position of the frost front is set to 

the upper boundary of the FS subgrade soil, regardless of the snow cover. The rela

tive heave, i.e. the ratio between the heave at the shoulders to that at the centre is 

computed and plotted as a function of the thickness of the snow cover, Fig. 8. 

For the medium snow, the heave is computed for three surface temperatures. It is 

of interest to note that the variation in the relative heave due to the change in surface 

temperature is relatively small. Therefore, the diagram can be applied, independent

ly of the surface temperature, to predict the heave reduced due to snow insulation. It 

should be pointed out that the actual value of the relative heave is underestimated by 

Fig.8 as the thickness of snow increases, because the freezing time before the frost 

front reaches the subgrade soil is not considered. This time period increases as the 

thickness of snow increases. For a snow layer of the thickness of 1 m, no heave 

could take place i f the boundary temperature is higher than -5°C. Nevertheless, the 

diagram Fig. 8 gives us the possibility to have a quick estimation of the differential 

heave caused by the snow covers on road shoulders. 
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Fig. 8. Relative heave versus thickness of snow cover. Relative heave = (heave with snow)/ 
(heave without snow). 

Effects of GWT and Saturation on Frost Heave 
The groundwater table (GWT) provides the source of mass needed by ice segrega

tion and is one of the important parameters that influence frost heave. The pioneer 

investigation of frost heave by Beskow (1935) already showed that lowering the 

GWT leads to a smaller rate of heaving. The experimental studies by Kinosita 

(1979) also demonstrated that the higher the initial water level was, the larger the 

heave amount would be. In construction practising in cold regions, water-tight mem

branes are used to shut of f ground water inflow f rom frost active zone, in order to re

duce heave amount, Kinosita (1989). In this section the effect of GWT on frost 

heave is studied by the model presented. 

The site of the example problem is located outside the town of Jokkmokk, 170 km 

northwest from Luleå. Damage of an uninsulated house has been observed and the 

distortion is suspected to be related to the rising of the GWT, from the depth of 4.3 

m to 3.3 m, due to the rising of the water level in a neighbouring water reservoir. The 

damages have been observed since the second spring after the rising of the GWT, 

Mattsson (1993). The soil profile under the displaced house is shown by Fig. 9. Out

side the house, the average thickness of the snow cover on the ground surface during 

winter period, which is about 180 days at Jokkmokk, is 50 cm. The mean cold tem

perature during the period is -13°C. The ground temperature remains approximately 

constant at 5°C at 5 m deep. It is assumed that the ground surface is flat so that the 

one-dimensional model can be used to calculate the heave amount and frost depth 

outside the house, both before and after the rising of the GWT. 

The underlying soil is a sandy silt and its main properties are determined by labora

tory tests as follows: passing 0.063 mm (silt) 51.2%, passing 0.002 mm (clay) 0.9%, 

dry density pj=2,000 kg/m 3 , saturated water content w=14% by dry weight, saturat

ed permeability at +0°C ^=1.43x10-5 cm/s, and total capillary head of 300 cm. In 
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Fig. 9. Soil profile and variation in the saturation degree. 

addition, it is assumed that the unfrozen water content at -1°C is 3% by dry weight 

and the thermal conductivity of the soil solid is 3 W/mK. The total capillary head is 

assumed to consist of 150 cm saturated, 100 cm with 90% saturation and 50 cm with 

80% saturation. The degree of saturation above the capillary zone Sr equals 70%. 

The capillary head varies in accordance with the changes in the GWT. The perme

ability of the unsaturated soil is determined as follows, Kézdi (1979) 

S -S 3 

where S0 is the upper threshold of the degree of saturation and here is assumed to be 

50% for the sandy silt. 

The computed values of heave and frost depth are plotted versus the depth of the 

GWT in Fig. 10. It can be noted that as the GWT rises, the heave amount increases 

but the depth of frost penetration decreases. The predicted heave increases from 1.0 

to 4.2 cm, i.e. 420%, when the GWT is raised from 4.3 to 3.3 m deep. This amount 

increase in the heave might be the cause of the damage observed. However, a more 

decisive conclusion should be made based on the analysis of the thaw settlement, 

particularly the non-uniform thaw settlement caused by e.g. the sun effect. 

The results shown in Fig. 10 is qualitatively in agreement with the experimental 

observations by Kinosita (1979). We can also explain the influence of the GWT as fo l 

lows. In the first place, a rise in the GWT wi l l cause a rise in the capillary head too. 

The rise in the capillary head may increase the saturation degree of the soil above the 

GWT. As å result, the permeability of the soil may also be increased. In Part 2 we 
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Fig. 10. Computed values of heave and frost depth versus the groundwater table. 
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Fig. 11. Heave and frost depth versus time, GWT= 3.5 m. 

have already shown that the permeability is a sensitive parameter to frost heave. As 

the permeability increases, the rate of water f low and hence the rates of ice lensing 

and heaving increase. Therefore, the total heave is expected to increase. In the sec

ond place, the rise in the GWT wi l l also reduce the distance between the GWT and 
the frost front at the early stage of freezing. In consequences the hydraulic gradient, 

the rate of water f low and the rates of ice lensing and heaving are again expected to 
increase. However, the increased rate of water f low wi l l lead to a larger amount of 

latent heat transferred to the frozen fringe. Also the increased saturation degree 

means more latent heat available in situ. Therefore, the rate of frost penetration is 

expected to decrease as the GWT rises. 

It is of interest to study the history diagram of the computed heave and frost 

depth. From Fig. 11, we note that there exist three different heaving rates during the 
entire freezing period. These three rates respectively correspond to three different 
degrees of saturation. When the frost front initially penetrates in the unsaturated 
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Fig. 12. Heaved soil columns with ice lenses enclosed, GWT=3.5 m. 

zone where S r=70%, few ice lenses can form (Fig. 12) and the corresponding rate of 

heaving is the lowest. At the time equal to 480 hours the frost front reaches the ca

pillary zone where S r=90%, and more ice lenses can form and the heaving rate in

creases accordingly. The heaving rate reaches its maximum when the frost front pen

etrates into the saturated zone. This saturation-dependent ice lens formation implies 

that the discretization of the soil profile above the GWT wi l l have some influence on 

the simulated ice lens distribution. However, it has been found during trial computa

tion that the total heave is not much influenced by the discretization. 

The effect of unsaturation on the frost depth is not very obvious in Fig. 11. As the 

frost front moves from the unsaturated soil to the saturated soil, the rate of frost pen

etration experiences a slight decrease. 

Summary and Conclusion 

In this paper an operational model for calculation of frost heave in field where strat

ified soil profiles and unsaturation may occur has been presented. The model has 
been developed f rom the research model presented in Part 1. Soil layers have been 

classified into frost-susceptible layers (FSL) or non-frost-susceptible layers (NFSL). 
In an FSL, both heat f low and water flow have been considered and ice lensing can 

occur. In a NFSL, only heat f low has been allowed to take place and ice lensing can 

not occur. The heat balance equations have been obtained for the entire domain of 

interest, whereas the water f low equations have been established only for the layers 

of the type FSL. 
The model has been implemented on an personal computer. The input parameters 
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to the computer program include the total density and the thermal conductivity of 

each NFSL, the dry density, the initial water content, the permeability, the degree of 

saturation, the thermal conductivity, the unfrozen water content at a subfreezing 
temperature of each FSL, the boundary temperatures and the depths of the 

groundwater table. The output of the computer program are heaved soil columns 

with ice lenses, history diagrams of heave, frost depth, segregational temperature 

and suction in pore water pressure in the frozen fringe. 

The model was evaluated against f ield data. The computed values of heave are in 

good agreement with the measured data. Discrepancies between the predicted and 

the measured values of frost depth have been observed when the actual varying tem

perature at the road surface was approximated by a mean temperature of the entire 

freezing period. 

The applicability of the model to solving practical problems has been demonstrat

ed through example problems. The effectiveness of the commonly-used insulating 

materials in reducing frost heave has been evaluated. The differential frost heave 

caused by the snow cover on road shoulders has been estimated, as a function of the 

snow thickness. The effect of the ground water table on frost heave has also been 

studied. The results obtained are generally reasonable. 

Through the results and discussion presented in the previous paper and in this 

paper, it has been demonstrated that the complex phenomenon of frost heave indeed 

can be simulated in a relatively simple way. Factors that have to be taken into ac

count in simulation of frost heave are heat flow, water f low and ice lens formation. 

Major parameters influencing frost heave include boundary temperatures, thermal 

conductivity of the soil, hydraulic conductivity of the soil, unfrozen water content at 

subfreezing temperature of the soil and overburden pressure. The most difficult part 

in simulation of frost heave lies on the determination of material parameters such as 

permeability of an unsaturated soil and of a freezing soil. For future research, the 

fol lowing areas are expected to be highlighted 

- The correlation between the unfrozen water content of a frozen soil and the soil 

characteristics should be further studied experimentally. In future, the unfrozen 

water content at a subfreezing temperature, which is a very sensitive parameter in 

the frost heave model but can not be easily determined in practice, may be calcu

lated, based on reliable expressions, f rom e.g. the specific surface area and/or clay 

content of the soil. 

- In reality, boundary conditions and soil parameters are often stochastic, both in 

time and in space. The deterministic model should be modified to be able to ac

count for the stochastic behaviour of parameters. 

- In the case where the gradients in temperature and in water pressure are signifi

cantly non-linear and multi-dimensional problems are involved, more advanced 

methods have to be used to solve a complete frost heave model such as the rigid 

ice model by O'Neil l and Mil ler (1985). 
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Notations 

FSL Frost-Susceptible Layer 

NFSL Non-Frost-Susceptible Layer 

g Acceleration of gravity m/s 2 

h Length of soil column m 

I Ice content 

h Ice content at the base of the growing ice lens 

i Mean ice content in the frozen fringe 

k Permeability m/s 

k s Permeability of the frozen fringe m/s 

Saturated permeability of the soil in the frozen fringe m/s 

Permeability o f partially saturated soil m/s 

ks 
Saturated permeability m/s 

K Effective permeability o f unfrozen zone m/s 

L Specific latent heat of water J/kg 
n Porosity of soil 

<? Overburden pressure Pa 

Sr Degree of saturation % 
t Time s 
Af Time step s 

T Temperature °C 

Tc 
Applied temperature at the cold side °C 

Tf Freezing temperature soil moisture °c 
To Freezing point of bulk water degree Kelvin 

Ts 
Segregational temperature °C 

Tw 
Applied temperature at the warm side °C 

" i Ice pressure Pa 

Un Neutral stress Pa 

Uw Pore water pressure Pa 

Vff Rate of water f low in the frozen fringe m/s 

Rate of water f low in the unfrozen soil m/s 

Vi Rate o f ice lensing (rate of heave) m/s 

Initial water content by volume 

Xb Base position of the growing ice lens m 
xf Position of frost front (0-isotherm) m 

Xnb Base position of the new ice lens m 

V Effective thermal conductivity of frozen zone W/(m°C) 

Thermal conductivity of frozen fringe W/(m°C) 

K Thermal conductivity of ice W/(m°C) 

K Thermal conductivity of soil solid W/(m°C) 

K Effective thermal conductivity of unfrozen zone W/(m°C) 

x v v Thermal conductivity of water W/(m°C) 

P; Density of ice kg /m 3 

Pw Density of water kg /m 3 

CT' Effective stress Pa 
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Estimation of frost heave for stratified soil profile 

Daichao Sheng, Kennet Axelsson & Sven Knutsson 
Department of Civil Engineering, Luleå University of Technology, Sweden 

ABSTRACT: An operational model for estimation of frost heave in field where stratified soil profile occurs is pre
sented. The model is developed from the research model described and verified by Sheng and Knutsson (1993). Soil 
layers are first classified into frost-susceptible layers (FSL) or non-frost-susceptible layers (NFSL). In an FSL, both 
heat flow and water flow are considered and ice lensing can occur. In a NFSL, only heat flow is possible and no ice 
lensing is allowed. The governing equations for heat and mass transfer are established for the time period when the 
frost front is moving within FSL. Capillarity and unsaturation are also considered. The operational model is verified 
by field measurements of heave amounts. The computed values of heave are in a good agreement with the measured 
data. The applicability of the model to solving practical problems is demonstrated through example problems. The 
effectiveness of the commonly-used insulating materials in reducing frost heave is evaluated. The differential frost 
heave caused by the snow cover on road shoulders is estimated, as a function of the snow thickness. The effect of the 
ground water table on frost heave is also studied. 

KEYWORDS: operational model, soil stratum, FSL, NFSL, ground water table, unsaturation. 

1. INTRODUCTION 

During the last forty years a number of frost heave 
models have been proposed, e.g. by Harlan (1973), 
Gilpin (1980), Hopke (1980), Konrad and Morgenstern 
(1980, 1981), O'Neill and Miller (1982, 1985), Shen 
and Ladanyi (1987), Nixon (1991), Frémond and 
Mikkola (1991) and Padilla and Villeneuve (1992). 
These models are in general based upon the fundamen
tal principles of thermodynamics and on experimental 
observations and have been demonstrated very useful 
in understanding the phenomenon of frost heave and to 
some extent also in predicting frost heave for engineer
ing purposes. In respect of 
• adequacy in describing the phenomenon, 
• validation by e.g. experimental data, 
• ease in determining input parameters, and 
• applicability in solving practical problems 
each of the existing models has advantages and disad
vantages. For instance, the model by O'Neill and Miller 
(1985) has been considered to be physically elaborate 
in describing the phenomenon. However, this model 
has not been validated by any experimental data. In ad
dition, it is difficult to apply this model to solve practi
cal problems which may involve e.g. stratified soil 
profiles, unsaturated soils, variable ground water table 
and capillarity, because some parameters needed are 
rarely available and difficult to estimate. On the other 

hand, the model by Harlan (1973) deals with coupled 
heat and mass transfer in a scale of observation and has 
been applied to solve field problems. However, an im
portant feature of frost heave, i.e. the formation of dis
crete ice lenses, has not been considered in the model. 
Detailed review of the existing frost heave models may 
refer to O'Neill (1983), Berg (1983), Kay and Perfect 
(1988) and Fukuda and Ishizaki (1991). 

Sheng and Knutsson (1993) presented an alternative 
method for simulation of frost heave and ice lensing in 
saturated and salt-free soil columns. The model deals 
with heat and water flow in quasi-steady states. Special 
attention was paid to the pore pressure and the permea
bility in the transmitted zone, i.e. the frozen fringe. The 
formation of each ice lens was simulated. The effect of 
overburden pressure was taken into account. The gov
erning equations for heat balances were obtained in a 
similar manner as Gilpin (1980), but in different forms. 
The mass equations were newly presented. The crite
rion for ice lens initiation follows that by O'Neill and 
Miller (1985), i.e. that ice lens initiation takes place 
when and where the neutral stress approaches the total 
overburden pressure. The neutral stress was, however, 
calculated differently from O'Neill and Miller. The 
unfrozen water content in freezing soil was computed 
according to Kujala (1989). New expressions for the 
pore water pressure in the frozen fringe and for the var
iation of the permeability were presented. In compari-
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son with the existing models such as by O'Neill and 
Miller (1985), the model we presented needs less input 
parameters but still covers the basic features of the phe
nomenon of frost heave. 

The model described by Sheng and Knutsson (1993) 
was also evaluated by comparing the computed and 
measured values of heave and heaving rate and by ana
lysing the sensitivity to various parameters. It was 
found that the computed values are generally in agree
ment with the experimental data for various soils types, 
temperature gradients and overburden pressures. The 
sensitivity analysis showed that the computed values of 
heave, frost depth and thicknesses of ice lenses and fro
zen fringe response as the input parameters change. It 
was also shown that the major factors influencing frost 
heave are the overburden pressure, the boundary tem
peratures, the saturated permeability, and the unfrozen 
water content at subfreezing temperatures. The time 
step used in computation was, however, found insignif
icant for the computed values of heave. 

In this paper, the research model is further devel
oped into an operational model which is capable of 
handling field conditions such as a stratified soil profile, 
unsaturated soils, capillarity and insulation. The opera
tional model is evaluated against field measurements of 
heave and frost depth at an insulated road section. The 
verified model is applied e.g. to study the effectiveness 
of insulating materials in reducing heave and to esti
mate the influence ground water table on frost heave. 

2. THE OPERATIONAL MODEL 

2.1 Soil profile 

Consider a soil profile consisting of different soil layers 
as shown in Fig. 1. We first classify the soil strata into 
frost-susceptible layers (FSL) and non-frost-susceptible 
layers (NFSL). In an FSL, water flow as well as heat 
flow is possible, ice lenses can form and frost heave may 
take place. Three thermal states can exist in an FSL, i.e. 
unfrozen, freezing (frozen fringe) and frozen states. The 
soil on the warm side of the frost front, where the tem
perature equals the freezing point, is unfrozen, between 
the latest ice lens and the frost front, freezing, on the cold 
side of the ice lens and including the lens, frozen. An 
FSL can be any moist soil saturated or unsaturated. In a 
NFSL, only heat flow occurs and ice lensing is not al
lowed. Therefore, no intermediate state, i.e. freezing, 
can exist A NFSL can be any non-soil layer such as an 
insulation layer, or a layer of a very coarse soil such as 
gravel, or a layer of a dry soil. In Fig. 1, the first upper 
two and the lowest strata are classified as NFSL. The 
third stratum is an FSL. 

The coordinate origin is set to the warm boundary of 
the soil profile, with positive direction upward. The 
frost front is denoted by *yand the warm surface of the 
latest ice lens by xb. The ground water table (GWT) is 
denoted by existing in the third layer. The saturation 

(a) (b) 

Figure 1 Soil profile (a) and the distributions < 
temperature and pore water pressure (b). 

capillary head is denoted by xs. The temperature at tl 
ground surface is T0 which is below the freezing poii 
Tf. The temperature at x=0 is Tw above the freezir 
point. The surface and bottom temperatures are eithi 
constant or vary as known functions of time. 

The basic assumptions in the operational model fo 
low those in the research model: 
• The temperature gradient in each layer is constai 

in space. 
• The permeability of the frozen fringe decrease 

exponentially as a function of the temperature. 
• The frozen fringe is always saturated by water ( 

ice. 
• The water flow in the frozen fringe and in the ui 

frozen soil reaches a steady state. 
• The pore ice particles in the frozen fringe are coi 

nected to the latest ice lens as a rigid body. 
• A new ice lens forms in the frozen fringe whe 

and where the effective stress approaches zero. 
The assumption that the frozen fringe is saturated wat< 
and ice may find support from Miller (1980), who sta 
ed, with reference to the experiment by Dirksen ar 
Miller (1966), that heave occurred only i f the total moi 
ture content just behind the frost front rose to about 90' 
pore saturation. In addition to the assumptions listed, tf 
soil is assumed to be salt free. 

2.2 Governing equations 

Since no ice lensing is allowed in a NFSL, it is of litt 
interest to study the frost penetration within those layer 
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Therefore, attention is only paid lo heat and mass flow 
when the frozen fringe [xf, xb] is located in the FSL. As 
in the research model, it is assumed that the location [xf, 
xb] is known at the time level tn. The aim is to determine 
the rate of heave during a small time step Ar and the new 
location of the frozen fringe at time level tn+j=tn+At. To 
do so, we first have to determine the segregational tem
perature TS at xb, the pore water pressure and the ice 
pressure at the time level r n + ; , and the rate of frost pen
etration and the rates of water flow in the frozen fringe 
and in the unfrozen soil during the time step Ar. 

The governing equations for heat and mass flow can 
be obtained in a similar manner as in the research 
model. The heat balance at the warm surface of the lat
est ice lens xb states 

_ r c - r , ._ T,-T, 
A. ( l ) 

where Xy-denotes the effective thermal conductivity of 
the current frozen zone, Xgrthe effective thermal conduc
tivity of the current frozen fringe, h the total height of the 
soil profile at time tn, L the specific latent heat of water, 
I b the current volumetric ice content &ixb, p,- the density 
of ice, and Vj the rate of ice lensing or the rate of heave 
during the time step Af. 

The overall heat balance for the frozen fringe can be 
expressed as, 

T - T C TW •TF . dXf 
(2) 

where dxfldt is the advancing rate of the frost front ̂ -or 
the frost penetration rate during Af, \~u the effective 
thermal conductivity of the current unfrozen zone, 7 the 
mean ice content in the current frozen fringe. 

The mass conservation at xb requires that the water 
flow to Xj, equals the ice mass formed there 

V / /Pw= d - / * ) V i P i x=\b 
(3) 

where Vffdenotes the water flow rate in the frozen fringe 
and pw the density of bulk water. 

The overall mass balance within the frozen fringe is 
slighüy different from that in the research model, 
because the unfrozen soil beyond the frozen fringe may 
not be saturated. The outflow of ice mass at xb must bal
ance the inflow of water mass at Xf plus the decrease of 
mass in the frozen fringe, i.e. 

can be determined by the Darcy law 

Pwg + Pwg xw<x<Xf (5) 

where ku is the effective permeability of the unfrozen 
soil between the frost front and the GWT, g the acceler
ation of gravity, and uJM) the pore water pressure at the 
frost front xt. Equation (5) is assumed to be valid both 
for saturated and unsaturated flow. 

The pore water pressure in the frozen fringe is given 
as in the research model 

T P 
uw (x) = Lp = i + o - ^ + pwg (xb-x) 

eb(xt-xf) _eb(x-xf) 

(6) 

where T0 is the freezing point of water, o the total stress 
at the level xb, kj-u the saturated permeability of the soil 
in the frozen fringe, and b a parameter which will be 
determined in subsection 2.4. The generalized Clapey-
ron equation is included in (6). 

The six equations (1-6) form the basis of the frost 
heave model. Providing the location of the frozen 
fringe [Xß Xj,] and the material parameters are known, 
they can be solved by iteration for the six unknowns T f, 
Vj, dxfldt, Vß vu and ujx). 

I f the frost front penetrates below the GWT, i.e. 
x&c^, the pore water pressure at the frost front is then 
determined by 

Uw(Xf) =(XW-Xf) g pw xf (7) 

In this case, the governing equations (1), (3) and (6) are 
still valid. Together with (7), the four equations are 
solved for the four unknowns TS, Vj, dxfldt, v^and u\Jx). 

In the case where the frozen fringe is too thin for 
computation significance, the base of the latest ice lens 
is set to the frost front. The rate of water flow in the 
unfrozen zone is then in equilibrium with the rate of ice 
lensing and thus the frost front wil l remain stationary. 
The following equation is used instead of (1) and (2) 

T -T r „ , - r . 
= W 

The mass equation is simplified to 

viPi = vuPw+ ( S r P w - P i ) I < ~ J ) Xf<x<xb (4) V i P . = vupM 

(8) 

(9) 

where Sr is the degree of saturation of the unfrozen soil 
beyond the frozen fringe. 

In the case where the frost front is above the GWT, 
i.e. xf^Xyp the rate of water flow in the unfrozen soil, v u , 

The equations (5) and (6) are still valid. Together with 
(8) and (9), the four equations can be solved for the four 
unknowns TS, Vj, u(xf) and vu. 
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2.3 Location of the frozen fringe 

So far the governing equations have been established by 
assuming that the location of the frozen fringe is known. 
Now let us discuss how to locate the frozen fringe at 
each time step. 

I f the frozen fringe [xy, xb] is known at the time level 
tn, the frost penetration rate dxfjdt can be determined 
and the new position of the frost front at the time level 
tn+j=tn+At is Xf+(dxjldi)bt. The position of the warm 
surface of the latest ice lens xb will remain fixed unless 
a new ice lens appears within the frozen fringe. A new 
ice lens wil l form when and where the effective stress 
vanishes. The effective stress can be computed approxi
mately as 

o' = a -^rc^H^—M,- = o - « „ Xf<x<xb (10) 

where a' denotes the effective stress, un the effective 
pore pressure or the neutral stress, n the soil porosity and 
/ the ice content 

The ice pressure in (10) can be determined by the 
generalized Clapeyron equation 

uw " i _ r T 
T0 Pw P i 

The neutral stress o„ can then be expressed by 

(11) 

/ r p \ ]Lp. 
u = + „ - i ' J Xf<x<xb (\2) 

n n p w J w nTQ ' 

Equation (12) is non-linear in temperature because of 
the temperature-dependence of the ice content / . The de
rivative bun/&c is a very complex function of x and it is 
not easy to solve the condition 8u„/8x=0 for the position 
x„£, where the maximum neutral stress takes place. 
Therefore, the frozen fringe [xa xb] is divided into many 
equal intervals and the neutral stress un is computed at 
each dividing point. The maximum neutral stress and its 
position can be determined by interpolation. This maxi
mum value is then compared with the total stress. I f the 
total stress is exceeded, a new ice lens is expected to 
form. The new frozen fringe at the time level r „ + ; is 
[xbn,xfi. 

In the research model, the initial consolidation effect 
is considered in locating the starting position of the fro
zen fringe. This effect is, however, not important in 
field considering the relatively long freezing period. To 
locate the starting position of the frozen fringe, the 
method by trial and error is used. Since there is no need 
to study the frost penetration within any NFSL, the first 
position of the cold boundary of the frozen fringe xb 

can reasonably be set to the upper boundary of the first 
FSL. By assuming a trial temperature Tb at x^ the posi
tion of the frost front XfCan be found by interpolation of 

the temperature field from x=0 tox=xb. The governin; 
equations can then be solved for the segregational tem 
perature Ts. The procedure is repeated until Ts approxi 
mately equals Tb. 

2.4 Material parameters 

The governing equations contain a number of materia 
parameters that have to be determined. Of them are th 
effective thermal conductivity and the permeability of 
multi-layer structure, the thermal conductivity and th 
permeability of a multi-phase layer, and the ice corner 
of the frozen fringe. 

The effective value of a conductive parameter of 
stratified profile e.g. the effective thermal conductivit 
and the effective permeability, can be represented b; 
the harmoic mean 

f h h 
(13 

where A denotes the effective value to be determined, i 
the total thickness, l n the thickness of the mh layer, am 
A„ the parameter of the mh layer. 

The thermal conductivity of a soil saturated by wate 
or ice can be expressed by the geometric mean 

x , = xl-n-xn-'-xi 
sat s w i 

(14 

where the subscripts s, w and i respectively stands fc 
soil solid phase, water phase and ice phase. 

The thermal conductivity of an unsaturated soil i 
given by Johansen (1975) 

k - ß'sal' ^dry) + ""dry (15 

where Xfiry is the thermal conductivity of the dry so: 
and Ke a parameter called the Kersten number. 

The permeability of a partially frozen soil is a func 
tion of the temperature and the soil, Horiguchi an 
Miller (1983). A representative relationship betwee 
permeability and temperature is unfortunately not avail 
able yet Therefore a test function, which was used i 
the research model and which demonstrated a good pei 
formance, is here again applied temporarily. This func 
tion states that the permeability of the frozen fring 
decreases as an exponential function of the temperatur 

% ~ kf"e - Kfue Xf<x<xb (16 

The parameter c or b in equation (16) can either b 
treated as an input parameter or, as a first approximj 
tion, be estimated as follows. I f it is assumed that 

k f f = k f u ( - Z ) =*/«( (17 
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as done by O'Neill and Miller (1985), the parameter b 
can be determined by substituting (17) into (16). The 
equation (16) can be replaced or modified in future i f 
more information on the subject comes up. 

The permeability kps of a partially saturated soil in 
the unfrozen state, can either be treated as an input 
parameter or approximated by a given saturated perme
ability, Hillel (1971) 

where ks is the saturated permeability and m a soil con
stant that should be given. 

The volumetric ice content in the frozen fringe 
equals (n-w^, with wu denoting the volumetric unfro
zen water content The unfrozen water content is a 
function of the temperature or a function of the pressure 
difference (M-K,). The function given by Kujala (1989) 
was used in the research model and here is applied 
again 

n - l = w u ( T ) = w 0 - e a ( T ) * (19) 

where w0 is the initial volumetric water content, a and ß 
parameters depending on the specific surface area and 
pore geometry of the soil. The parameter ß approxi
mately equals 2 for most of soils of interest The param
eter a can be determined by substituting into (19) an 
unfrozen water content at a subfreezing temperamre e.g. 
-1.0 °C. 

2.5 Computational strategies 

The model presented in the previous text has been im
plemented on an I B M personal computer. The computa
tion scheme is described as follows. At each time step, 
the material parameters are first computed, based on the 
current frozen fringe and the segregational temperature. 
Thereafter, the governing equations are solved for the 

rate of ice lensing (heaving) Vt, the rate o f frost penetra
tion dxfldt, the distribution of pore water pressure within 
the frozen fringe u^ix), and the new segregational tem
perature Ts. Finally we determine i f there is any new ice 
lens initialized in the frozen fringe, in which case the 
length of the soil profile and the position of frozen fringe 
are modified accordingly. The procedure is then repeat
ed for next time step. 

The computer program was written in Turbo C and 
computer graphics was used to represent the heaved 
soil columns enclosing ice lenses, history diagrams of 
the heave, frost front segregational temperature and 
suction in the pore water pressure in the frozen fringe. 
The input parameters include boundary temperatures, 
GWT, dry density, water content degree of saturation, 
thermal conductivity, permeability and a unfrozen 
water content at a subfreezing temperature. The time 
step for computation, another input parameter, should 
be given such a small value that the frost penetration 
during any single time step does not exceed the half 
thickness of the FSL that contains the frozen fringe. 

3. FIELD VERIFICATION 

In this section the operation model presented in the pre
vious section will be evaluated against the field data 
measured at a test road located at Piteå, 50 km south 
from Luleå. Heave amounts and ground temperatures 
were measured at the centre and the shoulders of the 
road, Fig. 2, at a time interval of approximately 4 weeks 
through the winter 1985/86. The test road was originally 
constructed to study the efficiency of expanded clay 
balls as an insulation material for frost protection. A lay
er of expanded clay balls of a thickness varying from 0 
to 50 cm was placed under the subbase course, i.e. the 
gravel, Fig. 2. At one site, a layer of sand of a thickness 
of 85 cm was used instead of tiie insulation, Fig. 3a. The 
subgrade soil is a highly frost-susceptible clayey silt of 
several meters, occasionally enclosing gravel pockets, 
Fig. 3b. 
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Table 1. Material properties. 

Material Surface & Base Gravel Sand Silt Insulation 
Course (NFSL) (NFSL) (NFSL) (FSL) (NFSL) 

Dry density, g/crn^ 2.1 2.2 1.9 1.6 0.34 
Water content, % 5 3 10 25 25 
Degree of saturation, % 80 100 10 
Permeability, cm/s IO" 7 

Thermal conductivity 1.5 2.0 1.4 1.1 0.10 
Thickness, cm 16-34 10-14 85 -250 0-50 
Unfrozen water content at -1 ° C , 1 

% ?t 

Back estimated from the point marked in Fig. 4a. 

Table 2. Boundary conditions. 

Section TC,°C Freezing Period Freezing Index, °C day 

a, no insulation -10 Dec 21,1985-Mar 31,1986 1000 
b, 15 cm insulation -11 D e e l , 1985-Mar 31,1986 1265 
c, 30 cm insulation -10 Dec 21,1985-Mar 31,1986 1000 
d, 50 cm insulation -9 Jan 10, 1986-Mar 31,1986 720 

Figure 3 Material profiles under the road centre, with varying insulation thicknesses. 

In the simulation, the mean air temperature is used as 
the boundary condition at the ground surface. The 
ground temperature is assumed to be 3 °C and remain 
constant at the depth of 3.5 m. The simulation is initi
ated at the time when the measured frost penetration 
reaches the subgrade soil and stopped at the end of 
March 1986. The ground water table during the freez
ing period is assumed to remain at the depth of 1.5 m. 

The silt above the GWT is assumed to be saturated by 
capillarity. The dry density, the water content and the 
thermal conductivity of the silt were measured in labo
ratory using undisturbed samples. The permeability 
used in the computation is an average value of the soil 
at temperatures close to 0 °C. The unfrozen water con
tent at -1 °C is 1% by dry weight, back-estimated from 
one measured heave at the section shown by Fig. 3a. 
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The material properties are hsted in Table. 1. 
The computed heave and frost depth are plotted in 

Fig. 4, in comparison with the field data. Agreement 
between the computed and the measured heave is gen
erally good. Overestimanon of heave at the end of 
March is noticed. The reason can be attributed to the 
constant surface temperature used in the simulation. 
The actual average temperature of March was only -1.2 
°C and the settling started in the beginning of April. 
The overestimation at the end of March is approxi
mately 20%. 

The computed values of frost depth are, however, 
not in a good agreement with the measured ones. For 
sections a and b, an underestimation of up to 25% is 
observed. This underestimation occurs very early. The 
reason may again be attributed to the lower surface 
temperature used in the simulation than the actual val
ues of December and January, which was close to -21 
°C in average. The actual frost penetration stopped in 
January, due to the rising of the surface temperature. 
This 'step freezing' effect is, however, smoothbored in 
the simulation by the use of an average temperature. 
For sections c and d, the thick insulation layers them
selves also smoothed the variation in the surface tem
perature and thus better agreements are obtained. 

4. APPLICATION EXAMPLES 

4.1 Efficiency of insulating materials in reducing 
frost heave 

In road construction in cold regions, it is very common 
to place a layer of insulation or non-frost-susceptible 
material within the subbase course, in order to reduce 
frost penetration and heave. Various materials e.g. ex
truded and expanded polystyrene, expanded clay balls, 
wet bark, compressed peat and gravel have been used 
for this purpose. In this section the effectiveness of the 
materials commonly used in practice are evaluated by 
the operational model presented. 

For convenience we use the same road section as 
shown in Fig. 3c and the same subgrade soil, i.e. the silt 
with properties hsted in Table 1, but with varying thick
nesses of insulating materials. The temperature at the 
ground surface varies between -5 to -15 °C and the 
ground temperature at the depth of 4 m remains 3 °C. 
The initial position of the frost front is assumed to be at 
the upper boundary of the subgrade silt. The heave 
amounts after freezing of 100 days are calculated for 
various thicknesses of insulation. The difference be
tween the heave amounts without and with insulation, 
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Table 3. Properties of replacement materials 

Replacement Dry density, g/cm 3 Water content by dry weight, % Thermal conductivity 

Synthetic Insulation (S. I.)* 0.04 25 0.04 
Expanded Clay Balls (C. B.) 0.34 25 0.1 
Bark 0.35 186 0.45 
Compressed Peat 0.4 120 0.6 
Sand, Gravel 2 5 2 

Average values of polystyrene, Nordal and Refsdal (1989). 
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Figure 5 Correlation between frost heave, thickness of insulation and freezing indices. 

136 



in percentage of the heave without insulation, is plotted 
versus the thickness of the insulation for three design 
values of freezing index in Figs. 5a-c. It can be noted 
that the most effective insulation materials are the syn
thetic insulation (e.g. extruded polystyrene) and the ex
panded clay balls. The wet bark and the compressed 
peat cause approximately the same amount of reduction 
in the heave. It is found by test computations that the in
fluences of the properties of die subgrade soil on the 
curves in Figs. 5a-c are insignificant, as along as the re
duced heave is plotted in percentage of the heave with
out insulation. Therefore, the curves shown in Figs. 5a-
c can also be used, independently of soil profile and soil 
properties, to evaluate the effectiveness of the insulat
ing materials in reducing heave. 

In Fig. 5d, the design thickness of the insulation is 
plotted versus the freezing index for different design 
values of heave. It is observed that the design thickness 
of the insulation increase almost linearly as the freezing 
index increases. The slopes of the lines in Fig.5d are, 
however, dependent on the soil profile and soil proper
ties used. Therefore, this diagram can not be applied for 
other soil profiles different from that shown by Hg. 3c. 

It should be noted that the freezing indices indicated 
in Figs. 5a-d do not count the time when the frost front 
is penetrating within the surface and base courses and 
the insulation layer. As the thickness of the insulation 
layer increases, tiie actual freezing time of the subgrade 
soil decreases. Therefore, when the diagram Fig. 5d is 
used to estimate the efficiency of insulation, the freez
ing period before the frost front reaches the upper 
boundary of the subgrade soil has to be subtracted from 
the total freezing time. This freezing period can be esti
mated by e.g. the Neumann solution. 

4.2 Effect of Snow Cover on Differential Frost 
Heave 

Non-uniform frost penetration used to cause differential 
heave. That is often the case when a road is covered by 
snow at the shoulders so that a deeper frost penetration 
and hence a larger heave take place at the centre of the 
road. The resulting damage on asphalt pavements is 
characterized by the occurrence of longitudinal cracks at 
the centre of the road, Fig. 6. This problem can approx
imately be studied by the operational model described 
above. 

Consider the road section shown by Fig. 3a.The 
shoulders of the road are covered by snow, Hg. 7. The 
horizontal heat flow in the ground is assumed to be zero 
so that the actual three-dimensional or at least two-di
mensional problem can be simulated by the one-dimen
sional model. As a first approximation, the material 
profile at the shoulders of the road is assumed to be the 
same as at the centre of the road, but with an additional 
layer of snow on the top. The snow may be in a loose, 
medium or dense state, with a density equal to 0.3, 0.4 
and 0.5 t /m 3 and a thermal conductivity 0.25, 0.46 and 

LONGITUDINAL CRACKS 

FROST PENETRATION 

Figure 6 Longitudinal cracks caused by differential 
heave due to snow insulation. 

and 0.71 W/mK respectively. The initial position of the 
frost front is set to the upper boundary of the FS sub-
grade soil, regardless of tiie snow cover. The relative 
heave, i.e. the ratio between the heave at the shoulders to 
that at the centre is computed and plotted as a function 
of the thickness of the snow cover, Fig. 7. 

For the medium snow, the heave is computed for 
three surface temperatures. It is of interest to note that 
the variation in the relative heave due to the change in 
surface temperature is relatively small. Therefore, the 
diagram can be applied, independently of the surface 
temperature, to predict the heave reduced due to snow 
insulation. It should be pointed out that the actual value 
of the relative heave is underestimated by Fig.7 as the 
thickness of snow increases, because the freezing time 
before the frost front reaches the subgrade soil is not 
considered. This time period increase as the thickness of 
snow increases. For a snow layer of the thickness of 1 m, 
no heave could take place i f the boundary temperature is 
higher than -5 °C. Nevertheless, the diagram Fig. 7 pro
vides us with the possibility to have a quick estimation 
of the differential heave caused by the snow covers on 
road shoulders. 
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Figure 7 Relative heave versus thickness of snow 
cover, Relative heave=(heave with snow) / 
(heave without snow). 
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4.3 Effects of GWT and Satwation on Frost Heave 

The ground water table (GWT) provides the source of 
mass needed by ice segregation and is one of the impor
tant parameters that influence frost heave. The pioneer 
investigation of frost heave by Beskow (1935) already 
showed that lowering the GWT leads to a smaller rate of 
heaving. The experimental studies by Kinosita (1979) 
also demonstrated that the higher the initial water level 
was, the larger the heave amount would be. In construc
tion practising in cold regions, water-tight membranes 
are used to shut off ground water inflow from frost ac
tive zone, in order to reduce heave amount, Kinosita 
(1989). In this section the effect of GWT on frost heave 
is studied by the model presented. 

The soil profile shown by Fig. 8 is taken from a site 
at Jokkmokk, 200 km northwest of Luleå, where distor
tion of an uninsulated house was observed. The distor
tion is suspected to be related to the rising of the GWT. 
The GWT was raised from the depth of 4.3 m to 3.3, due 
to the rising of the water level in a neighbouring water 
reservoir. The damages occurred in the second spring af
ter the GWT was raised, Mattsson (1993). 

3 ^ 

4 H 

90% 

100% 

Icapiliary zonej 

GWTg GWTg 

Figure 8 Soil profile and variation in the saturation 
degree. 

In the soil profile, the first layer, of 50 cm thick, is a 
snow cover and we treat it as an NFSL. The underlying 
soil is a sandy silt and the main properties of the soil are 
determined by laboratory tests as follows: passing 
0.063 mm 51.2%, passing 0.002 mm 0.9%, dry density 
p ^ . O g/cm3, saturated water content w=14% by dry 
weight, saturated permeability at +0 °C ^=1.43x10 

cm/s, and total capillary head of 300 cm. In additioi 
we assume that the unfrozen water content at -1 °C : 
3% by dry weight and the thermal conductivity of so 
solid is 2 W/mK. The total capillary head consists c 
150 cm saturated, 100 cm with 90% saturation and 5 
cm with 80% saturation. The degree of saturation abov 
capillary zone Sr equals 70%. The capillary head varie 
in accordance with the changes in the GWT. The pei 
meability of the unsaturated soil is determined as fo 
lows, Kézdi (1979) 

"ps 1 
(2C 

where S0 is the upper threshold of the degree of satun 
tion and here is assigned to 50% for the sandy silt Th 
mean cold temperature at the ground surface is -13 °< 
for 180 days, i.e. 4320 hours. The temperature at th 
depth of 5 m remains 5 °C. The initial position of th 
frost front is set to the ground surface, Fig. 8. 

The computed values of heave and frost depth ai 
plotted versus the depth of the GWT in Fig. 9. It can b 
noted that as the GWT rises, the heave amour 
increases but the depth of frost penetration decrease: 
The predicted heave increases from 1.0 to 4.2 cm, i.t 
420%, when the GWT is raised from 4.3 to 3.3 m deer 
This amount increase in the heave might be the cause c 
the damage observed. However, a more decisive cor 
elusion should be made based on the analysis of th 
thaw settlement particularly the non-uniform thaw se: 
dement caused by e.g. the sun effect 

The results shown in Fig. 9 is qualitatively in agree 
ment with the experimental observations by Kinosit 
(1979). We can also explain the influence of the GWT a 
follows. In the first place, a rise in the GWT will cause 
rise in the capillary head too. The rise in the capillar 
head may increase the saturation degree of the so 
above the GWT. As a result the permeability of the so 
may also be increased. In the part I I we have alread 
shown that the permeability is a sensitive parameter t 
frost heave. As the permeability increases, the rate c 
water flow and hence the rates of ice lensing and hea\ 
ing increase. Therefore, the total heave is expected to ir 
crease. In the second place, the rise in the GWT will als 
reduce the distance between the GWT and the frost fror 
at the early stage of freezing. In consequences the hy 
draulic gradient, the rate of water flow and the rates c 
ice lensing and heaving are again expected to increase 
However, the increased rate of water flow will lead to 
larger amount of latent heat transferred to the froze 
fringe. Also the increased saturation degree means mor 
latent heat available in situ. Therefore, the rate of fros 
penetration is expected to decrease as the GWT rises. 
It is of interest to study the history diagram of the com 
puted heave and frost depth. From Fig. 10, we note th£ 
there exist three different heaving rates during the entir 
freezing period. These three rates respectively corre 
spond to three different degrees of saturation. 
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Figure 11 Heaved soil columns with ice lenses enclosed, GWT=3.5 m. 

When the frost front initially penetrates in the unsatu
rated zone where S^=7Q%, few ice lenses can form (Fig. 
11) and the corresponding rate of heaving is the lowest. 
At time equal to 480 hours the frost front reaches the 
capillary zone where 5^=90%, and more ice lenses can 
form in this zone and the heaving rate increases accord
ingly. The heaving rate reaches its maximum when the 
frost front penetrates into the saturated zone. 

The effect of unsaturation on the frost depth is not 
very obvious in Fig. 10. As the frost front moves from 
the unsaturated soil to the saturated soil, the rate of frost 
penetration experiences a slight decrease. 

5. SUMMARY 

This paper presents an operational model for calcula

tion of frost heave in field where stratified soil profiles 
and unsaturation may occur. The model is developed 
from the research model presented and verified in two 
preceding papers, part I and I I of the series. Soil layers 
are first classified into frost-susceptible layers (FSL) or 
non-frost-susceptible layers (NFSL). In an FSL, both 
heat flow and water flow are considered and ice lensing 
can occur. In a NFSL, only heat flow takes place and no 
ice lensing is allowed. The heat balance equations are 
obtained for the entire domain of interest, whereas the 
water flow equations are established only for the layers 
of the type FSL. 

The model has been implemented on an personal 
computer. The input parameters to the computer pro
gram include the total density and the thermal conduc
tivity of each NFSL, the dry density, the initial water 
content, the permeability, the degree of saturation, the 
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thermal conductivity, the unfrozen water content at a 
subfreezing temperature of each FSL. The boundary 
temperatures and the depths of the ground water table 
should also be given. The output of the computer pro
gram are heaved soil columns with ice lenses, history 
diagrams of heave, frost depth, segregational tempera
ture and suction in pore water pressure in the frozen 
fringe. 

The model is evaluated against field data. The com
puted values of heave are in a good agreement with the 
measured data. Discrepancies between the predicted 
and the measured values of frost depth are observed 
when the actual varying temperature at the road surface 
is approximated by a mean temperature of the entire 
freezing period. 

The applicability of the model to solving practical 
problems is demonstrated through example problems. 
The effectiveness of the commonly-used insulating 
materials in reducing frost heave is evaluated. The dif
ferential frost heave caused by the snow cover on road 
shoulders is estimated, as a function of the snow thick
ness. The effect of the ground water table on frost heave 
is also studied. The results obtained are generally rea
sonable. 
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Sensitivity analysis of frost heave - A theoretical study 

D. Sheng & S. Knutsson 
Department of Civil Engineering, Luleå University ofTechnology, Sweden 

ABSTRACT: A frost heave model based on quasi-steady state heat and water flow is presented. The 
model is verified against experimental results. The sensitivity o f computed frost heave is analyzed, 
which shows that, a) the important factors affecting frost heave include overburden pressure, tempera
ture gradient, unfrozen water content in frozen soil, and permeability o f the soil; b) increasing over
burden pressure prevents frost heave by elongating frozen fringe and increasing the space between 
lenses, and the effect of overburden pressure is not significant for clays; c) decreasing temperature 
gradient prevents frost heave by increasing the thickness of frozen fringe and reducing ice lens thick
ness; d) as the unfrozen water content increases, the computed heave first increases rapidly and then 
approaches a constant value at moderate and high unfrozen water content. The effect of permeability 
is very similar to that of unfrozen water content; and e) the segregational temperature and the suction 
in pore water pressure at the warm side o f the growing ice lens exhibit cyclic increase and decrease 
during ice lensing. 

1. I N T R O D U C T I O N 

During the last for ty years considerable experi
mental and theoretical work on frost heave has 
been carried out and the phenomenon has been 
understood in a great depth. Based upon experi
mental observations, i t is realized that frost 
heave is mainly due to ice lensing associated 
with thermal-induced water migration. Water 
migration can take place at temperatures below 
the freezing point, by path of the unfrozen water 
f i lm adsorbed at soil particles. Overburden pres
sure, temperature gradient and ground water ta
ble are those most important factors influencing 
the frost heave, Penner and Ueda (1977), Penner 
(1986), Horiguchi (1987) and Konrad (1989). 
Theoretically, a number of frost heave models 
have been proposed, e.g., Harlan (1977), Gi lpin 
(1980), Konrad and Morgenstern (1980, 1981, 
1982), O 'Ne i l l and Mil ler (1982, 1985) and Pa
dilla and Villeneuve (1992). These models are 
mostly developed upon the fundamental princi
ples of thermodynamics and are good approach
es to understanding of the phenomenon in a 

quantitative way. 

Although these significant advances in frost 
heave research have been made, there still exist 
areas that need more investigation. The essential 
motivations o f many experimental observations 
have not been understood completely. Some i m 
portant aspects of the phenomenon, such as ice 
lens initiation, pore pressure development during 
freezing and permeability of frozen soils, require 
better understanding. Concerning these aspects, 
the theories commonly used in frost heave simu
lation must also be validated. In addition, theo
retical simulation has to be evaluated against 
experimental results and eventually can result i n 
operational models that are able to handle field 
scale problems using input parameters which are 
not too elaborate to determine. 

Therefore, a research program aiming at ex
perimental investigation and theoretical simula
tion of frost heave during freezing of saturated, 
fine-grained soils has been initiated. In the ex
perimental work, special attention is paid to the 
development of pore water pressure during 
freezing and permeability of frozen soils. A pa
per by Eigenbrod et al. (1991) presented some 
preliminary results of the laboratory work. 
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Sheng et al. (1992) tested a frost heave model 
against the experimental data. The model was 
based on quasi-steady state heat and mass flow 
and used a constant overall permeability f o r fro
zen fringe. I t was assumed that ice lens initiation 
is governed by the maximum ice pressure. The 
computed results were found very much time-
step dependent and the comparison wi th the ex
perimental results was not satisfactory. I n this 
paper, the frost heave model is modified i n many 
aspects. In addition, the modified model is evalu
ated against experimental data. Sensitivity anal
ysis is carried out to study the influences o f the 
input parameters. 

2. T H E PHENOMENON 

2.1 Frozen fringe 

Freezing of a moist soil is essentially a process 
coupling heat and mass transfer. When a saturat
ed fine-grained soil is subjected to a subfreezing 
temperature, part of the water in the soil pores 
can be solidified into ice, i.e. pore ice particles; 
close to soil particles and more tightly bound to 
them, a film o f unfrozen water remains. Accord
ing to thermodynamics, this adsorbed water film 
has lower free energy the lower negative temper
ature. Therefore a potential gradient can develop 
along the temperature gradient. Water can be 
sucked from the warm part to replace the lost 
amount o f water due to freezing and to feed the 
accumulation of the pore ice. As the pore ice 
particles grow, they can finally contact each oth
er and fo rm a ice lens, oriented perpendicular to 
the direction o f heat and water flow. In fact, sig
nificant frost heave observed in field or laborato
ry is mostly attributed to ice segregation 
associated wi th water migration. 

I t is observed that there exists a frozen zone 
between the growing ice lens and the frost front 
where the warmest pore ice exists. This zone has 
been referred to as the frozen fringe, Mi l l e r 
(1977) and Loch and Kay (1978). Within this 
frozen fringe the temperature drops f r o m the 
freezing point at the frost front to the segrega
tional temperature at the warm side of the ice 
lens. In response to this temperature drop, the 
pore water pressure, unfrozen water content and 
permeability also decrease through the fringe, 
F i g . l . The water pressure at the warm side o f the 
lens, which appears in suction, is affected by the 
segregational temperature and the overburden 

pressure. Konrad (1989) measured the segrega
tional temperature and pore water pressure in ab
sence of overburden pressure and found they are 
related each other by the Clausius-Clapeyron 
equation. Unfrozen water content and the perme
ability decay more or less exponentially wi th de
creasing temperature, Anderson et al. (1973), 
Burt and Will iams (1976). 

frozen soil 

growing ice lens 

X 

x b T s T f 

frozen fringe 

heat mass 
\ r 

unfrozen soil 1 \ 
(-) 0 (+) 

Fig. 1. Pore pressure, temperature, permeability 
and unfrozen water content profiles in the frozen 
fringe (uw: pore water pressure, T w i th subscripts 
s and / : segregational and freezing temperatures 
respectively, w: unfrozen water content, k: 
permeability, x w i th subscripts b and f . 
coordinates of the warm side of the growing ice 
lens and the frost f ront respectively). 

2.2 Mechanisms of ice lensing 

As the freezing proceeds, the frost f ront advanc
es in the opposite direction of heat flow, which 
thickens the frozen fringe. Meanwhile the segre
gational temperature at the warm side of the 
growing ice lens drops gradually since the for
mation o f the lens, which results in decreases in 
the hquid water content and in the permeability 
close the ice lens. Therefore, i t becomes more 
and more dif f icul t f o r water to flow to the warm 
side of the ice lens. A t a certain time, water mi
gration w i l l stop somewhere below the growing 
ice lens and feed the accumulation o f the pore 
ice there. A new ice lens is then initiated. 

The criteria governing the ice lens initiation 
have been studied by a few researchers. Konrad 
and Morgenstem (1980) stated that the start po
sition of a ice lens is governed by the local per
meability of the current frozen fringe, which is 
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associated wi th the segregational temperature. 
As the segregational temperature reaches a c r i t i 
cal value, 7 ^ , the permeability is so low that no 
migratory water is able to flow to the warm side 
of the growing ice lens. Then a new ice lens is 
assumed to appear where the temperature equals 
the init ial segregational temperature 7 ^ F ig . 2. 
These two segregational temperatures, i.e. at the 
start and the end o f a ice lens, are assumed to be 
constants under specified soil, thermal and over
burden conditions. The quantitative determina
tion of T s m and is, however, not known. 

Differently from the mechanism by Konrad 
and Morgenstern, many researchers in the f ie ld 
of numerical simulation use the concept o f the 
maximum ice pressure or neutral stress. Gi lp in 
(1980) suggested that a new ice lens appears 
when and where the maximum ice pressure 
reaches the separation pressure which is equiva
lent to the overburden pressure plus the soil ten
sile strength, F ig . 2. In O'Nei l l and Mi l le r ' s 
model, a neutral stress defined as the difference 
between the overburden pressure and the effec
tive stress is used instead p f the ice pressure. A 
new ice lens appears when and where the maxi
mum neutral stress reaches the overburden pres
sure, i.e. the effective stress vanishes. The 
generahzed Clausius-Clapeyron equation is used 
to related the water pressure, ice pressure wi th 
the temperature wi th in the frozen fringe. The 
neutral stress is equal to a weighted sum of water 
and ice pressure. The weight factor depends on 
the unfrozen water content and porosity. This 
criterion has advantage in quantitative applica
tion and w i l l be tested in this paper. 

i . T s m T g f T f u w=Q k u Q q p s 

-profile at time t -profile at time t+At 

Fig. 2. Mechanisms of ice lens initiation and 
growth (M,-: ice pressure, 0"„: neutral stress, q: 
overburden pressure, ps: separation pressure, k: 
permeability, x^: position of the new ice lens, 
x n f . position the frost front at r+Ar). 

3. T H E O R E T I C A L S I M U L A T I O N 

3.1 Introduction 

During the last thirty years, a number of frost 
heave models have been developed, Sheng 
(1991). In general, the existing models can con
veniently be classified into two main groups, i.e. 
macroscopic and microscopic approach. The 
macroscopic approach deals wi th the coupled 
heat and mass transfer i n a scale of observation 
and does not model the formation of discrete ice 
lenses, e.g. Harlan (1973), Taylor and Luthin 
(1978) and Jame and Norum (1980). Heave is 
assumed to take place when and where water m i 
gration has produced a volumetric ice content 
greater than 85 to 90% of the soil porosity. The 
effect of overburden pressure is usually neglect
ed. The macroscopic approach can give a rea
sonable estimation o f thermal-induced water 
migration, but, on the other hand, i t is physically 
too rough to model frost heave. In the micro
scopic approach, a freezing soil is first divided 
into three zones, i.e. frozen soil, frozen fringe 
and unfrozen soil respectively, e.g. O 'Nei l l and 
Mi l l e r (1985), Gilpin (1980) and Hopke (1980). 
To each of the three zones, different mechanisms 
of heat and mass transfer apply. The formation o f 
discrete ice lenses is usually dealt with and the 
effect o f overburden pressure can be taken into 
account conveniendy. The microscopic approach 
is physically more elaborate but enables model
hng frost heave under overburden pressures. 

The frost heave model presented in this paper 
simulates the formation of each ice lens and ac
counts the effect of overburden pressure. In these 
respects i t falls i n the framework of the micro
scopic approach. The model deals with one-di
mensional frost heave and is basically for 
research purposes. Input parameters which are 
too diff icul t to detennine are, however, avoided 
so that the potential apphcabihty is not limited. 

3.2 Frost heave model 

3.2.1 Basic assumptions 

Consider a soil column subjected to an external 
distributed load q, as shown in Fig. 3. A subfreez
ing temperature Tc is applied at the top of the col
umn, whereas the bottom is subjected to a 
temperature Tw higher than the freezing point of 
soil water T f . Both the top and bottom tempera
tures can vary wi th time. The external load is, 
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however, assumed to be constant. 
Supposing the length of the soil column h and 

the location o f the frozen fringe [Xf, xb] are 
known at time level tn, the aim is to determine 
the heave rate during a time step At and the new 
location of the fr inge at tn+1=t„+Al. Wi th refer
ence to h and [Xf, xb], the soil column is divided 
into three zones, i.e. frozen zone, frozen fringe 
and unfrozen zone respectively from top down, 
Fig. 3. The growing ice lens is included in the 
frozen zone. During the time period At, the f o l 
lowing properties are assumed 

- constant temperature gradient in each zone, 
- constant thermal conductivity in each zone, 
- constant unfrozen water content and perme

ability in the unfrozen zone 
- exponential distribution of permeability in the 

frozen fringe, and 
- steady-state water flow in the frozen fringe 

and i n the unfrozen zone. 

In addition, i t is assumed that pore ice particles 
are connected wi th ice lenses as a rigid body. I n 
itiation of a new ice lens takes place when and 
where the maximum neutral stress within the fro
zen fringe exceeds the total overburden pressure. 
The soil is saturated and solute-free. The warm 
end o f the soil column is a drainage boundary 
connected to a constant water table. The positive 
space coordinate directs upwards wi th the origin 
at the warm side the column. 

: 

[ i 
t 

frozen zone 

growing ice lens 

xf z v V V  
frozen tanged 

unfrozen zone \ 
n Iv w„ k 

Fig. 3. Temperature, pore pressure, permeability 
and unfrozen water content profiles. 

3.2.2 Heat balance 

First consider the heat conservation at the base of 

the ice lens xb. The heat flow rate to xb plus the re

lease rate of latent heat by phase change must 
equal the rate o f heat removal from the position. 
The rate o f latent heat produced depends on the 
amount o f ice formed here. The existing ice con
tent has to be subtracted from the total ice con
tent. Providing the steady thermal state at the 
both side of xb, the heat balance can be expressed 
as 

T-T. Tf-T 
J h-xb JJ xb-Xf " ' ' (1) 

where Xy and Xg are the thermal conductivity of 
the frozen zone and frozen fringe respectively, L 
the specific latent heat of water, Ib the volumetric 
ice content at xb, p,- the density of ice, and Vt the 
rate of ice lensing or the rate of heave. 

A t the frost front Xf, the rate of ice formation is 
approximately (yi-dxJdt)-Ib, i f the advancing 
rate of the front is- axj/dt, Fig. 4. Therefore the 
heat balance equation can be written as 

•ff xb-xf 

W-Tf .dxf 

where A,, is the thermal conductivity of the un
frozen zone, 7 the mean ice content in the frozen 
fringe. 

Fig . 4. Heat and mass transfer within the frozen 
fringe. 

3.2.3 Pore water pressure and mass balance 

Since i t is assumed that the water f low rate in the 
frozen fringe, vg is a constant, the pore watei 
pressure can then be integrated from the Darcy 
law 

7/ Pw8
 Kdx Pw8) (3; 
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where kgis the pe rmeabü i ty o f the frozen fringe, 
pw the density o f bulk water and g the accelera
tion of gravity. The permeabihty kgis assumed to 
decrease exponentially through the frozen fringe 
as fol lows 

kff=ku-f
Hx-*} (4) 

where ku is the permeabihty of unfrozen saturated 
soil and b a constant determined in a fo l lowing 
section. Substituting (4) into (3) and integrating 
(3) f o r * yields 

« » W = -vfP*>*—bTu—
pw*x+c ( 5 ) 

where C is an integration constant and can be de
termined by substituting the boundary value of 
uw at xb. According to the generalized Clausius-
Clapeyron equation, this pore water pressure is 
related to the segregational temperature Ts and 
the ice pressure at xb by 

(6) 

where T0 is the freezing point of bulk water in 
degrees Kelvin , the ice pressure which equals 
the total overburden pressure. Eliminating the 
constant C f r om (5) by substituting (6) into (5) 
leads to 

1 0 r i 

(eb{xt-xf) _ b(X-X,) N 

+ W » * [ wu J + p - g { X b ~ x ) ( 7 ) 

where Q=q+(h-xb)p,g, the total overburden pres
sure and p, the geometric mean density of frozen 
soil interlayered wi th ice lenses. 

The mass conservation at xb requires that the 
water flow to xb equals the ice mass formed there 

v / / P w = ( l - / 6 ) V i P i (8) 

The overall mass balance wi th in the frozen fringe 
states that the rate of ice growth at xb equals the 
rate of water flow into the fr inge atxyplus the de
cease of mass in the fringe 

ViPi = vuPw+(pw-py'(~f) (9) 

The water flow rate in the unfrozen soil, vu, can 
be expressed by the Darcy law 

V° = -P~A *! + K 8 ) m 

The heat equations (1) and (2), the pore water 
pressure (7) and the mass equations (8), (9) and 
(10) form the basis o f the frost heave model. 
Providing the length of the soil column h and the 
ini t ial location of the frozen fringe [xy, xb] are 
known, the six equations can be solved for the 
six unknowns Ts, Vt, dxfldt, Vyy, vu and ujx). The 
equation system is non-linear because parame
ters such as Ib and b are dependent on the tem
perature Ts. Therefore iteration is needed to 
solve the system. 

3.2.4 Ice lensing criterion 

Providing the maximum neutral stress in the f ro
zen fringe governs the initiation o f a new ice lens, 
the aim is search the position where the maxi
mum value takes place. Neglecting the *-compo-
nen of the interface tension between water and 
ice, the force equilibrium at a cross-section states 

a = o ' + (n-l)uw + Iui = o' + o n (11) 

where o denotes the total overburden pressure, a ' 
the effective stress, a n the neutral stress, n the soil 
porosity and / the ice content. Substituting the 
Clausius-Clapeyron equation (6) to replace the 
ice pressure « ; yields 

an=[n-I+^)uw-r^T (12) 

Again equation (12) is not linear because of the 
temperature-dependence o f the ice content/. The 
derivative dan/dx is a very complex function of x 
and the solution dajdx=0 can not be fdetermined 
easily. In order to f ind the position of the maxi
mum neutral stress, x^, we divide the frozen 
fringe [Xf, xb] into a number of equal intervals and 
compute rj„ at each dividing point. The maxi
mum neutral stress and its position can then be 
determined by interpolation. 

Compare this maximum value with the total 
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overburden pressure. I f the overburden pressure 
is exceeded, a new ice lens is assumed to appear 
at the position x^. The new frozen fringe is lo
cated between xbn and Xf. Otherwise, no new ice 
lens appears and the position xb remains during 
next time step. 

3.2.5 Equil ibr ium situation 

The previous discussion is based on the existence 
of the frozen fringe. In case the frozen fringe dis
appears, the frost f ront coincides with the base of 
the growing ice lens. The water f low rate i n the 
unfrozen zone is in equihbrium wi th the rate o f 
ice lensing and thus the frost front w i l l stay st i l l . 
The heat balance equation becomes 

T -T 

'/ h-x, 

T -T. 
= w (13) 

The Clausius-Clapeyron equation (6) can st i l l be 
used to determine the pore water pressure at the 
frost front. The mass balance at the frost f ron t is 
simplified to 

ViPi = VuPv 

(14) 

where v„ is determined by (10). The four equa
tions (6), (10), (13) and (14) can be solved f o r the 
four unknowns Ts, Vt, uw(xb) and vu. The soil col
umn is elongated by (-VA-At after each time step. 

3.2.6 Start location of the frozen fringe 

So far, the frost heave model is established based 
upon the knowledge of the initial location o f the 
frozen fringe. In a real case, the first ice lens may 
be assumed to f o r m very close to the cold end o f 
the soil column. I f we neglect the heave during a 
time step Af and assume a steady-state water flow 
intermediately after At. The frost penetration dur
ing this period can be computed approximately 
by e.g. the Neumann solution for pure phase 
change problems. By assuming an initial segre
gational temperature, the start location of the first 
ice lens can be determined by interpolation. This 
initial segregational temperature can be modified 
after the system of the heat and mass equations 
have been solved. 

3.2.7 Material properties 

In theory, all the parameters used in the frost 

heave model could be treated as input data. This, 
however, could l imi t the potential apphcabihty oi 
the model. In order to avoid parameters that are 
too elaborate to determine, we introduce some 
empirical relationships. 

The effective thermal conductivity in the un
frozen zone and the frozen fringe can be comput
ed using the geometric mean 

x = xl-nxn-}x': (15) 

where the subscripts s, w and i stand for soil solid 
phase, water phase and ice phase. The mean val
ue o f the volumetric ice content 7 equals zero in 
the unfrozen zone. 

I n the frozen zone, frozen soil is interlayered 
wi th pure ice lenses. The equivalent thermal 
conductivity can be calculated in a manner anal
ogous to the resistance in a series electrical cir
cuit, i.e.using a harmoic mean 

_ (h-hr, hr.-xb 

(16) 

where Ay is the thermal conductivity of frozen soil 
and can be determined by (17) wi th 1-n. 

The constant b in equation (4) can be deter
mined by substituting the permeability at the 
base o f the growing ice lens 

(17) 

Assuming that the Kozeny formula for perme
ability holds true, the permeability kff[xb) can be 
expressed as 

„3 ( l - K + / f c )
2 T i ( 7 y ) 

- S „ _ , t ) , ( , _ „ / ' i i p f r ™ 

where t\(T) is the water viscosity at temperature 
T. A t temperatures close 0 °C, r j varies according 
to 

T| = 1.787e -0.03357 • T (19) 

The volumetric unfrozen water content (n-I) in 
the frozen fringe is a function the local tempera
ture. A representative relationship is given by e.g. 
Kuja la (1989) 
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n-l = wu(T) = w0 • é <x(Dp 

(20) 

where w0 is the ini t ial volumetric water content 
and a and ß constants dependent on soil specific 
surface area. For most o f soils of interest, ß is 
approximately 2. The constant a can be deter
mined by substituting the unfrozen water content 
at a subfreezing temperature e.g. -1.0 °C. 

3.2.8 Summary 

Now we summarize the frost heave model de
scribed above. Knowing the fo l lowing conditions 
a t r=0 

- init ial height of soil column 
- soil porosity and dry density 
- thermal conductivity o f soil solid particles 
- permeability of unfrozen saturated soil 
- unfrozen water content at a subfreezing tem

perature, e.g. -1 °C 
- overburden pressure and ini t ial and boundary 

temperatures 

we first determine the position the first ice lens 
according to the theory discussed in section 3.2.6. 
The heat and mass balance equations in 3.2.2 and 
3.2.3 is then solved by iteration, for the segrega
tional temperature Ts, the rate of ice lensing V ,̂ 
the rate frost front penetration dxfdt, and the pore 
water pressure distribution uj(x). The length of 
the soil column is elongated by (-Vj)-At. The frost 
front moves (-dxjtdt)-At. downwards. The posi
tion of the base of the ice lens, xb, is determined 
according to the ice lensing criterion in 3.2.4. The 
system is then ready fo r next time step. This pro
cedure is illustrated by Fig . 5. 

Locate the start frozen fringe 

Calculate Material Properties „tf Calculate Material Properties 

1 iteration 

Solve Heat & Mass Equations 

Mr 

Justify Ice Lens Initiation 

• 

Relocate Moving Boundaries 

1 
next time step 

Fig. 5. Flow chart for the frost heave model. 

4. COMPARISON W I T H EXPERIMENTS 

4.1 Introduction 

During the last thirty years, experimental studies 
on frost heave have been worldwidely carried 
out. Valuable data both from laboratory tests and 
field measurements are published. I n this paper, 
the experimental data presented by Takeda and 
Nakano (1990), Penner and Ueda (1977), and 
Konrad and Morgenstem (1980) are chosen to 
ver i fy the model presented in the previous chap
ter. The tests by Penner and Ueda are representa
tive fo r studying the effect of overburden 
pressures, whereas Konrad and Morgenstem for 
temperature gradients and Takeda and Nakano 
fo r soil types. 

Although the test conditions and sample prop
erties are described relatively in detail in these 
three papers, some input parameters needed for 
simulation are not given. One example is the un
frozen water content at a subfreezing tempera
ture. I f series tests on the same sample have been 
carried out, the parameters needed can be back 
estimated using the results from some of the tests 
and then applied to simulate the others. Other
wise, average values for most soils are used. 

4.2 Takeda and Nakano (1990) 

Freezing tests on three soil samples were con
ducted using a steady-state method in which the 
temperature profiles i n the soil specimens were 
controlled. The three soils were Kanto loam, To
makomai silt and Fuj inomori clay, w i th the basic 
properties listed i n Tab. l . The cylindrical soil 
specimen, 4 cm long and 6 cm in diameter, was 
thoroughly insulated so that i t freezes unidirec-
tionally from top down. The top and bottom tem
peratures were adjusted during the tests. The tests 
were carried out under no overburden pressure. 
Frost heave and temperature as wel l as water in
take rate were measured. 

The simulation o f the tests is carried out for a 
time period 55 hours, with a time step equal to 
19.8 seconds. The unfrozen water content at -1 
°C is determined so that the measured heave is 
best fitted. The best fitted unfrozen water content 
is then adjusted w i t h reference to the given spe
cific surface areas. The boundary temperatures 
used in the simulation are not exacdy the same 
as those in the tests. Instead, the average cooling 
or heating rate is used. 

The computed and measured frost heave are 
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plotted versus time in Fig. 6, which shows a gen
eral agreement between the simulated and mea
sured heave exists. It is noted that the model 
sl ighüy underestimates frost heave for the Kanto 
loam and the Tomakomai silt, but marches weU 
fo r tiie Fujinomori clay. 

Table 1. Physical properties of the soils tested by 
Takeda and Nakano 

soil sample Kanto loam Tomakomai Fujinomori 
silt clay 

Dry density, g/cm3 

0.87 1.09 1.18 
Porosity, % 66.3 58.8 55.0 
Saturation degree, % 101.7 101.3 96.9 
Specific surface, m2/g 191.2 86.2 24.5 
"Permeability, 10"6 cm/s 0.20 0.54 0.22 
Thermal conduc, W/mK 0.92 0.93 1.12 
Top temp., °C -5.3--8.6 -Z3--6.7 -5.3 - -6.3 
Bottom temp., °C 8.0 2.0 8.0 
^Unfrozen/total water 

content at -1.0 "C,% 40 30 15 

* Calculated from the given hydraulic conductivity. 
+ Best fit 

— 1 i—1 r-*—i—•—i 1 — • — 
lines: simulated * 

• points: measured / -

* • -

«Kuno loam 
A Tonakomii sih 
+ Fujinomori clay 
Kanto loam 
Tonudcomai sitt 

— 1 i—1 r-*—i—•—i 1 — • — 
lines: simulated * 

• points: measured / -

* • -

Fujinomori clay 

"S 
v 

F7, i . i i i 
0 10 20 30 40 50 60 

Time (hrs) 

Fig. 6. Simulated and measured frost heave for 
the tests by Takeda and Nakano. 

4.3 Fenner and Veda (1977) 

Frost heave under different overburden pressures 
was measured in unidirectional freezing tests 
wi th constant boundary temperatures. The physi
cal properties of the four soil samples tested are 
listed in Tab.2. The unfrozen water content at -1 
°C is back-estimated from the measured heave at 
the lowest overburden pressures for each soü and 

is used to simulate the tests under higher overbui 
den pressures. The computation is carried out fo 
60 hours with a time step 21.6 seconds. 

The computed and measured heave rates ar 
compared in Tab. 3, which shows that a genera 
agreement exists. For the soü samples No. 5 ani 
No. 9, the model provides exceUent estimation 
of heave rates under various pressures. For th 
samples No. 2 and No. 4, overestimation is not© 
at high overburden pressures. 

Table 2. Physical properties of the soils tested by 
Penner and Ueda. 

soil sample No.2 No.4 No.5 No. 

Initial water content % 16.3 19.5 18.2 23. 

Dry density g/cm3 1.87 1.78 1.83 1.6 

Porosity 0.35 035 0.33 0.4 

Void ratio 0.44 0.53 0.50 0.6 

Plastic limit % 20.78 18.28 22.3 

Plasticity index % 16.09 7.09 10.7 

Permeability lO^cm/s 1.0 0.5 0.1 0.0 

'Thermal conduc. W/mK z o 2.0 1.8 1. 

Average top temp. °C -1.45 -1.75 -0.85 -1. 

Average bottom temp. °C 2.4 1.9 2.35 1. 

fUnfrozert/total water 
content at-1.0 °C % 6.4 9.45 2.4 22. 

* Average for soil solids. 
* Best fit of the measured heave under the lowest overburde 

pressure. 

Table 3. Computed and measured heave rates for 
the tests by Penner and Ueda. 

Soil 
Sample 

Pressure 
kg/cm2 

Initial 
length, cm 

Computed heave rai 
Measured heave rai 

No.2 0.5 10.87 1.00+ 

1.0 10.66 0.92 
3.0 10.64 1.46 

5.0 10.87 2.99 
No.4 0.5 9.86 LOO1 

1.5 9.4 1.51 
3.5 9.88 2.96 

No.5 1.0 9.73 1.00+ 
2.0 9.97 1.35 
4.0 9.64 1.10 
5.0 9.43 1.02 

No.9 0.5 9.82 1.00f 

1.5 10.15 1.02 
2.5 10.07 1.08 
3.5 9.96 126 

1 Best fit by adjusting the unfrozen water content at -1.0 °C. 
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4.4 Konrad and Morgenstern (1980) 

Konrad and Morgenstern (1980) conducted a se
ries freezing tests at a constant warm end temper
ature and under different cold side temperatures. 
The physical properties of the soil sample Devon 
silt are as fo l lows: ini t ial water content = 33% 
(Konrad and Morgenstem, 1982), saturation= 
100%, porosity = 0.47, dry density = 1.44 t /m 3 , 
pe rmeabü i ty = 10" 7 cm/s, thermal conductivity of 
soü s o ü d = 1.8 W / m K (an average value). The 
unfrozen water content at -1 °C is back-estimated 
from the measured heave in test NS-1 . This value 
is then used i n computing heave fo r other tests. 

The computed and measured heave at time 60 
hours are hsted and compared i n Tab. 4. I t is 
shown that the computed heave under low tem
perature gradients marches weU the measured 
data. The heave under large temperature gradi
ents is, however, s l ighüy overestimated. 

Table 4. Computed and measured heave for the 
tests by Konrad and Morgenstem. 

Test T °C T C ,°C 
Initial length 

cm 
Computed 
Measured 

NS-1 1.1 -3.4 10.4 1.00* 
NS-2 1.1 4̂.8 10.4 1.01 
NS-4 1.1 -2.5 7.6 0.91 
NS-5 1.1 -6.2 10.0 1.19 
No.6 1.1 -3.4 6.4 1.06 
NS-7 1.1 -3.5 12.0 1.06 
NS-9 1.0 -6.0 28.0 1.14 
NS-10 1.0 -6.0 18.0 1.26 

* Best fit by adjusting the unfrozen water content at -1.0 °C. 

5. S E N S I T I V I T Y ANALYSIS OF FROST 
H E A V E 

5.1 Effect of overburden pressure 

The fact that overburden pressure prevents frost 
heave is observed by the presented frost heave 
model. Test computations are performed for a 
sand, sUt and clay. The physical properties of the 
soils are hsted in Tab. 5. The computed heave at 
240 hours is plotted against overburden pressure 
in F ig . 7, which shows that the heave of the silt is 
the most sensitive to overburden pressure and the 
clay the least. In Figs. 8a and 8b, heaved silt pro
files under different conditions are compared. I t 
is noted that the ice lenses are thinner and more 
sparsely spaced under high overburden pressure. 

Wi th increasing overburden pressure, tiie frozen 
fringe is thickened and die average segregational 
temperature also drops. 

Table 5. Physical properties of the soils used for 
sensitivity analysis 

soil sample sand silt clay 

Dry density g/cm3 22 1.1 1.3 
Porosity % 17 60 50 
Permed). lO^cm/s 100 1.0 0.01 
Thermal conduc. W/mK 2 2.0 2.0 
Average top temp. °C -4.0 •4.0 -4.0 
Average bottom temp. °C 4.0 4.0 4.0 
Initial length cm 50 50 50 
Unfrozen/total water content 

at-1.0°C % 1 10 40 

6 

° 0 300 600 900 1200 

overburden pressure (kPa) 

Fig . 7. Overburden pressure v.s. frost heave for 
the silt, clay and sand. 

a b c 

a) W a 
overburden pressure, kPa 400 50 50 
temperature gradient, °C/m 16 16 40 
heave at 240 h, cm 1.2 4.6 9.1 
segregational temperature, °C -(US -0.5 -0.5 

Fig. 8. Effects o f overburden and temperature 
gradient on ice lensing and frozen fringe. 
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5.2 Effect of temperature gradient and 
cooling rate 

Test computations are carried out first for step 
freezing under constant boundary-temperatures 
(CBT). The effect o f temperature gradient on ice 
lensing is shown in F ig . 8c. The computed heave 
is plotted against temperature gradient in Fig. 9. 
I t is shown that the temperature gradient has an 
opposite effect on heave compared with the over
burden pressure. Increasing temperature gradi
ents reduce the frozen fringe thickness, condense 
and thicken ice lenses. The segregational temper
ature is, however, not significantly influenced by 
temperature gradient. 

0 5 10 15 20 25 30 35 40 

temperature gradient (C/m) 

Fig. 9. Temperature gradient v.s. frost heave 
(CBT, overburden=50 kPa, t ime= 240 hours). 

1 1 • 1 T 1 1 

-

silt 
-

-

clay 

-

I i 1 i 1 ' ' , ' 
0O 0.1 02 03 0.4 05 0.6 0.7 

cooling rate (degree C/day) 

Fig. 10. Cooling rate v.s. frost heave (ramped 
freezing, overburden=50 kPa, time =240 hours). 

Laboratory tests are often conducted with con
stant cooling rates instead o f constant boundary 
temperatures. This type of freezing is referred to 
as ramped freezing. The sensitivity of heave to 
the coohng rate by ramped freezing can be ana
lysed by the presented model. Assume that a soil 

column, o f ini t ia l boundary temperatures -0.5 °C 
at the cold end and 7.5 °C at the warm end, is 
cooled at the both ends wi th the same cooling rate 
so that the temperature gradient in the column re
mains constant. The computed heave is then plot
ted against the cooling rate in F ig . 10, which 
shows that the heave increases approximately l in
early w i th increasing cooling rate. 

From the point of view of heat transfer, in
creasing temperature gradient implies higher 
rates o f heat flow but not necessarily higher rates 
of ice formation. Since the segregational temper
ature is not affected by the overall temperature 
gradient, the thickness o f the frozen fringe must 
decrease with increasing temperature gradient, 
Fig . 11a. Therefore ice lenses are more densely 
spaced and larger heave is expected. In case of 
ramped freezing wi th coohng at the both end, the 
temperatures in the soil drop everywhere as the 
cooling rate increases, Fig. l i b . The thickness of 
the frozen fringe remains the same but a larger 
frost penetration occurs. The intensity of ice 
lenses w i l l not change much and thus more lens
es are formed in the frozen soil. 

+ + 
a) Step freezing b) Ramped freezing 

Fig. 11. Effect o f temperature gradient and 
cooling rate on the frozen fringe. 

5.3 Effects of unfrozen water content and 
Permeability 

In order to study the effect o f unfrozen water con
tent on frost heave, we change the unfrozen water 
content at -1 °C but keep the other parameters 
fixed. The correlation between the frost heave 
and the unfrozen water content is then shown in 
Fig. 12. As the unfrozen water content increases, 
the computed heave for the silt first increases rap
idly and then stabilizes at a constant value. In oth-
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er words, the heave does not necessarily increase 
wi th increasing unfrozen water. Therefore a clay 
does not give larger heave than a silt. 

Permeabihty plays a role analogous to unfro
zen water content. This can be seen from Fig. 13, 
in which the curve for the silt is very similar to 
that i n Fig. 12. The frost heave approaches a 
constant value after an init ial increase as the per
meabihty increases. The diagram demonstrates 
that a sand which has higher permeability than a 
silt does not necessarily give larger heave. 

A higher unfrozen water content in the frozen 
fringe leads to a higher permeabihty but the 
same time imphes a smaller rate of frost penetra
tion. A higher permeability produces a higher 
water flow rate i f the pressure gradient remains. 
Thus thicker ice lenses are expected. A higher 
rate o f water flow also means a larger amount of 
latent heat transferred to the frozen fringe. 
Therefore a lower rate o f frost penetration is ex
pected. This is demonstrated by Fig . 14. 

10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 

unfrozen/initial water content (%) 

Fig. 12. Unfrozen water content at -1.0 ° C v.s. 
frost heave (CBT, overburden=50 kPa, time=240 
hours). 

penneability (10 cm/s) 

Fig. 13. Permeability v.s. frost heave (CBT, 
overburden=50 kPa, time=240 hours). 

In a practical case, the unfrozen water content o f 
a soil is usually related to the soil texture, more 
specifically to the specific surface area. I t can 
hardly change without change in the permeabih
ty. A sand has high permeabihty but low unfro
zen water content, whereas a clay has high 
unfrozen water content but low permeabüity. 
Both of the soil types are not expected to be sus
ceptible to frost. S ü t s have relatively high per
meabüi ty and high unfrozen water content and 
thus are often susceptible to frost. 

•ice lenses 

frozen 
fringe 

unfrozen/initial water content, % 
penneability, 10 cm 
heave at 240 h, cm 
segregational temperature, °C 

a) b) c) 
10 10 15 
1 2 1 

4.6 9.2 14.5 
-0.5 -0.5 -0.5 

Fig. 14. Effect of unfrozen water content and 
permeability on ice lensing and frozen fringe for 
the sUt. 

5.4 Effect of thermal conductivity 

Soil thermal conductivity is not always a sensi
tive parameter for frost heave. This is particularly 
true considering the relatively small variation in 
thermal conductivity o f a l l soils. Fig. 15 shows 
that the computed frost heave decreases with i n 
creasing thermal conductivity, respectively by 
40% for the silt and 17% for the clay. 

According to equations (16) and (17), an i n 
crease in the thermal conductivity of soil solid Xs 

leads to the largest increase in Xu for unfrozen 
soil and the smallest increase in Xf for frozen 
soil. This means that die sums of the terms on 
the left hand side o f the heat balance equations 
(1) and (2) decrease as Xs increases. Therefore 
the ice formation rate decreases and less heave is 
expected. Also in a qualitative way of thinking, a 
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higher thermal conductivity implies a higher rate 
of heat flow. I f the rate o f heat removal i n unfro
zen soil increases, less latent heat f r o m water-ice 
phase change produced in the frozen fringe is 
needed to balance the heat removal f r o m the 
fr inge. Therefore a less rate of ice formation is 
resulted i n . 

2 h 

1 1 i I i I . I i 1 . I , l _ _ I i I 
0 1 2 3 4 5 6 7 8 

thermal conductivity of soil solid (W/mK) 

Fig. 15. Thermal conductivity of soil solid v.s. 
frost heave (CBT, overburden=50 kPa, time=240 
hours). 

5.6 Segregational temperature and suction in 
pore water pressure 

In Fig. 17, the segregational temperatures at the 
warm side of the growing ice lens is plottet 
against time for the silt under different pressures 
The cyclic increase and decrease in the segrega 
tional temperature corresponds to the start anc 
end of each ice lens. A ice lens is initiated at a rel 
ative warm temperature. As the ice lens grows 
the segregational temperature drops graduallj 
unt i l the next ice lens appears. The figure alsc 
shows the computed suction i n pore water pres 
sure close to the ice lens. The cyclic behaviour ir 
the segregational temperature confirms the ice 
lensing mechanism proposed by Konrad anc 
Morgenstem (1980). 

The suction at the frost front is plotted agains 
time in Fig . 18. I t can be noted that this suction i ; 
not affected by ice lensing but, as the frost fron 
stabilizes with time, the suction approaches i 
constant value. Increasing overburden pressure 
leads to lower suction at the frost front. 

5.5 Effect of time step 

The effect o f time step is usually significant for 
those models simulating formation o f each ice 
lens. The original model by Sheng et al. (1992) is 
one of the examples. In that model, i t was noted 
that the heave would increase 10% when the time 
step was doubled. The modified model presented 
in this paper is expected to be less sensitive to 
time step variation. This is verified by Fig. 16, 
which shows that the computed heave does not 
change more than ± 2 % when the time step in
creases from 1 second to 5000 seconds. 

I -0.2 
a 

I -0.6 

o -0.8 
•3 

K -12 

OkPa 

100 kPa 

400 kPa 

48 96 144 
time (hours) 

192 

Fig. 17. Variation in segregational temperatures 
under different overburden pressures. 

lime (hours) 
Fig. 16. Frost heave v.s. time step (plotted as the 
relative value to the heave when the time step Fig. 18. Development o f suction i n pore watei 
equals 1 second). pressure at 0-isotherm. 
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6. CONCLUSIONS 

This paper presents a modified version o f the 
frost heave model by Sheng et al. (1992). The 
model, developed fo r saturated and salt-free 
soils, is based on quasi-steady state heat and wa
ter flow. The permeability o f the frozen fringe is 
assumed to vary exponentially as a function o f 
the temperature. The water f low rates in the f ro 
zen fringe and in the unfrozen soil are assumed to 
be constant in space but vary in time. The distri
bution of pore water pressure is integrated from 
the Darcy law. The ice pressure is determined by 
the generalized Clausius-Clapeyron equation. A 
new ice lens is assumed to f o r m when and where 
the effective stress approaches zero. In the model 
a number o f commonly-accepted relationships 
for determining material properties such as un
frozen water content at subfreezing temperatures 
are also employed. 

The model is implemented on a personal com
puter. The input parameters include dry density, 
porosity, thermal conductivity, permeability, un
frozen water content, external load, boundary 
temperatures and freezing time and time step. 
The output results include frost heave, frost pen
etration, ice lenses, segregational temperature 
and suction i n pore water pressure. 

The model is verif ied against the experimental 
results by Takeda and Nakano (1990), Penner 
and Ueda (1977) and Konrad and Morgenstem 
(1980), Comparisons between the experimental 
data and the simulated heave show that 
1. The predicted frost heave by the model is gen

erally in agreement w i th the experimental re
sults, and 

2. A t high overburden pressures or high temper
ature gradients, the model may overestimates 
frost heave. 

Sensitivity analysis fo r the modified model are 
carried out. The computed results are found less 
dependent on time step. Test computations also 
reveals that 
1. The important factors influencing frost heave 

include overburden pressure, temperature gra
dient, unfrozen water content in frozen fringe, 
and permeability o f the soil, 

2. Increasing overburden pressure prevents frost 
heave by elongating frozen fringe, increasing 
the space between lenses and reducing lens 
thickness, and the effect o f overburden pres
sure is more significant on silt than on clay 
and sand, 

3. Increasing temperature gradient facilitates 
frost heave by reducing the thickness of fro
zen fringe, decreasing the space between ice 
lenses and thickening ice lenses, 

4. As the unfrozen water content increases, the 
computed heave first increases rapidly and 
then approaches a constant value at moderate 
and high unfrozen water content. The effect o f 
permeability is very similar to that of unfro
zen water content, and 

5. The segregational temperature at the cold side 
of the frozen fringe is affected by overburden 
pressure, and i t exhibits cyclic increase and 
decrease during ice lensing, The suction at the 
0-isotherm decreases with increasing overbur
den pressure. 

Future work should be carried out in the fol low
ing aspects 
1. Verification of the presented model against 

experiments should be performed in a more 
restrict manner, parameter fitting should be 
avoided, 

2. The effects of overburden pressure, tempera
ture gradient, freezing mode and permeability 
on frost heave and ice lensing should be in
vestigated both experimentally and theoreti
cally. 

3. The research model should be developed into 
an operational model fo r solving practical 
problems that may involve stratified soil pro
files, varying ground water table, capillarity, 
cyclic thawing and freezing. 
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Test and Simulation of Frost Heave 

SUMMARY 
A program has been initiated aiming at experimental investigation and theoretical simulation of frost heave 
during freezing of fine-grained soils. Special attention is paid to the pore pressure situation in the frozen, 
freezing and unfrozen soils. Preliminary results of the laboratory tests were presented by Eigenbrod et al. 
(1991). In this paper, a simple frost heave model based upon the existence of a frozen fringe is developed 
for simulating the laboratory tests. The comparison between the measured and predicted heave and ice lens 
positions shows that the model gives qualitatively reasonable results. 

INTRODUCTION 
When a volume of a saturated fine-grained soil is subjected to a subzero temperature, part of the water in 
the soil pores can be solidified into ice, i.e. pore ice particles; close to soil particles and more tightly 
bound to them, a film of unfrozen water remains. A potential gradient comprised of temperature, osmotic 
and matric components is built up between the adsorbed film of unfrozen water and the groundwater table. 
As a result, significant amounts of water can be attracted from Ute groundwater table to replace the lost 
amount of water due to freezing and to feed the accumulation of the pore ice. As the pore ice particles 
grow, they can finally contact each other and form ice lenses, oriented perpendicular to the direction of 
heat and water flow. In fact, frost heave of a fine grained soil is mainly attributed to ice lensing associated 
with water migration. 

Although considerable experimental and theoretical work on frost heave has been carried out during the 
last forty years, there are still some important points that have not yet been understood completely. Of 
them, the development of pore water pressure during freezing and the criteria of ice lensing and frost 
heave requires more attention. In addition, theoretical simulation of frost heave has to be performed based 
upon experimental evidences. Therefore, a program aiming at experimental investigation and theoretical 
simulation of frost heave of fine-grained soils has been initiated. A previous paper by Eigenbrod et al. 
(1991) presented preliminary results of the laboratory work. In this paper, a simple frost heave model is 
presented to simulate the laboratory tests. 

LABORATORY EXPERIMENTS 
Unidirectional freezing tests were carried out on specimens subjected to a constant temperature difference 
between top and bottom, using the CBT oedometer, Eigenbrod et al. (1991), Fig. 1. Freezing was induced 
to the cylindrical soil specimen from bottom upwards, in order to reduce the side friction. The equipment 
was placed in a climate room with a temperature close to that of the top of the specimen. The sample was 
contained in a teflon coated plastic cylinder which was insulated against lateral heat flux. During freezing 
pore water pressures and temperatures were measured at the perimeter of soil specimen along its height. 
Pressure measurements under freezing condition were achieved by filling filters and connecting tubes with 
30% alcohol. Water intake and expulsion and vertical movement at the top of the specimen were recorded. 
An automatic data acquisition system was used to read the instruments at one-second intervals and to 
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record the two minute averages of these readings. X-ray pictures were taken at various stages to correlate 
ice lens formation with measured data. 

The soil tested was a clayey silt of low plasticity. The properties of the soil are: liquid limit= 30%, plastic 
limit=16%, passing No.200 sieve (0.08 mm)=90%, percent clay size (0.002 mm)=18.5. The samples of 70 
mm length and 46 mm diameter were cut from a block which had been consolidated from slurry under a 
surcharge of 30 kPa. The samples were placed in the container and consolidated under a total vertical stress 
of 50 kPa against a back pressure of 20 kPa, at a room temperature of 20 °C. After primary consolidation 
was complete, the room temperature was lowered to +1.2 °C and the sample was allowed to rebound under 
a reduced vertical stress, 30 kPa. The back pressure was reduced to 10 kPa just before freezing. Freezing 
was induced by lowering the temperature of the bottom plate to -2 °C and holding the top plate at +1.2 °C. 

The freezing tests show that most heave occurred under a steady thermal state, Fig. 2. Ice lenses appeared 
about 1.5 cm behind the 0 °C isotherm at the frozen part High positive pore water pressures, equivalent to 
the effective overburden pressure, developed shortly after the freezing front had stabilized. Cyclic increases 
and decreases of pore water pressures and water in- and out-flow typically occurred during freezing. These 
results were discussed in detail by Eigenbrod et al. (1991). 

Figure 1. Schematic Diagram of the Freezing Cell, after Eigenbrod et al 
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T H E O R E T I C A L S I M U L A T I O N 

Consider a saturated soil column under the overburden pressure R, shown in Fig.3. A subzero temperature 
Ts is applied at the top of the column and the bottom is kept at a positive temperature. The bottom of the 
column is free for water flow. The soil column is divided into three zones, i.e. frozen zone, frozen fringe 
and unfrozen zone respectively from top downwards. The growing ice lens is included in the frozen zone, 
and the frozen fringe is the zone between the freezing front and the warmest ice lens. 

L L L L L L L i i 

frozen zone 

wing ice lens 

frozen fnnge 

unfrozen zone 

t 

B«( xb) 

Figure 3. Temperature and Pore Water Pressure Profiles 

With respect to the three zones, it is assumed that 
- the temperature gradient, the thermal and hydraulic properties in each zone are constant, 
- the unfrozen water content in frozen fringe is constant and all water transported from the unfrozen 

zone freezes at the base of the growing ice lens, i.e. xb 

With these assumption, it is easy to write the heat balance equations at the freezing f r o n t s and the base 
of the ice lens xb as follows 

T k - T T -Tu 

f h-xb f f xb-xw

 1 

x Tw~T" % Tc~Tw - f p ^ p ' - y * » 
f f x b - x w -• xw { pw Jdt 

x=xb 

x=xu 

(1) 

(2) 

where Xß X^and Xu denote the thermal conductivity of the frozen zone, frozen fringe and unfrozen zone 
respectively, h the length of the soil column, L the latent heat of water, Tw the freezing point of water, Tb 

the temperature at the base of the growing ice lens, p,- and p w the density of ice and water respectively, Vj 
the rate of ice lensing at xb, wc the reduction of the water content from the unfrozen zone to the frozen 
fringe, and p^ the dry density of the soil. 

The assumption that all water transported from unfrozen zone freezes at the base of the ice lens results 
in the following mass conservation equation 

1/ T / P.' ^ Pdwe , 

V„ = V, + r - (O 

dx„ 
P ^ d t x=x„ (3) 

where Vu is the water flow rate in the unfrozen zone. This flow rate is related to the water pressure at the 
freezing front by 
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( Vu 
Pw(xw) = - g x w p \ l + j - (4) 

where g is the acceleration of gravity, and ku the permeability of the unfrozen zone. 
The water flow in the frozen fringe is determined by the gradient in water pressure in this fringe. The 

water pressure at the base of the ice lens xb is related to the temperature by the Clapeyron Equation 

Pw(*b) = P i j : + L P w ^ f 3 x = x b (5) 

where pi denotes the ice pressure and i t takes the value of the overburden pressure R at the base of the ice 
lens xb. 

Neglecting the difference in the gravity heads at x„ and xb, the rate of ice lensing can then be expressed 
by 

The variation of the ice pressure, dpjdx, within the frozen fringe is related to the rate of ice lensing and 
the temperature field as follows 

gpwdx g dx{pt 273 

The five equations (1), (2), (3), (4) and (6) form the basic governing equations of the frost heave model. 
The ice pressure is integrated from (7) and compared with the overburden pressure R. I f the overburden 
pressure is not exceeded, the thickness of the growing ice lens is increased by V/xAr, and the frozen fringe 
is thickened by (-dxJatyxAt. The length of the soil column is increased by Vj xAt. The basic equations can 
be solved for the next time step. 

I f the ice pressure at a certain point in the frozen fringe exceeds the overburden pressure, a new ice lens 
is then assumed to form at that position. The thickness of the frozen fringe is decreased accordingly. The 
calculation for the main unknowns is repeated. 

C O M P A R I S O N W I T H E X P E R I M E N T A L RESULTS 

The frost heave model described above can be used to simulate the freezing tests mentioned in the section 
LABORATORY EXPERIMENTS. The soil properties and the initial and boundary conditions are listed in 
Tab. 1. The thermal conductivities are calculated using the methods by Kersten (Farouki, 1986), based on 
the measured dry density and water content. The permeabilities are estimated from the measured water in
flow and pore water pressures in the freezing tests. The initial conditions are taken at time 320 hr in Fig.2, 
when the freezing front stabilized and heaving started. The freezing front position and the thickness of the 
frozen fringe are read from the X-ray photo taken at that time. 

TABLE 1. Soil properties and initial and boundary conditions 

K V k(f 
wc Pd R Ts 

T 'c h xw Ar t 

1.4 3.4 3.4 IO"7 IO"9 31. 1.46 50 -2.2 1.0 7.0 1.6 3.2 72 1600 

W/m°C cm/s % t/m 4 kPa °C cm s hr 

The computed heave is compared with the measured one, as shown in Fig. 4. It can be noted that the 
model gives an overestimation of heave up to 65%. This may be attributed to the too large permeability 
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suggested for the frozen fringe. Also the failure in simulating the fluctuating behaviour of the boundary 
temperatures applied during the tests (see Fig. 2) can contribute to the overestimation. 

Fig.5 shows the predicted ice lenses and the X-ray photo taken at the same time. The predicted ice lens 
thickness and positions match well the X-ray picture. Also the frozen fringe can be confirmed in the both 
diagrams. 

5 1 ' ' 1 1 1 1 1 h 

Predicted X-Ray Photo 

Figure 5. Predicted Ice Lenses Compared with the X-Ray Photo 

6 

t ime (h r ) 

Figure 6. Effect of Overburden Pressure on Frost Heave 
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In Fig. 6, frost heave is plotted versus time under various overburden pressures. It is shown that, with 
increasing overburden pressure, heave is reduced. The overburden pressure under which no significant 
heave can take place, i.e. the so-called shut off pressure, here for this soil, the specific boundary conditions 
and for the testing time, is about 500 kPa. 

CONCLUSIONS 

The recent work on experimental investigation and theoretical simulation of frost heave during freezing of 
fine-grained soils reveals the following 

- In the laboratory freezing tests, most heave occurred during a steady thermal state. The theoretical 
simulation, for a steady thermal state within each of the frozen, freezing and unfrozen zones, also 
provides qualitatively reasonable results. 

- According to the X-ray photo taken during the freezing tests, the ice lenses appeared about 1.5 cm 
behind the freezing front in the frozen part. This can also be demonstrated by the frost heave model. 
The existence of the frozen fringe is confirmed. Further investigation on the properties of the frozen 
fringe is called on. 

- The theoretical simulation shows that amount of frost heave depends very much on overburden pres
sure. Ignorance of the effect of overburden pressure in frost heave modelling, as in the macroscopic 
approach, can lead to serious error. 

The theoretical simulation of frost heave presented in this paper is a preliminary step to more complete 
and capable frost heave modelling. The assumptions imposed in the simple model may not be valid in other 
cases. The input parameters such as the penneability of the frozen fringe and the initial positions of the 
freezing front and ice lens, are very difficult to determine in most cases. In addition, it is found that the time 
step plays an important role in the results. A decrease in time step by half can lead to a decrease in total 
heave by 10%. Unfortunately this behaviour is not discussed in detail in the paper, mainly due to the space 
limit 

Nevertheless, this paper provides a general strategy, especially about theoretical simulation of frost 
heave. Also the computed results are qualitatively acceptable. 
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ABSTRACT: Frost heave data obtained from large scale laboratory frost heave tests 
carried out at the University of Manitoba, Canada and f u l l scale i n s i t u frost heave 
tests performed at the University of Luleå, Sweden were analysed using the concept of 
segregation potential. From each test, the segregation potential at zero overburden and 
i t s pressure dependency factor were evaluated by: using the heave and frost penetration 
data measured as a function of time; taking the expansion of the pore water into account; 
and considering the amount of unfrozen water in the s o i l . 
The segregation potentials at no overburden were found to increase with increasing 

value of a factor calculated on the basis of the amount of fines and the liquid limit of 
the s o i l . When this factor was higher than about 30%, the segregation potential decreased. 
The pressure dependency factor was found to decrease with increasing clay content. 
The results indicate that i t i s possible to estimate the segregation potential in a 

s o i l , based on easil y performed index tests, i . e . , grain size distribution and liquid 
limit tests. 

1 INTRODUCTION 

To understand and predict frost heave, 
many theories have been developed through
out history. Most of them have noted the 
importance of size and shape of the s o i l 
particles and some of them included the 
importance of adsorbed water layers on the 
surface of s o i l p a r t i c l e s . 

In more recent years researchers have 
continued to note the influence of the 
specific surface on the frost heave 
mechanism. In the segregation potential 
theory, developed by Konrad and Morgenstern 
(1980, 1981, 1982), the permeability of the 
"frozen fringe" i s considered to be the 
crucial zone in which the permeability i s 
controlled by the amount of unfrozen water 
and ultimately by the specific surface of 
the particles. 
The relationship between index tests and 

specific surface i s well established and 
therefore the index tests are intimately 
related to the segregation potential. Such 
a correlation was found by Rieke et a l . 
(1983) for laboratory made samples, sub
jected to freezing. 

This paper presents an analysis of a 
number of in s i t u and laboratory frost 
heave tests, from which the segregation 

potential i s evaluated by means of the 
measured surface heave and s o i l tempera
tures. The SPq values are related to the 
amount of fines i n the s o i l and i t s liquid 
l i m i t . The pressure dependency of the 
segregation potential (SP) i s related to 
the s o i l clay content. 

2 PHYSICAL PROCESSES ASSOCIATED WITH FROST 
HEAVE 

When a frost front penetrates an unfrozen 
s o i l , seme water remains unfrozen as 
adsorbed water films. This water i s mobile 
and hence water from the underlying un
frozen s o i l can migrate through the water 
films, into the frozen s o i l , under the 
action of a temperature induced suction 
gradient. The water migration stops where 
the permeability of the frozen s o i l i s too 
low and here water accumulates and an ice 
lens i s formed. 
The zone between the frost front, i.e., 

the isotherm at which the ice nucleation 
starts, and the warmest ice lens i s 
referred to as the "frozen fringe" (Miller 
1972). 
In the segregation potential theory 

(Konrad and Morgenstern 1980, 1981, 1982) 
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the crucial zone i s the frozen fringe. 
The frost heave according to this theory 
i s viewed as a problem of impeded flow of 
water to the growing ice lens, where very 
high suctions are generated. The low 
permeability of the frozen fringe impedes 
the flow and consequently, frost suscep
t i b i l i t y , i s related to the characteristics 
of the frozen fringe, that depends strongly 
on the unfrozen water content. 
As discussed by Konrad and Morgenstern, 

the characteristics of a heaving s o i l can 
be represented by a parameter referred to 
as the segregation potential (SP) defined 
as: 

SP = 
grad T f 

where SP = the segregation potential 

v = the rate of water migration 

grad = the temperature gradient 
across the frozen fringe 

The use of SP i s convenient and i t can 
be determined directly in a freezing test 
where the water intake and temperature 
gradient are measured. At near steady-state 
conditions ( i . e . , an almost stationary 
frost front) and when the suction at the 
frost front i s small, Konrad and Morgenstern 
(1981, 1982) found that the SP had a 
constant value for a given s o i l . Conse
quently, th i s value reflects the frost 
susceptibility and specifically, i f th i s 
i s high, the segregation potential i s high. 

Rieke et a l . (1983) reported that, based 
on a series of about 30 laboratory freezin 
tests, the segregation potential at no 
overburden (SPrj) increased with increasing 
liquid limit of the fine fraction for a 
specific fine fraction mineralogy. The 
findings were incorporated by introducing 
a term Rf called the fines factor, which 
was correlated to the SP 0 values obtained 
in the freezing tests. 

3 FULL-SCALE FIELD TESTS 

The f u l l scale f i e l d tests used i n th i s 
analysis were a l l located within the Luleå 
area in northern Sweden (approximately 
N 66° E 22°) i n highly frost susceptible 
so i l s . The measurements were mainly taken 
during two winters, 1980/81 and 1981/82, 
during which the freezing indices were 
40 900 and 31 700 °C hours, respectively. 

Table 1 presents the main geotechnical 
s o i l data. In test s i t e s 4 and 5 the s o i l 
conditions changed somewhat at the 1.9m 
and 1.4 m levels respectively. Grain size 
distribution curves for the fine-grained 
soi l s are shown in Fig. 1. Each curve i s 
the mean of 3 to 4 samples taken at depths 
of 0.5 m interval. 
The fine-grained subsoil was covered 

with 0.3 to 0.9 m of sand and gravel f i l l 
on the top of which a 0.2 m base course 
with an asphalt paving surface was placed. 
No f i l l was present at test s i t e 5, here 
the base course rested directly on the 
fine-grained subsoil. 
Each test s i t e was instrumented to yield 

information of: 

Table 1. Basic s o i l conditions at the test s i t e s . 

T e s t 
s i t e 

no 

D e n s i t y 

P 

( t / m 3 ) 

Water 

c o n t e n t 

w 

(%) 

Dry 

D e n s i t y 

P ° 3 
<t/m J) 

Poroi 
n 

(%) 

s i t y L i q u i d 
1 im L t 

W L 

(%) 

Ground 
w a t e r 

l e v e l 

(m) 

1 2 .27 11 2. .05 24, , 1 18±2 1 .8 

2 2 .32 10 2. ,11 21. ,9 1 5 i 2 1 .0 

3 2 .25 1 2 2 .01. 25 .6 17±1 1 .0 

4a 2 .18 9 2. ,00 25. .9 21±3 1 .5 0-1 .9m 

4b 2 .17 15 1 . ,89 30, ,1 20±3 1 .5 > 1 .9m 

5s 2 .19 1 5 1 ,90 29. .5 30±1 1. .6 0-1 . 4m 

5b 1 .69 53 1 . .11 59. ,1 48±4 1 .6 > 1 . 4m 

6 1 .94 30 1 . ,49 44. 7 38±3 1 .6 

7 1 .33 29 1 , .51 44 .0 26±2 1 . R 

8 1 .94 30 1 . ,49 44. .7 25±2 1 .6 

9 1 .97 28 1 . , 54 43, 0 19t1 1 ,6 
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SILT SAND 

Fig. 1. Grain size distribution curves of 
the s o i l s used in the i n s i t u and laboratory-
tests. 

- the frost heave as a function of time 
- the temperature distribution and frost 

depth 
- changes in the ground water table due 

to freezing and thawing of the subsoil. 
The heave was detected by determining 

the elevations of bench marks placed at 
different depths below the ground surface. 
Each bench mark consisted of a base plate 
(0.2 m x 0.2 m) connected to a v e r t i c a l 
rod surrounded by a casing. 
The s o i l temperatures were measured by 

means of thermocouples placed v e r t i c a l l y 
at 0.33 m spacing, at three sections. 
Changes in the ground water table were 

mainly observed in open standpipes, which 
in two test sites, were complemented with 
piezometers. M l readings were taken at a 
time interval of about 10 days. 

Ten thermocouples were placed i n the wall 
of the sample cylinder at a v e r t i c a l 
spacing of 10 mm. The applied load on the 
sample was varied from test to te s t . Oaring 
freezing the top of the sample had free 
access to water through a measuring burette 
permitting measurement of the water intake. 
The s o i l used i n this test was a non-
p l a s t i c , inorganic s i l t (öjeby s i l t ) with 
a water content of 20% and a liquid limit 

•/""•ic  
OVERHEAD CRANE BEAM 

Fig. 2. Test p i t for large scale labora
tory tests. (Domaschuk, 1982). 

4 LABORATORY TESTS 

of 25 to 31%. The sample contained i n 
general 5% clay, 90% s i l t and 5% sand. 
During the freezing process, heave, tem
perature distribution, and water intake 
were observed as a function of time. 

Large scale laboratory tests were carried 
out in a 2.4 x 2.4 x 1.8 m test p i t f i l l e d 
with frost susceptible low p l a s t i c s i l t 
(Agassiz s i l t ) . Constant rates of freezing 
were used and the freezing s o i l had free 
access to water introduced into the bottom 
of the pi t , Fig. 2. The main geotechnical 
data of the Agassiz s i l t i s given i n Fig. 
2 and the grain-size distribution curve 
i s included in Fig. 1. The frost penetra
tion, the surface heave and the s o i l tem
perature distribution were measured as a 
function of time. 

In addition to the large scale laboratory 
tests, a test series was performed in a 
freezing c e l l similar to that used by 
Mageau and Sherman (1983). The test c e l l 
had an inner diameter of 50 mm and the 
sample height was approximately 100 mm. 

5 INTERPRETATTON OF TEST RESULTS 

Surface heave and frost penetration 
obtained from the in sit u tests were 
plotted versus time. The results from 
test #1, 2 and 5, shown in Fig. 3, were 
chosen to i l l u s t r a t e typical results. 

Fran the total heave, the heave due to 
the expansion of the in s i t u pore water 
was subtracted, based on the amount of 
unfrozen water. This gave the segregation 
heave h s for the chosen time interval. The 
temperature gradient across the frozen 
fringe was calculated from readings 
obtained from the two thermocouples 
located closest to the frost front. The 
segregation potential was then calculated 
by eq. (2). 
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Fig. 3. Surface heave and frost penetration 
versus time for i n s i t u test #1, 2 and 5. 

According to Konrad and Morgenstern (1983) 
the f i n a l ice lens i n a freezing test i s 
initiated (when Tf i s in the order of 0.01 
°C/h. As in the i n situ tests were 
smaller than this value, the evaluated 
SP values can be . compared with SP obtained 
from laboratory freezing tests. 
The evaluated SP were corrected for the 

suction at the frost front as long as the 
frost front was above the free ground wate 
lev e l . Below ground water level, i t was 
assumed that the mass permeability of the 
unfrozen s o i l was high 'enough to give 
negligible suction values. Correction 
factors were obtained from laboratory 
freezing tests giving similar relationship 
between SP and the suction at the frost 
frost as reported by Konrad and Morgenster 
(1982). In the in s i t u tests the suction 
values were small, typically 0-5 kPa and 
they never exceeded 9 kPa. 
The relationship between the segregation 

potential (SP) and the overburden (a) i s , 
according to Konrad and Morgenstern (1982) 
best expressed as: 

SP = SP Qe (3) 

SP grad T. 
(2) 

where h s i s the rate of segregation heave 

As shown by Konrad and Morgenstern (1981) 
the SP i s a function of the overburden 
stress (a), the suction at the frost front 
(py) and.the rate of cooling of the frozen 
fringe (Tf). The rate of cooling Tf i s 
shown plotted as a function of time in 
Fig. 4. As can be seen from the figure 
Tf was very small i n a l l the in s i t u tests, 
typically below 0.0030 °C/h. In the begin
ning of the freezing period, the value was 
higher, but i t never exceeded 0.02 °C/h. 

DAYS 
200 

where SPQ i s the segregation potential for 
very low values of Tf, PQ and a 
and "a" i s a constant 

The in si t u tests made i t possible to 
evaluate SP as a function of depth and 
consequently, as a function of the over
burden pressure. Fig. 5 shows examples of 
this relationship. By using linear re
gression analysis i n the seniilcgarithmic 
plot, the two parameters SPQ and "a" were 
determined. 

10-
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40 

Fig. 4. The rate of cooling of the frozen 
fringe versus time for the in s i t u tests. 

Fig. 5. Evaluated segregation potential 
versus the overburden. 
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The large scale laboratory tests were 
basically interpreted in the same way as 
the in s i t u tests, while the interpreta
tion of the small scale freezing tests 
followed the procedure described by Mageau 
and Sherman (1983). 

1000r 

500: 

6 RESULTS AND DISCUSSION 

/After performing a series of laboratory 
freezing tests, Rieke et a l . (1983) con
cluded that a strong correlation was found 
between the segregation potential (SPQ) 
and a term called the fines factor (Rf). 
Assuming that the liquid limit of a s o i l 

mixture increases linearly with the clay 
content (for the same clay mineral), the 
fines factor, Rf, can be redefined as 
given by eq. (4), compared to that used by 
Rieke et a l . (1983). 

«10-

SS« 

te) 

(% < 2 um) • (% < 74 um) 100 
(% < 400 ym) • wT 

(4) 

where wL i s the liquid limit determined in 
the conventional way, i . e . , on 
material smaller than 400 pm; in 
North-America < 425 um (minus 
#40) . 

Fig. 6 shows the segregation potential 
at zero overburden (SPQ), as a function of 
Rf, for a l l the in sit u and laboratory 
tests reported herein. Data found in the 
literature for tests where enough informa
tion were provided to calculate both SPQ 
and Rf are included as well. 
From the information presented i n Fig. 6, 

i t i s obvious that SPQ increases with 
increasing Rf up to a value of about 20 to 
30%. As SPQ reflects the frost suscep
t i b i l i t y , t h i s also increases with the Rf 
factor. For higher values of Rf, the SPQ 
decreases and so does the frost suscep
t i b i l i t y , but here the scatter i s appreci
able due to the great number of data 
sources and the corresponding variation i n 
testing procedures. 

Nevertheless, a decreasing SPQ at high 
values of Rf, i s logical because the clay 
content i s nigh when Rf i s high. In clay-
-r i c h s o i l s the permeability of the frozen 
fringe i s not the only crucial zone, here 
the permeability of the unfrozen s o i l i s a 
controlling factor as well. 

In Fig. 7 the parameter "a" in eq. (3) i s 
plotted versus the soil ' s clay content. 
The pressure dependency of the segregation 
potential reduces as the clay content 
increases. This i s also supported by the 
general behavior of frost heaving, where 
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Fig. 6. Segregation potential SPQ versus 
the fines factor Rf. 
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» DEVON S I L T (KONRAD AND MORGENSTERN, 1982) 

Fig. 7. The factor a in equation SP = 
= SPoe-aa versus the clay content. 
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heave of a coarse-grained s o i l i s known to 
be more sensitive to pressure than that of 
a fine-grained s o i l , see e.g. Penner and 
Ueda (1977). 

In Fig. 7 the scatter i s noticeable, 
especially at low clay contents. One reason 
for t h i s , i s that the evaluation of the 
parameter "a" from the f i e l d tests was 
d i f f i c u l t because of the limited pressure 
range (10-50 kPa). 
From the information provided in Figs. 

6 and 7 the segregation potential can be 
estimated from easi l y performed index 
tests ( i . e . , grain size distribution and 
liquid l i m i t ) . Together with the ground 
water level and the surface temperature, 
i t i s then possible to calculate the frost 
heave versus time, following the procedure 
given by Konrad and Morgenstern (1982). 

I t should be stressed, however, that 
Figs. 6 and 7 only serve as an estimation 
of the segregation potential and i f a 
higher accuracy i s needed, freezing tests 
have to be performed. 

7 CONCLUSICNS 

The analysis of a series of in sit u and 
laboratory frost heave tests showed that 
the frost heave could be described by 
using the concept of segregation potential. 
At zero overburden pressure the SPQ was 
found to be related to a term referred to 
as the fines factor (Rf) as indicated by 
eq. (4). For increasing values of Rf the 
SPo increased as long as Rf < 30%. For 
higher values of Rf, SPQ decreased, which 
was hypothesized to be due to the low 
permeability of the unfrozen s o i l . The 
pressure dependency of SP expressed by the 
factor "a" of eq. (3) was found to decrease 
with increasing clay content. 
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P O R E - W A T E R PRESSURES IN F R E E Z I N G AND 
T H A W I N G F I N E - G R A I N E D SOILS 

By K . Dieter Eigenbrod, 1 Sven Knutsson,2 and Daichao Sheng 3 

ABSTRACT : Laboratory freezing tests were performed on laterally confined sam
ples of lightly overconsolidated fine-grained soil exposed to one-dimensional freez
ing at a constant temperature gradient. Pore-water pressures and temperatures were 
measured at the perimeter of the specimens at various points along their height 
during freezing and thawing. Vertical heave and water inflow and outflow were 
also recorded in the sample. X-ray pictures were taken in order to correlate ice lens 
formation to the measured data. Of particular interest were occurrences of high 
pore-water pressures shortly after the freezing front had stabilized. Pore-water pres
sure peaks coincided typically with temperature peaks. Maximum negative pore-
water pressures measured during freezing can be correlated to the compression 
observed in soft clay specimens subsequent to freezing and thawing, which is often 
called freeze-thaw consolidation. During early freezing, no heave was indicated in 
soft clay specimens even though numerous ice lenses had formed. No freeze-thaw-
consolidation was recorded for s t i ff clay specimens with initial water contents near 
the plastic limit. 

INTRODUCTION 

Soft fine-grained soils, when exposed to freezing and thawing, wil l gen
erally experience volume changes (Chamberlain and Gow 1979; Knutsson 
1984), loss in shear strength (Graham and A u 1985) and sometimes altera
tions in their hydraulic conductivities (Chamberlain and Gow 1979; Wong 
and Haug 1991; Othman and Benson 1994). Such alterations of engineering 
properties during cyclic freezing and thawing are of practical significance for 
the design of engineering structures. For example, increases of permeability 
and compressibility, and loss in strength in clays at shallow depth due to 
cyclic freezing and thawing, are of importance for the design of clay liners, 
retention dikes, and other barriers in cold climates. Volume changes in soft 
clays subsequent to cyclic freezing and thawing are of importance for the 
performance of shallow structures based in freshly exposed soft clay deposits 
(e.g. in the case of highway cuts). 

Even though considerable research has been carried out on freezing and 
thawing of fine-grained soils, quantitative correlations (so far) could not be 
established for changes in engineering properties subsequent to freezing and 
thawing, and soil types. 

PREVIOUS R E S E A R C H ON FREEZ ING S O I L S 

In moist, frozen fine-grained soil, not all the water in its pores is solidified 
at temperatures below 0 ° C (Neresova and Tsytovich 1963). The amount of 
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FIG. 1. Thaw-Consolidation Process [after Chamberlain and Gow (1979)] 

unfrozen water depends on capillary and surface absorption effect (Anderson 
1967; Konrad 1990), as well as on temperature, overburden pressure, pressure 
in water and ice phases, warming or cooling paths, and number of freeze-
thaw cycles (Neresova and Tsytovich 1963; Williams 1964; Anderson and 
Tice 1973). The existence of unfrozen water implies that water transport may 
take place through frozen soil, which is of importance for the formation of 
ice lenses in freezing fine-grained soils. The rate of ice lens formation de
pends on the rate of heat loss and on the rate of water flow through the frozen 
soil, which again is related to the hydraulic gradient and the pore-water pres
sure difference (Loch 1979). 

Chamberlain and Gow (1979) carried out a series of uniaxial, cyclic open-
system freeze-thaw tests on soft, normally consolidated clay specimens at 
low stress levels and observed that the permeability and structure of the 
specimens was greatly changed by freezing and thawing. In all cases, freezing 
and thawing caused a reduction in void-ratio ("freeze-thaw consolidation") 
and an increase in vertical permeability. The process of freeze-thaw consol
idation was explained qualitatively as illustrated in the void-ratio stress dia
gram shown in Fig . 1. For a soft clay sample exposed to freezing and thaw
ing, total stress curves for the bulk sample (which includes clay and 
segregated ice) and effective stress curves for the clay only are shown, both 
starting at point " a " and ending up at point " c " where pore pressures are 
in equilibrium with the applied load. The total stress curve shows a volume 
increase during freezing for the bulk sample leading to point " b " and a 
volume decrease during thaw when excess water from the thawing of the ice 
lenses is extruded leading to point " c . " Effective stress paths are related to 
the clay component and indicate, during freezing, an increase in effective 
stress and associated volume decreases leading to point "b." During thawing, 
the clay is unloaded in terms of effective stresses and accordingly expands, 
leading to point " c . " The net result is a volume decrease designated by the 
distance "ac ." 

Even though the process of freeze-thaw consolidation and the rate and 
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magnitude of ice lens formation in freezing, fine-grained soils depends on 
magnitude and distribution of pore-water pressures, pore-water pressures in 
freezing soils were not measured by Chamberlain and Gow (1979), nor in 
subsequent investigations. Therefore, a test program was initiated in which 
pore-water pressures and their distribution in a freezing, fine-grained soil 
were measured together with temperature, water intake, and heave. 

LABORATORY TESTING 

Unidirectional freezing tests (Eigenbrod et al. 1991) were carried out at a 
constant temperature difference between the top and bottom of the specimen. 
Freezing was induced to cylindrical soil specimens from the bottom upward 
to rninimize side friction (Konrad and Morgenstern 1982). The bottom end 
was exposed to a temperature below freezing while the top end was kept at 
a temperature above freezing, and the samples were insulated against lateral 
heat flux. During freezing, pore-water pressures and temperatures were mea
sured at the perimeter of each soil specimen along its height Further, water 
intake, expulsion, and vertical movements at the top of the specimen were 
recorded. Equipment and instrumentation used for this setup is shown in 
F ig . 2. 

Soil samples of a 70 mm length and a 46 m m diameter were contained in 
a teflon coated plastic cylinder. Along the inside of the cylinder, 11 filter 
rings of 3 mm width were arranged 4 mm apart, which was consisted of a 
porous plastic filter material. Each filter ring was connected to a 0.1 mm 
inside diameter stainless steel needle, which via plastic tubing was jointed to 
a pressure transducer of ± 0 . 0 1 kPa accuracy. Filter rings, steel needles, and 
connecting tubes were filled with 50% alcohol to allow pore-water pressure 
measurements during freezing conditions. The purpose of the filter rings was 
not only to prevent clogging of the steel needles with fines from the soil 
sample, but also to measure pore-water pressures at a given level along the 

LVDT 

WATER SUPPLY 
DRAINAGE -

3 * - COOLING LIQUID 
" - (WARM SIDE) 

. +o.s to +i.<rc 

-THERMISTOR 

-2.0-C 

-COOLING LIQUID 
-(COLD SIDE) 

FIG. 2. Experimental Setup for Freezing Soil with Measurement of Pore-Wa
ter Pressures, Temperatures, and Vertical Movements 
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perimeter of the soil specimen. Calibration tests (Eigenbrod 1994) indicated 
that negative pore-water pressures of up to —25 kPa could be measured with 
this arrangement. Maximum positive pore-water pressures were governed by 
the specification of pressure transducers. In this case, the upper limit was 100 
kPa. In the spaces between the filter rings, 11 thermocouples were arranged 
within the plastic cylinder walls 7 mm apart and 0.5 mm away from the 
inside surface. A l l thermocouples were calibrated to ± 0 . 0 0 1 ° C . The samples 
were allowed to drain during placement and during consolidation at top and 
bottom. During freezing, however, the lower drainage was closed-off. Thus, 
drainage occurred during freezing and thawing only at the top against a spec
ified back pressure. Water in and outflow was measured by the weight change 
of a water container, which was connected via tubing to the sample. This 
setup for measuring volume changes was easily affected by disturbances and 
probably did not always provide reliable data. Therefore, water in and outflow 
data will not be reported in this paper. 

Vertical movements were measured at the top cap with a linear variable 
differential transducer ( L V D T ) with an accuracy of ± 0 . 0 0 2 mm. 

A n automatic data acquisition system was used to read the instruments at 
1 s intervals and to record 2 min averages of these readings. Top and bottom 
caps were connected to separate cooling units, while testing was carried out 
in a temperature controlled climate room. Water contents, taken prior to and 
after completion of freezing and thawing, provided additional information to 
the volume changes during testing. 

The soil tested was a clayey silt of low plasticity with the following index 
properties: liquid limit = 30%; plastic limit = 16%; passing No. 200 sieve 
(0.08 mm) = 90%; clay size = 18.5%. A total of four specimens were tested. 
The first test, however, was of preliminary nature and is of limited value for 
the final evaluation. 

The samples were cut with a tube sampler from a block that had been 
consolidated from a slurry. For the first two tests (No.s 1 and 2), consolidation 
occurred under its own weight. For the subsequent tests 3 and 4, the speci
mens were consolidated under a surcharge of 50 kPa in order to obtain stiffer 
and less sensitive specimens. Thus, the water contents of the specimen at the 
beginning of testing were around 44% for tests 1 and 2, and 20% for tests 3 
and 4. The specimens were then extruded into the test container previously 
described. To allow dissipation of pore-water pressures and closure of voids, 
which might have developed during transfer of the specimen to the container, 
the samples were consolidated again in the test container at a room temper
ature of 20°C under a surcharge of 50 kPa against a back pressure of 20 kPa. 
After primary consolidation was complete, the room temperature was lowered 
to + 5 ° C , and the sample was allowed to rebound under a reduced vertical 
pressure (generally 30 kPa) and a reduced back pressure of 10 kPa before 
freezing was initiated. 

Even though all four tests demonstrated similar patterns, primarily data 
from test 2 wil l be presented in this paper as due to the high initial water 
content of the sample, ice lens formation, pore-water pressure fluctuations, 
and volume changes were the most pronounced. 

Freezing was induced by lowering the temperature at the bottom plate to 
below freezing temperatures (—2.0°C) and holding the top-plate slightly 
above freezing ( + 1 . 2 ° C ) , while the room temperature was set approximately 
equal to the top-plate throughout the test, permitting the establishment of a 
stable freezing front in the test specimen. The freezing front was stabilized 
for all three tests approximately 15 to 20 h after freezing was initiated. After 
pore pressures in the specimen seemed stabilized, the test was terminated, 
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TABLE 1. Characteristic Test Data of Test No. 2 

Parameter Consolidation Freezing Thawing 
(1) (2) (3) (4) ' 

Time, h 163 1,970 451 
Total surcharge, kPa 50/30 30 30 
Back pressure, kPa 20/10 10 10 
Top temperature, °C + 18.0 +8.0 +2.0 +0.08 +1.0 + 10.0 
Bottom temperature, °C + 18.0 +2.0 +1.0 -2.0 2.0 +1.0 
Vertical movement, mm -2.2 +2.5 -036 
[Result] [Settlement] [Heave] [Settlement] 
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FIG. 3. Frost Penetration Rate at Constant Temperature Gradient and Related 
Pore-Water Pressures for Test 2 

and thawing was induced by raising the temperature at the top to + 1 0 ° C , 
while keeping the bottom temperature in a first stage at — 2.0°C. For test No. 
2, this occurred after 3,000 h or 130 d. In a second thawing stage, the bottom 
temperature was raised to + 1.0°C. 

X-ray photographs were taken with a portable 200 K V X-ray generator 
during freezing at regular intervals in order to correlate formation of ice 
lenses with the development of pore-water pressures, temperatures, water 
intake, and volume changes. 

For additional information, characteristic data of test 2 is summarized in 
Table 1. 

T E S T R E S U L T S 

The results of test 2 are summarized in Figs. 3 - 6 and for tests 3 and 4 in 
Figs. 7 - 9 . The position of the freezing front is expressed in terms of the 
distance of the 0°C isotherm from the base of the specimen as defined in 
Figs. 3 and 4 for test 2. It is apparent in Fig. 3 that the freezing front is 
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FIG. 4. Temperatures, Pore-Water Pressures, and Vertical Movements of 
Sample-Top versus Time for Test 2 

advancing in a rather irregular way. The various advances and retreats appear 
to be directly related to the pore-water pressure development, also shown on 
this graph. Pore-water pressure increases were typically associated with tem
perature increases. This interaction is also recognized in Fig. 4 where the 
position of the freezing front, pore-water pressures, temperature readings for 
typical points, and heave at the top of the sample are plotted versus time. It 
should be noted that a slight increase of the top-plate temperature by 0.3°C 
took place due to malfunctioning of the respective cooling unit after 500 h 
of freezing. Subsequent to this event, the new temperature setting was kept 
constant until the end of the freezing period. 
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Similar interactions between temperatures and pore-water pressures are rec
ognized for tests 3 and 4 as shown in Figs. 7 and 8, respectively. Test 3 was 
severely interrupted for a period of one month after 1,600 h of freezing due 
to failure of the cooling unit 

Maximum pore-water pressure variations occurred during the initial freez
ing stage after 120 h of freezing (test 2) with maximum and minimum values 
of +46 kPa and —22 kPa, respectively. After about 300 h before the start of 
heave, pore-water pressure fluctuations were considerably less (between +12 
kPa and —10 kPa). Details of the time period, during which maximum and 
minimum pore pressures occurred, are shown for test 2 in Fig. 5. 

Pore-water pressure fluctuations observed for tests 3 and 4 (see Figs. 7 and 
8) show maximum and minimum values of +18 kPa and —21 kPa for test 
3, and +18 kPa and —19 kPa for test 4, after approximately 20 h of freezing. 

During thawing, pore-water pressures for all measuring points dropped 
suddenly as the temperatures increased, but rebounded back to almost the 
same values as prior to thaw in tests 2, 3, and 4 well below the back pressure 
of 10 kPa that had been applied in all three tests. 

Heave in test 2 started after 300 h of freezing, subsequent to initially 
fluctuating small movements, occurring at variable rates during the freezing 
stage. A total heave of 2.5 mm was recorded during freezing, and 0.4 mm 
settlement during thaw. Almost no heave was observed during freezing in 
tests 3 and 4. 

In test 2, the water content decreased from initially 44% (prior to consol
idation) to 21% at the end of the freeze-thaw test. The water content of the 
specimen subsequent to consolidation and prior to freezing was not measured 
directly but was estimated to around 30% on the basis of the compressibility 
of normal consolidated clays (Azzouz et al. 1976). The water contents for 
specimens 3 and 4 increased slightly from about 20% at the beginning to 
22% at the end of the tests. 

X-ray photographs of test specimen 2 are shown in Fig . 6 for three different 
time stages during freezing with the respective pore-water pressure profiles. 
The soil between the ice lenses appears in a dark tone when they are clearly 
lighter. The position of the ice lenses, with respect to the thermistor locations, 
can be recognized. For time stages a and b, ice lenses, during early freezing, 
are shown about 3 d apart, whereas time stage c indicates ice lenses after 
three months of freezing subsequent to a slight increase in temperature. It 
seems that the ice lenses are not equally distributed over the cross-section of 
the sample. They appear more intense on the right side near the locations of 
the thermistor gauges. 
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FIG. 7. Temperatures, Pore-Water Pressures, and Vertical Movements versus 
Time for Test 3 

In all three pictures, the 0°C isotherm is clearly above the visible ice sur
face. The majority of the ice lenses are approximately parallel to the freezing 
front There are, however, several ice-wedge-like features that intersect the 
horizontal ice lenses at almost 90° angles. These ice wedges are concentrated 
in areas of higher ice content. Comparing time stage a and b with each other, 
it is apparent that during a time period of 3 d, the zone of visible ice moved 
towards the freezing front by about 6 mm, and that the number and size of 
ice lenses had increased considerably. However, the size of the mineral soil 
portions had decreased from stage a to b. At both time stages a and b, the 
total volume changes of the frozen soil specimen were almost zero. A sig
nificant increase of ice content is apparent from time stages a and b to c. The 
boundary of the visible ice zone in stage c is more diffuse than in the earlier 
stages. 

Correlating the pore-water pressure profiles with the appropriate X-ray 
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FIG. 8. Temperatures, Pore-Water Pressures, and Vertical Movements versus 
Time for Test 4 

photos in Fig . 6 indicates that pore-water pressures are more negative in the 
zones of preferred ice lens formation. Positive pore-water pressures occur 
near the ice lenses at the very bottom (location c ) 3 5 w e r j 3 3 m m e zone 
above the visible ice front. No obvious change of pore-water pressure across 
the 0°C isotherm is indicated. However, a distinct decrease in pore-water 
pressure is apparent in the frozen fringe just above the zone of visible ice. 

X-ray photographs of test specimens 3 and 4 demonstrated that ice lens 
formation was much less pronounced than in specimen 2. Fig . 9 shows 
X-ray photographs of soil sample 4 at two different time stages with respec
tive pore-water pressure profiles. 

ANALYSIS 

Measurement of pore-water pressures during freezing of soft clays indi
cated considerable fluctuations. The variations of pore-water pressures appear 
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almost cyclic over a given time period (between 100 and 400 h, or 1,100 
and 1,600 h in test 2). Similar cyclic pore pressure variations with maximum 
amplitudes of less than 5 kPa had been observed in the field during freezing 
of slightly overconsolidated clays at shallow depths (Eigenbrod 1993). 

Pore-water pressure increases were typically associated with temperature 
increases (see Figs. 3 and 4), which during otherwise steady freezing con
ditions can be related to increased formation of ice crystals. Temperature 
spikes reflect the increased formation of ice lenses. Associated pore-water 
pressure increases carried the effective stresses towards zero, a necessary 
condition for the formation of ice lenses (Miller 1978). Fast growing ice 
lenses that expand into unfrozen soil portions exert pressure onto the unfrozen 
pore water. A s a result, the pore-water pressures continue to increase, which 
in turn promotes suction towards the growing ice lens in the adjacent un
frozen soil portions. Thus, the initial increasing pore-water pressures de
crease, and eventually, negative pore-water pressures develop. Decrease in 
pore-water pressures causes an increase in effective stress and thus, 
compression of the soil. The increased availability of water due to compres
sion of the soil again leads to pore-water pressure increases. Associated de
creases in effective stresses accelerate formation of ice lenses and cause suc
tion towards the growing ice lenses and thus once more a decrease in 
pore-water pressures. A cyclic partem of pore-water pressures, and water in 
and outflow also develops. 

The amplitudes of the pore-water pressure fluctuations are largest during 
the early stages of freezing, probably due to the large quantities of water that 
are available during compression of the initially soft soil. As the soil portions 
approach their final compression, less water is accessible and the amplitudes 
of pore-water fluctuations decrease. The fluctuations become zero as soon as 
the ice lenses discontinue to grow and no further heave occurs. 

The development of maximum and minimum pore-water pressures during 
the initial stages of freezing indicates that at that time, the soil between the 
ice lenses experiences maximum loading and unloading in terms of effective 
stresses. It can be visualized that the volume increases due to formation of 
ice lenses and the volume decreases due to compression of the clay from 
increased effective stresses are balanced, resulting in zero net heave, as was 
observed during the initial freezing stages of sample 2. This behavior is also 
apparent from the X-ray photographs shown in Fig . 6. At time stage a, ice 
lenses occupy a much smaller volume and soil portions a much larger volume 
than at time state b, while for both time stages, the total volume changes of 
the frozen soil specimen is almost zero. When the clay does not compress 
any further, heave, as a result of the continuing formation of ice lenses, 
becomes apparent. 

During freezing, consolidation of the clay specimen is reflected by the 
change of water content from approximately 30% (prior to freezing) to 21% 
after completion of the test. This change in water content is equivalent to a 
compression of 9%. This compression of 9% is related to a stress change in 
the order of 30 kPa, if the compressibility of normal consolidated clays is 
considered (Azzouz et al. 1976). This calculated pressure change is very close 
to the measured maximal drop in pore-water pressure of 32 kPa from the 
level of the back pressure. According to the Clapeyron Equation, maximum 
negative pore-water pressures at the water-ice interface must be much larger 
(Konrad 1989). Therefore, it must be concluded that the measured pore-water 
pressures, although obtained at relatively distinct points, are not the maximum 
values, but constitute averages for larger areas within the soil specimen, 
which appear to govern the resultant overall volume changes. Similarly, it 
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can be concluded that the measured maximum positive pore-water pressures 
are averages for larger areas, and the actually occurring maximum values are 
considerably higher. 

The measured net heave of 2 mm after thaw (for sample 2) appears erro
neous, indicating that during thaw, the loading cap got stuck to the sides of 
the test container and was not in contact with the specimen. 

The suggestion that most of the compression of the clay occurs during the 
initial stages of freezing is confirmed by observations from cyclic freeze-
thaw tests in which the net deformations after each freeze-thaw cycle were 
almost independent from the length of freezing stages, as long as the freezing 
periods were long enough to permit some heaving to occur (K. D . Eigenbrod, 
in press, 1996). 

The observation of growing ice lenses behind the freezing front in the 
X-ray photographs, as well as the development of negative and positive pore 
pressure behind the freezing front, suggests that water movements toward the 
growing ice lenses occurs on the warm side of the ice lenses through the 
frozen fringe and on the cold side of lenses from consolidating clay layers. 

The water that accumulated in the ice lenses partly originated from both 
the consolidating soil and from water that had been drawn into the specimen 
from the outside. The finding that much of the water contributing to ice lenses 
originates from within the consolidating clay sample is in agreement with 
observations from other researchers (Othman and Benson 1994), who noted 
that ice lenses can form in clays frozen in a closed system with no external 
water supply. 

In specimens 3 and 4 with initial water contents of around 20%, much 
thinner ice lenses developed as compared to specimen 2 with an initial water 
content of around 40%. For the same specimens, practically no decreases in 
water content were measured after freezing and thawing, indicating that no 
freeze-thaw consolidation had taken place. The thin ice lenses that had 
formed must have developed primarily from water drawn from the outside 
through the frozen fringe. 

Little or no volume changes were observed subsequent to freezing and 
thawing for specimens with initial water contents near the plastic l imit This 
agrees with data reported by Knutsson (1984) for several Swedish clays that 
had been exposed to cyclic freezing and thawing. 

Differences in pore-water pressures measured across the frozen fringe be
tween the 0°C isotherm and the visible ice front were consistently very small 
ranging between +1 and —2 kPa, which is consistent with observed water 
in and outflow. Accordingly, the hydraulic gradient across the frozen fringe 
(of around 18 mm width) is rather low. Assuming that the water inflow 
observed at the top of the specimen is correct for time stages a and b in Figs. 
4 and 6 and approximately the same as in the frozen fringe, the average 
hydraulic conductivity of the frozen fringe Kf is directly calculated using 
Darcy's law (Konrad and Morgenstem 1980) 

Kf=vli (1) 

where v = flow velocity; and i = hydraulic gradient across the frozen fringe. 
For conditions a and b shown on the X-ray photographs of specimen 2 

with a flow velocity of 3 to 12 X 1 0 _ s cm/s, the hydrauhc conductivity of 
the frozen fringe Kf was evaluated to approximately 2 to 8 X 10~ 9 m/s. This 
value is about one tenth of the permeabihty of the unfrozen soil. Similar 
decreases in permeability had been reported by Horiguchi and Miller (1983) 
for silty soils during a temperature drop from 0°C to —0.3°C. 
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The sudden drop in pore-water pressures during thaw, which was apparent 
in all four tests, is surprising even though a similar behavior had been pre
viously observed in a different type of freezing test (Eibenbrod and Burak 
1989). It can be explained only by a sudden drop in ice pressure, associated 
with a sudden decrease in specific volume as ice changes into liquid water. 
It must also be assumed that air voids in the ice lenses permitted dissipation 
of pore-water pressures. The rise in pore-water pressures is not very dramatic 
and may be explained by a higher permeabihty of the fissured soil in its 
thawed condition, which permitted drainage of water and dissipation of pore-
water pressures at the same rate as the ice lenses thawed. Increases in per
meability, subsequent to cyclic freezing and thawing, were reported by Cham
berlain and Gow (1985); Wong and Haug (1991) for soft, normally 
consohdated clays; and Othman and Benson (1994) for compacted natural 
clay specimens. 

CONCLUSION 

Experimental results obtained in freezing tests with constant temperature 
gradients demonstrated the following: 

• During freezing of soft, fine-grained soils, cyclic pore-water pressure 
changes occurred with maximum values during the initial phases of 
freezing, shortly after the freezing front had stabilized. 

• Maximum positive pore-water pressures were approximately equal to the 
overburden pressure. 

• Maximum negative pore-water pressure changes can be correlated to net 
volume changes of the soils subsequent to freezing and thawing. 

• Pore pressure peaks were always associated with temperature increases. 
Temperature increases during otherwise steady freezing conditions are 
related to the increased formation of ice crystals. At the same time, it is 
indicated that pore-water pressure peaks were sufficiently large in order 
to reduce the effective stresses to zero, which is necessary for the for
mation of ice lenses. 

• During the initial stages of freezing, no net volume changes were re
corded even though considerable ice lenses had formed. This suggests 
that volume increases due to the formation of ice lenses were balanced 
by volume decreases due to compression of the clay as a result of high 
negative pore pressure changes and the associated increases in effective 
stresses. The water that accumulates in the ice lenses during freezing of 
soft clays partly originates from consolidating soil and partly from water 
drawn into the specimen from the outside through the frozen fringe. 

• For test specimens with initial water contents at or near the plastic limit, 
water contents did not decrease during freezing and thawing, indicating 
that "freeze-thaw consolidation" did not occur. 

O f practical significance for the performance of engineering structures in 
winter are the high positive water pressures that were observed particularly 
during the early freezing stage: pore-water pressures between 20 and 40 kPa 
are equivalent to the total overburden pressures existing in subgrades below 
pavements and indicate that the subgrade soil has litde strength, at this point 
in time. 

It is also important to recognize that structures on soft clays will experience 
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permanent settlements i f the foundation soil is affected by freezing and thaw
ing. Little or no permanent settlements occur i f the soils are stiff with water 
contents at or below the plastic l imit 

Research continues to explain in more detail volume and permeability 
changes of soft clays during freezing and thawing in order to identify quan
titative correlations with soil parameters. 
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ABSTRACT 

Laboratory freezing tests were performed on laterally confined samples of lightly overconsolidated fine grained soil, exposed to one-dimensional 
freezing at a constant temperature gradient Pore water pressures and temperatures were measured at the perimeter of the specimens at various 
points along their height, during freezing and thawing. Vertical heave and water in- and outflow in the sample were also recorded. X-ray pictures 
were taken at various points during freezing to correlate ice lens formation to the measured data. Of particular interest were occurences of high 
pore water pressures shortly after the freezing front had stabilized. Subsequently cyclic increases and decreases of pore water pressures, and in-
and outflow were observed. During thawing sudden temperature increases were accompanied by sudden decreases of pore water pressures. The 
hydraulic conductivity of the unfrozen fringe was directly determined from the measured pore water pressure and temperature profiles, records of 
water in-and outflow, and X-ray photographs. 

INTRODUCTION 

In moist frozen fine grained soil not all the water in its pores is so
lidified at temperatures below 0 °C (Nersesova and Tsytovich, 
1963). The amount of unfrozen water depends on capillary and sur
face absorption effect (e.g. Anderson, 1967, Konrad, 1990) as well 
as on temperature, overburden pressure, pressure in water and ice 
phases, warming or cooling paths, and number of freeze-thaw cycles 
(Nersesova and Tsytovich, 1963, Williams, 1964, Anderson and 
Tice, 1973). The existance of unfrozen water implies that water 
transport may take place thorugh frozen soil, which is of importance 
for the formation of ice lenses in freezing fine grained soils. The rate 
of ice lens formation depends on the rate of water flow through the 
frozen soil, which again is related to the hydraulic gradient and thus 
the pore water pressure difference. Magnitude and distribution of 
pore water pressures in a freezing soil determine not only ice lens 
formation and the related frost heave, but also its shear strength. 
However, even though considerable theoretical and experimental 
work has been carried out during the last forty years, very few direct 
measurements of pore water pressures in freezing soils exist There
fore a test program was initiated in which pore water pressures and 
their distribution in a freezing fine grained soil were measured, to
gether with temperature, water intake and heave. 

EXPERIMENTAL SETUP 

Unidirectional freezing tests were carried out at a constant tempera
ture difference between top and bottom of specimen. Freezingwas 
induced to cylindrical soil specimens from the bottom upwards to 
minimize side friction (Konrad and Morgenstern, 1982). The bottom 
end was exposed to a temperature below freezing while the top end 
was kept at a temperature above freezing, and the samples were in

sulated against lateral heat flux. During freezing pore water pres
sures and temperatures were measured at the perimeter of each soil 
specimen along its height. Further water intake and expulsion and 
vertical movements at the top of the specimen were recorded. 
Equipment and instrumentation used for this setup are shown sche
matically on Fig. 1. 

The soil sample of 70 mm length and 46 mm diameter was con
tained in a teflon coated plastic cylinder. Along the inside of the cyl
inder 11 plastic filter rings of 3 mm width were arranged 4 mm 
apart Each filterring was connected to a stainless steel needle of 0.1 
mm inside diameter, which, via plastic tubing was joined to a pres
sure transducer of + 0.01 kPa accuracy. Filterring, steel needle and 
connecting tube were filled with 30% alcohol to allow pore pressure 
measurements during freezing conditions. In the spaces between 
the filter rings 11 thermo-couples were arranged, 7 mm apart within 
the plastic cylinder walls, 0.5 mm away from the inside surface. All 
thermo-couples were calibrated to + 0.001 °C The sample was al
lowed to drain during placement at top and bottom During consol
idation and during freezing.howe ver, the lower drainage was closed 
off. Thus, drainage occurred during testing only at the top against a 
specified backpressure. Waterin-and outflow was measured by the 
weight change of a water container, which was connected to the 
sample, using a strain gage, permitting an accuracy of + 0.05 cm3. 

Vertical movements were measured at the top-cap with a direct current 
displacement transducer (LVDT) with an accuracy of + 0.002 mm. An 
automatic data acquisition system was used to read the instruments at 
on-second intervals and to record the two minute averages of these 
readings. 

Top and bottom cap were connected to separate cooling units, while 
testing was carried out in a temperature controlled climate room. 



Hie soil type in freezing tests 1,2 and 3 was clayey silt of low plasticity. 
The properties of the soil are: liquid limit = 30%; plastic limit = 16%; 
passing No.200 sieve (0,08 mm) = 90%; percent clay size = 18.5. 

The samples were cut with a tube sampler from a block which had 
been consolidated from a slurry, for the first two tests under its own 
weight, ant) for the subsequent tests under a surcharge of 30 kPa in 
order to obtain stiffer and less sensitive specimens. The specimens 
were then extruded into the sample container, described before. The 
samples were consolidated at a room temperature of 20 °C under a 
given surcharge against a back pressure of 20 kPa. After primary con
solidation was complete, the room temperature was lowered to +5 °C 
and the sample was allowed to rebound under a reduced vertical pres
sure, and a reduced back pressure of 10 kPa, before freezing was ini
tiated. 

TESTING 

2 freeze-thaw tests were carried out between Oct 1990 and March 
1991. A third test is ongoing and has not been completed at the time 
of writing the report The specimens were consolidated under a total 
vertical stress of 50 kPa against a backpressure of 20 kPa. The sam
ples were then allowed to rebound under a vertical stress of 30 kPa 
and a back-pressure of 10 kPa. 

Freezing was induced by lowering the temperature at the bottom 
plate to below freezing temperatures (-2.0 °C) holding the top-plate 
slightly above freezing (+1.2 °C). The room temperature was set ap
proximately equal to the top-plate throughout the tests, permitting the 
establishment of a stable freezing front in the test specimen. The 
freezing front was stabilized for test No. 2 approximately 20 hours af
ter freezing was initiated. A plot of the frost-penetration rate for test 
No. 2 is shown on Fig. 2. Occasionally unplanned temperature chang
es occurred: In test No. 2, a slight increase of the top plate tempera
ture by 03 °C took place due to malfunctioning of the respective 
cooling unit after 500 hours of freezing. Subsequent to this event the 
new temperature setting was kept constant until the end of the freez
ing period. After pore pressures in the specimen seemed stabilized, 
thawing was induced by raising the temperature at the top to +10 °C, 
while keeping the bottom temperature in a first stage at -2.0 °C. For 
test No. 2 this was after 3000 hours or 130 days. In a second stage the 
bottom temperature was raised to +1.0 °C. 

X-ray photographs were taken with a portable 200 KV x-ray genera
tor during freezing at regular intervals in order to correlate formation 
of ice lenses with the development of pore water pressures, tempera
tures, water intake, and volume changes. 

TEST RESULTS 

As the first test was of more preliminary nature and the third has not 
yet been completed at the time of writing, test results will be dis
cussed for test No. 2 only. The characteristic testing data and sample 
properties of Test No. 2 are summarized in the following: 

Soil: clay; wL=30.1%; wp=15.6: before test: w=43.8%; after test 
w=21.1%; p=2.1 t/m3; pd=1.66 t/m3 

Sample: diameter 4.62 cm, height 7.0 cm 

consolidation freezing thawing 
time, hours 163 1970 451 
Total surcharge, kPa 50 30 30 
back pressure, kPa 20 10 10 
top terrrperature, °C 18.- 8.0 2.0 0.81.0 10.0 10.0 
bottom terrrperamre,°C 18. 2.0 1.0 -20 -2.« 1.2 
waterinflow, (+) cm3 +11 +6 +9 
vertical movementmm -2.2 +2J -0.36 

(settlement) (heave) (settlement) 

Specimen No. 2 was cut from a very soft sample which had been con
solidated from a slurry under its own weight to a water content of 44% 
as compared to a liquid limit wL=30%. As it was difficult to handle, it 
appeared that during placement into the sample holder air inclusions 
could not be avoided. Pore water pressure readings.volume changes 
and water intake during consolidation and initial freezing, indeed, in
dicated that the sample was not saturated during the early stages of 
testing. Nevertheless, the test was continued, because nonsaturation at 
the beginning of freezing is common in many field conditions. 

The position of the 0 °C isotherm shown on Fig. 2 indicates that the 
freezing front is advancing in a rather inregular fashion. The various 
advances and retreats appear to be directly related to the pore water 
pressure development, also shown on this plot 

Pore water pressure increases appear to be frequently related to tem
perature increases as can also be recognized on Kg. 3, on which pore 
water pressure and temperature readings for typical points at top, cen
tre and bottom of the specimen, vertical movements at top of sample, 
and water inflow are plotted versus time in a composite graph. 

The plots indicate that pore water pressures and water inflow fluctuate 
almost continuously during freezing, both approximately at the same 
frequency, suggesting an interdependence between pore water pres
sures and water in- or outflow. 

Maximum pore water pressure variations occurred during the initial 
freezing stage (after 120 hours of freezing) with a maximum value of 
+46 kPa (as compared to 30 kPa theoretical total vertical stress) and a 
minimum value of-22 kPa shortly after. Subsequently, during later 
freezing, pore water pressure fluctuations were considerable less stay
ing within +12 kPa and -10 kPa. 

Details of the time period during which maximum and minimum pore 
pressures occurred are shown on Fig. 4. A similar pattern was also ob
served for tests No. 1 and No. 3. 

During thawing pore water pressures for all measuring points dropped 
suddenly as the temperatures increased but rebounded back to the 
original values. 

Net waterinflow into the specimens during consolidation was 11 cm3, 
during freezing 6 cm3 and during thawing 9 cm3, compared to 2.2 mm 
settlements during consolidation, 2.5 mm heave during freezing, and 
0.4 mm settlement during thaw. 

Time: Start Nov. 28.1990, completion Mar. 10,1991; that is 
106 days, or 2584 hours 



After initially fluctuating small movements, heave occurred at vari
able rates during the freezing stage. No correlation is apparent be 
tween heave and waterinflow. 

X-ray photographs of test specimen No. 2 are shown on Hg. 5 for 
three different time stages during freezing together with the respective 
pore water pressure profiles. The soil between ice lenses appears in a 
dark tone, whereas the ice lenses are clearly lighter. The position of 
the ice lenses with respect to the thermistor locations can be recog
nized. On Rgs. 5a and 5b, ice lenses during early freezing are shown 
about 3 days apart, whereas Fig. 5c indicates ice lenses after three 
months of freezing susbsequent to a slight increase in temperature. It 
seems that the ice lenses are not equally distributed over the cross-sec
tion of the sample. They appear more intense on the right side near the 
locations of the thermistor gauges. 

In all three pictures the 0 °C isotherm is clearly above the visible ice 
surface. The majority of the ice lenses are approximately parallel to 
the freezing front. There are, however, also several ice-wedge like fea
ture which intersect the horizontal ice lenses at almost 90° angles. 
These ice wedges are concentrated in the areas of higher ice content 
There is a significant increase of ice content apparent from time stages 
I and II (Figs. 5a, 5b) to time stage III (Fig. 5c). The boundary of the 
visible ice zone in Fig. 5c is more diffuse than in the earlier stages 
shown on Figs. 5a and 5b. 

It is interesting to compare Figs. 5a and 5b with each other, because it 
is apparent that during a time period of three days, the zone of visible 
ice moved towards the freezing front by about 6 mm, and that number 
and size of ice lenses had increased considerably. 

Pore water pressure profiles, plotted over the height of the specimen 
are shown for various times stages on Fig. 6. It appears that for a cer
tain time period a typical pattern tends to establish, which however, 
after some time, changes and stabilizes at a different pore pressure dis
tribution: For example for time stage "a" high pore pressures are ap
parent in the upper reaches and large variations in the bottom zone. 
This pattern changed somewhat to a slightly different distribution in 
the lower portions for time stage "b" after a change in temperature oc
curred. Again a different pattern is apparent for time stage "c", this 
time with negative pore water pressures in the unfrozen zone and rel
atively little variation in the frozen zone. After thawing was induced 
again a new pattern was established (stage "d"), with relatively con
stant pore water pressures in the upper reaches and a large negative 
peak in the lower-most portions. 

The time dependent cyclic pore water pressure changes affected the 
magnitude of values and sometimes reduced the pore water pressure 
gradients between different levels, however, generally did not cause 
fundamental changes in the pattern. 

DISCUSSION 

The total water balance can be theoretically determined from three 
different sources: water-content changes; water in- and outflow, vol
ume changes: 

The water balance, however, is influenced by the fact that the speci
men was not saturated during and after consolidation and during the 
initial freezing stages. Thus, waterinflow and volume changes cannot 
be correlated over the full length of the test 

Also, the measured water content changes from the beginning to the 
end of the test cannot be expected to provide a reliable water balance, 
because, firstly the initial water contents were taken from the intact 
soil without air inclusions, and second, at the end of the test water con
tents were taken from clay chunks and did not include fully the free 
water on the clay surface. 

Data can be compared, however, after full saturation was achieved, 
which appears to be the case after approx. 10 days of freezing: A com
parison of water inflow and heave e.g. for a time period of approx. 
1000 hours or 42 days, starting at time 100 hours, shows 2 mm of 
heave and approximately 4.0 cm3 of water inflow, compared to a the
oretical equivalent water inflow of 3.4 cm3. The accuracy of the water 
intake values is limited by the difficulty to pick the appropriate value 
for the continuosly fluctuating water intake readings. 

The variations of pore water pressures during freezing, appear almost 
cyclic over a given time period (e.g. between 100 hours and 400 hours 
or between 1100 hours and 1600 hours). The pore water pressure vari
ations can be closely correlated to the variations of water inflow, if a 
time-lag of approximately 50 to 60 hours for the water flow is consid
ered. This time delay is related to the 'ample perm>ahilirv. Pore pres
sure decreases appear to be commonly related to water intake, proba
bly reflecting the formation of ice lenses. However, due to the crystal
lization of ice, volume increases occur, which subsequently may lead 
to pore pressure increases and thus to water expulsion. As a result of 
the pore water pressure increases, the effective stress in the soil de
creases, causing a tendency to swell, which in turn will cause water to 
be drawn into the soil, subsequently leading to pore water pressure de-
creases.Because a decrease in effective stress favoures ice lens forma
tion, suction towards the growing ice lens will be induced. This trend 
reverses as soon as volume increases associated with ice lens forma
tion occur. Thus a cyclic behaviour may develop, explaining the ob
served cyclic pattern of pore water pressures, and water in- and 
outflow. 

A comparison of the pore water pressure profiles with the appropriate 
X-ray photos, on Figs. 5a and 5b indicates that at this stage of freez
ing, pore water pressures are negative in the regions located between 
zones of preferred ice lens formation. Positive pore waterpressures on 
the other hand, occur near ice lenses at the very bottom (location C) as 
well as in the zone above the visible ice front, with no obvious change 
of pore water pressure across the 0 °C isotherm. In the lower third (lo
cation B) the pore water pressures are less negative than in the upper 
third (location A). 

It appears that each time the rate of heave slowed down the pore pres
sure pattern changed and temperature increases occurred.. 

Temperature increases during otherwise steady freezing conditions 
may be related to the increased formation of ice crystals. The various 
temperature peaks, as well as the unplanned temperature increase after 
500 hours were generally associated with pore water pressure increas
es. 

The correlation between pore waterpressures and temperatures can be 
explained by the Clapeyron Equation. However, a quantitative evalu
ation cannot be readily carried out because the ice-water system is not 
in equilibrium and ice pressures and temperatures at ice-water inter
face are not known. 



The differences of pore pressures across the frozen fringe, between the 
0 °C-isotherm and the visible ice front are consistently very small in 
the range between +1 and -2 kPa, which is consistent with the ob
served water in- and outflow. Accordingly the hydraulic gradient 
across the frozen fringe of around 18 mm width is rather low. Assum
ing that the water inflow observed at the top of the specimen is approx
imately the same as in the frozen fringe, the average hydraulic 
conductivity of the frozen fringe can be directly calculated using 
Darcy's law (e.g. Konrad and Morgenstern, 1980) 

where v is the flow velocity and i the hydraulic gradient across the fro
zen fringe. For the three conditions shown on the X-ray photographs 
Kf was approximately evalutated to 10'7 cm/s. 

The general sudden drop in pore water pressures during thaw is sur
prising, even though previously a similar behaviour had been ob
served in a different type of freezing test (Eigenbrod and Burak, 
1989). It can be only explained by a sudden drop in ice pressure, re
lated to a decrease in specific volume as ice changes to liquid water. It 
also must be assumed that air voids in the ice lenses permitted dissi
pation of pore water pressures. The subsequent rise in pore water pres
sures is not very dramatic and may be explained by a relatively high 
permeability of the fissured soil in its thawed condition (Graham and 
Au, 1985), which permits dissipation of pore water pressures at the 
same rate as the ice lenses thaw. 

Of practical significance for the performance of engineering structures 
in winter are the high positive pore water pressures, which were ob
served during freezing, particularly during the early freezing stages: 
pore water pressures of 40 kPa are equivalent to the total overburden 
pressure, and indicate that the soil has little or no strength at this point 
in time. The pore water pressure peaks during subsequent freezing 
were considerably lower with values not exceeding 12 kPa, but still 
significant enough to possibly cause local failue during shear, e.g. in
duced by loading of a road surface. 

CONCLUSIONS 

The experimental results obtained in freezing tests with constant tem
perature gradient demonstrated the following: 
- During freezing of fine grained soils peaks of high positive pore 

water pressures can develop which are in the same order of 
magnitude as the overburden pressure, shortly after the freezing-
front has stabilized. 

- Cyclic increases and decreases of pore water pressures and water 
in- and outflow typically occur during the freezing stages. 

- During thawing, sudden temperature increases are accompanied 
by sudden decreases of pore water pressures. 

- The average hydraulic conductivity of the frozen fringe can be 
directly determined on the basis of the measured pore water press
ure and temperature profiles, records of water in- and outflow, and 
X-ray photographs. 

Particularly the high pore waterpressures after stabilization of the 
freezing front may explain engineering problems typically occurring 
during the winter in cold regions. E.g. deterioration of road surfaces 
in the first half of the winter or breakage of water pipes in mid winter 
may be related to the loss in bearing capacity associated with high 
pore waterpressures in soils. 
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Fig. 2 Frost penetration rate at constant temperature 
gradient and related pore water pressure 
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T I M E STAGE 

Fig. 5 X-ray photographs of freezing soil sample at three different time stages with respective pore water pressure profiles, 
'lime stages I and II are 3 days apart and time stage III is 3 months later. 
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SYNOPSIS 

Condensation of water at the interface of pavements and base material may be a significant factor of leading to the development of pot holes 
during the initial thawing periods: Condensation will result in the accumulation of ice at the pavement soil interface, even in clean, well 
draining soil. Because in early spring this excess moisture cannot dissipate, high pore pressures develop, reducing the shear strength of 
the soil. Due to the reduced bearing capacity, failure of the pavement may occur. Both, in a laboratory model test and in the field, high pore 
water pressures were measured during initial thaw, which in both cases were higher than the theoretical overburden pressure. The moisture 
contents in the soil after freezing were the highest at the pavement soil interface, with a maximum value above the saturation moisture content 
for the unfrozen soil. At a depth of 260 mm below the pavement the moisture contents were much lower, at values which were about the same 
as the stabilized moisture for the thawed soil. 

INTRODUCTION 

Asphalt pavements with untreated base, such as paved-over 
gravel roads, are common in Scandinavia and remote northern 
regions of Canada. Each spring potholes develop in the surfaces 
of such roads, requiring regularly repairs. In order to minimize 
damages, load restrictions are commonly imposed in the spring 
already during the initial stages of thaw, at a time when only a 
thin layer of the base material underneath the pavement is thawed 
and the majority of the soil base and the underlying subgrade is 
still solidly frozen. It has been also observed that the seat of 
these potholes is generally quite shallow in the upper parts of the 
original base material just below the pavement layer. 

As an' explanation for this behaviour it was suggested that water 
condenses at the interface between the practically impervious 
asphalt layer and the underlying granular base material as soon 
as the- air temperatures become colder then the ground 
temperatures. When the ground temperature drops below 
freezing, the condense water freezes before it can drain away and 
ice starts to accumulate near the soil pavement boundary. This 
accumulation of ice is different from typical ice lerne formations 
In freezing fine grained soils and does not depend on capillary 
action in the soil and therefore may also occur in well drained 
base materials. During extended thawing periods the ice 
accumulated at the base of the asphalt layer thaws: Because 
road pavements are generally kept clear of snow and because of 
their dark colour, thawing tends to start earlier below the 
pavement than along the commonly snow-covered sides of the 
roads. Thus, if no lateral drainage is provided, and the asphalt 
layer is intact the thawed water will be trapped between the 
asphalt layer and the underlying frozen soil base, causing high 
pore water pressures just below the pavement base. High pore 
water pressures result in loss of shear strength in a granular 
material and may lead to liquefaction of the thawed soil portion 

which is in contact with the pavement As a result, the pavement 
base will have little or no bearing strength, which may lead to 
failure of the pavement surface. 

The immediate objectives of this study were the measurement of 
moisture accumulation and of pore water pressures at the 
interface between an Impervious membrane and soil when 
exposed to the conditions described above, both in the laboratory 
and in the field. 

LABORATORY TESTING 

Initially a simple laboratory model test was carried out in order to 
find out, if the development of high pore water pressures at 
impervious membrane soil interfaces can be observed. The 
conditions at the pavement interface were simulated by the set up 
shown on Fig. 1: A cylindrical moist silty soil sample of 220 mm 
In height and 100 mm in diameter was completely enclosed by a 
rubber membrane. The soil specimen was laterally restrained by 
a cylindrical container, which again was surrounded by a 150 mm 
thick layer of glass-wool insulation to minimize lateral heat 
transfer, and thus to promote heat flow in a vertical direction. The 
lower end of the soil specimen was kept approximately at a 
constant temperature of around +5°C using a base plate through 
which tap water was circulated. The top of the soil specimen was 
loaded by a rigid steel plate, which applied a vertical stress of 
lOkPa and provided rigidity to the upper boundary of the soil 
specimen. Due to the heated base, the soil sample was frozen 
unidirectional from the top surface downward when the room 
temperature was lowered to -20°C within 12 hours. Thawing was 
induced by raising the room temperature to +20°C within 6 hours. 
Air temperatures immediately above the membrane surface, soil 
temperatures in the underlying soil, and the pore water pressures 
at the interface between soil and membrane were measured and 



recorded automatically with a datalogger. For pore water 
pressure measurements at the base of the membrane, a pore 
pressure transducer was connected to a thin plastic tube of 1.0 
mm ID, filled with 50% alcohol which was lead to the 
measurement point at the membrane-soil interface. 

Calibration tests for this arrangement of pore water pressure 
measurements indicated that the pressures were practically 
independent of temperature variations In the range between 
-!-20°C and -20°C and that negative water pressures of up to -15 
KPa could be measured. 

The pore water pressures and the temperatures at the soil 
membrane interface are shown on Fig. 2. 

Pore water pressures were negative during the freezing cycles, 
and started to rise as soon as the temperatures increased, 
reaching maximum values a few hours after the temperatures 
peaked, with values of 14 kPa during the first and 35 kPa during 
the second thawing cycle. The high value during the second 
thaw is difficult to interpret as it is considerably higher than the 
theoretical overburden pressure. The high values might be 
related to restraining effects from wall friction and rubber 
membrane. 

FIELD OBSERVATIONS 

Field instruments were installed on November 27, 1991 using a 
similar system for measuring pore water pressures as in the 
laboratory model test: Two pore water pressure gages and four 
thermistors were placed at the base of an asphalt cement 
concrete layer on one of the paved parking lots of Lakehead 
University. The 700 mm thick asphalt cement concrete is directly 
overlying a granular base material (see Fig.3). The area is well 
drained with the ground water table two metres below ground 
level. Two rectangular windows were cut Into the pavement 
surface, and after installation of the Instruments in the upper zone 
of the soil base (two thermistors and one piezometer In each 
location), the openings were carefully closed again to prevent 
drainage through the pavement surface and to avoid stress 
irregularities In this zone below the pavement The soil was 
already frozen at the time of installation, and therefore had to be 
thawed with hot water to permit installation of the instruments 
within the soil. A fifth thermistor was installed in the shoulder of 
the pavement Readings were recorded between November 27, 
1991 and May 4, 1992 by an automatic data logger, which was 
installed inside a shed nearby the measurement points. 

Soil samples were collected from the testing area in November 
1991 during the installation of the instruments, In March 1992, at 
the end of a brief thawing period, and In May 1992, after the 
ground below the pavement surface had thawed. 

In November 1991 the soil at the pavement base was already 
frozen and had a moisture content of almost 16%. In March 1992. 
the soil at the base of the pavement was thawed to a depth of 
80.0 millimetres. Moisture samples were obtained to a depth of 
260 millimetres. The moisture contents were the highest 
immediately below the pavement with a maximum value of 12J2% 
which is well above the saturation moisture content for the 
unfrozen soil. The moisture contents were the lowest at 260 
millimetre depth with a minimum value of 5.7%. In May 1992 

when the ground had been completely thawed, the water contents 
were approximately constant from the base of the pavement to a 
depth of 300 millimetre below, with an average value of 4.9%, 
which is equivalent to 70% degree saturation. The water contents 
observed below the pavement are shown on Fig. 4 for the three 
time stages. 

In-situ densities were measured in May 1992 with a nuclear meter, 
with values around 2J2 kg/cm^ for the dry densities, and 2.4 
kg/cm^ for the wet densities. Compaction tests according to the 
standard proctor method yielded a maximum dry density of 2.04 
kg/cm^ at an optimum moisture content of 8.5%. 

The grain-size distribution of the base material indicated a well 
graded gravelly coarse sand similar to granular 'A' (as defined by 
MTO). The percent passing the #200 sieve was found to be 
8.4%, which is less then the lower boundary for frost susceptible 
soils. Based on the grain size of 0.1 mm at 10% passing the 
maximum capillary rise was estimated to 300 mm, which is much 
lower than the depth to the water table below the parking lot 

The temperatures measured in the soil below the pavement and 
below the shoulder are plotted versus time for selected time 
periods on Fig.'s 5a-5d. together with the respective maximum 
and minimum dairy air temperatures for Thunder Bay. 

The air temperature fluctuations ranging between +6°C and -33°C 
during this time period were considerably larger than below the 
ground surface. The temperature below the pavement fluctuated 
between +2°C and -17°C while below the snow-covered 
shoulders ground temperatures were fairly steady, decreasing, 
slowly from +1°C on November 28,1991, to -2°C on December 
6, 1991, and increasing again to 0°C on December 9, 1991, 
subsequent to milder weather conditions. The ground 
temperatures stayed almost constant at this level until January 15, 
1992, when subsequent to a cold spell they dropped again, 
reaching -3°C on January 23, 1992 and stayed below 0°C until 
mid April, 1992. 

One of the two piezometer installations appeared not to work 
satisfactorily' probably due to a leak in the connection between 
pressure transducer and tubing. The pressures recorded with the 
intact piezometer installation P8, are also shown on Figures 5a to 
5d. 

Immediately after Installation on Nov. 28 the water pressures were 
at 2.7 KPa, which is equal to the overburden weight of the asphalt 
pavement Subsequently, after the ground had refrozen, the 
water pressures followed generally the fluctuations of the ground 
temperatures, cycling between minimum values of 2.7 KPa in 
November and March and maximum values of up to 11.5 KPa at 
temperature highs, particularly during thaw of the upper soil zone, 
between January 2 to January 6,1992, and March 5 to March 9, 
1992. 

During the thawing period in early March, a slight uplift of the 
central pavement portions was apparent, with subsequent 
longitudinal cracking of the pavement at the crest of these bulges. 



SUMMARY AND DISCUSSION 

The interface between an impervious membrane and underlying 
soil was exposed to temperature differentials, with initially colder 
temperatures above then below, in a laboratory model test and in 
the field. After the soil had been frozen for a period of time, 
thawing occuned from the surface downwards. In both situations 
high pore water pressures were measured during thaw, which in 
both cases were higher than the theoretical overburden pressure. 

The pore water pressures which were observed during freezing 
are not completely understood. However, as they are not of 
special interest for this study yhey will not be discussed further in 
this context 

The pore water pressures were measured at the soil membrane 
interface by using a thin plastic tubing, filled with antifreeze, 
which transferred the pore water pressures at the soil-membrane 
interface to a pore pressure transducer outside the measurement 
location. 

In the field, the impervious membrane was a 70 mm thick asphalt 
pavement and the soil a clean, gravelly sand, located two metres 
above the ground water table. 

The moisture contents in the soil after freezing were found to be 
the highest at the interface, with a maximum value of 16.6%, 
which is well above the saturation moisture content for the 
unfrozen soil. At a depth of 260 mm below the pavement the 
moisture contents reached a minimum value of 5.2%, which is 
about the same as the stabilized moisture for the thawed soil. 

) Compacted laboratory specimens of equivalent density stabilized 
; approximately the same moisture contents, after they were 
' allowed to drain for one to two days. 

The temperatures below the pavement followed closely the 
variations of the air temperature, but were largely constant below 
the shoulders. Thus, during earty thawing periods the soil 
immediately below the pavement was thawed, whereas the 
shoulders and the lower tying soil portions stayed frozen. 

The observed moisture, temperature and pore water pressure 
conditions below the pavement suggest the mechanism outlined 
on Fig. 6: In the fall, when the air temperatures were colder than 
the ground temperatures, the moisture present in the air voids of 
the soil condensed at the base of the pavement As long as the 
groundwas unfrozen the excess moisture drained away until the 
moisture was balanced by capillary stress in the soil. However, 
as soon as the ground temperatures fell below freezing, the 
condense water froze, and lead to an accumulation of ice In the 
voids of the soil portions near to pavement base. Condensation 
stopped as soon as all voids were filled with ice-crystals. It was 
rioted that more water accumulated in the upper soil zone than 
would be present in the saturated soil in its unfrozen state. Thus, 
when the ground started to thaw in early spring in its uppermost 
portion, more water than could be accommodated in the soil 
voids was trapped in between impervious frozen soil below and 
to the sides and the impervious asphalt layer above, resulting in 
high pore water pressures in the thawed soil portion. These high 
pore pressures reduced the shear strength of the base material 
and also lead to heave of the pavement and eventual failure. In 
high traffic areas large potholes developed at this time of earty 
thaw because the underlying thawed base did not provide any 

support due to Hs loss of shear strength. It should be noted that 
only very thin soil portions had thawed below the pavement and 
that the bulk of the base and the entire subbase were still solidly 
frozen. Thus, these damages cannot be related to poor drainage 
of the subbase. 

CONCLUSIONS 

Condensation of water at the interlace of pavements and base 
material may be a significant factor of leading to the development 
of pot holes during the initial thawing periods: Condensation will 
result in the accumulation of ice at the pavement soils interface, 
even in clean, well draining soil well above the ground water 
surface. Because in early spring this excess moisture cannot 
dissipate, high pore pressures develop, reducing the shear 
strength of the soil. Due to the reduced bearing capacity, failure 
of the pavement may occur. 

High pore pressures will develop only if the soil is over- saturated 
prior to thaw. Thus, if the void space of the base material would 
be sufficiently large to prevent condense-water from filling the 
voids completely, no excess pore water pressures would develop, 
and thus no reduction of shear strength. It Is believed that a 
coarse crushed gravel layer between pavement and the normal 
base material would provide sufficient void space to prevent 
saturation during thaw of the upper base material and thus loss 
in shear strength due to high pore water pressures. Research is 
ongoing to evaluate the efficiency of such a design. 

Excess pore water pressures could be also prevented if 
continuous drainage would be provided for the melt water below 
the pavement This condition, however, is more difficult to 
achieve in frozen ground. 
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Laboratoriepackning av frusen jord 

Peter Viklander 
Tekniska Högskolan i Luleå, Sverige 

Sven Knutsson 
Tekniska Högskolan i Luleå, Sverige 

SYNOPSIS: Packmngsförsök har utförts i laboratoriet med användande av frusen jord. Två jord
typer, sand och finkornig morän, frystes i form av olika stora jordkuber (5, 10 och 20 mm) vid -2 
och -10°C varefter de packades enligt modifierad Proaormetod. Packningen skedde i frysrum och 
resultaten visar att torrdensiteten avtar med ökad vattenkvot då jord är frusen, men att inverkan av 
olika stora jordkuber inte ger någon signifikant skillnad i tondensitet vid jämförbar vattenkvot 
Temperaturberoendet visade sig vara mindre jämfört med tidigare undersökningar. För att kunna 
uppskatta de deformationer som maximalt kan uppkomma vid tining har a-värdet introducerats. 

1. INLEDNING 

I de fall en fylkiadsjord läggs ut vid anlägg
ningsarbeten är jordpackningen det arbetsmo
ment som är avgörande för konstruktionens 
prestanda och livslängd om man helt bortser 
från undergrundens rörelser. Packning utförs 
med bästa resultat under sommarhalvåret 
Eftersom klimatet i Norden på många platser är 
sådant att 2-6 månader per år utgörs av vinter 
måste ibland packmngsarbeten utföras under 
ogynnsamma forhållanden. Utförs arbeten un
der vintern finns risk att frusna massor används 
eller att tjäle byggs in i konstruktionen, vilket 
kan bidra till att stora sättningar utbildas när 
den frusna jorden tinar. Vinterpackning accep
teras därför i huvudsak endast i konstruktioner 
där deformationer till viss del kan accepteras 
såsom i vissa vägunderbyggnader, parkerings
platser och jordvallar. I vägbyggnadssamman
hang finns relativt många exempel på arbeten 
som utförts under vintern, trots vetskapen om 
att packningsresultatet kan bli dåligt De fakto
rer som främst påverkar frusen jords pack-
ningskaraktMstika är primärt temperatur, 

vattenkvot och jordtyp, se Heiner (1972), 
Bemell (1965), och Fredriksson (1990). Se
kundärt påverkar även finjordshalt, packnings
arbete och typ av packnmgsutrusuting, Clark 
(1970) med flera. Ett antal författare har även, 
utan att närmare undersökt förhållandena, på 
sannolika grunder framfört att de frusna jord
klumparna och deras storleksfördelning också 
är faktorer som påverkar packningsresultatet 
se exempelvis Haas et al. (1978). 

I en undersökning utförd av Viklander och 
Knutsson (1993) påvisades att temperaturens 
betydelse för packningsresultatet var mindre än 
vad som tidigare visats i Utteraturen då pack
ning utfördes i en 24.3 liters packningscylinder. 

I ett flertal fältstudier bekräftas att de fakto
rer som främst påverkar packningsresultatet är 
temperatur, vattenkvot och jordtyp, se exem
pelvis Alkire et al. (1975, 1976), Haas (1988), 
Botz och Haas (1980), Magnusson och 
Knutsson (1992), Forssblad (1980) och Örbom 
och Lundgren (1973). 

Kan frusen jord packas så att acceptabla 
packningsresultat uppnås kan flera fördelar 
erhållas. Exempelvis uppnår man då bättre 
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sysselsättnings- och nyttj andegrad för både 
manskap och arbetsmaskiner, vilket leder tül 
mer optimala förhållanden. Man kan arbeta 
större del av året och nödvändig utrustning 
nyttjas då bättre och kan avskrivas snabbare. 
Sannolikt medför detta sammantaget att bygg
kostnaderna också blir lägre. 

Syftet med denna undersökning var att 
klarlägga vilka faktorer som påverkar pack
ningsresultatet genom packning av frusen jord i 
ett Idimatrum vid olika temperaturer med an
vändande av modifierad Proc torapparat 
Speciellt inriktades arbetet på att kvantifiera 
huruvida förekomst av frusna jordklumpar 
(jordkuber) av varierande storlek påverkar 
packningsresultatet 

1.2 Vågföreskrifter- vinterpackning 
Olika riktlinjer för hur vmterpackning bör utfö
ras vid vägbyggnad, om det överhuvudtaget är 
tillåtet gäller på olika platser i världen. Vissa 
länder tillåter inte vmterpackning alls, andra om 
slutresultatet blir tillfredsställande medan några 
har mycket liberala riktlinjer och accepterar 
användande av frusen jord även i vägens cent
rala delar. Generellt gäller dock principen att 
all frusen jord ska sorteras bort från övriga 
otjälade massor. Den bortsorterade jorden får 
användas i slänter utanför den centrala väg-
kroppen och som stabiliserande tryckbankar, 
Loveli och Osborne (1968) samt Havers och 
Morgan (1972). I Sverige var det tidigare i 
princip tillåtet att packa frusen jord, men sedan 
mtroduktionen av Väg 94 (1994) klargörs på 
ett tydligt sätt den omarbetade ståndpunkten, 
nämligen att: "Tjälade massor får inte placeras 
inom vägkroppen". I Norge har vägbyggama 
att rätta sig efter de anvisningar som är angivna 
i Vegnormalene 018 (1992), se även Rygg 
(1988). I kapitel 3 anges att: "Fyllinger bör 
normalt legges ut och komprimeres på ett slik 
måte at det Me oppstår egensettinger etter 
byggetiden, og slik att man oppnår störst mu
lig homogenitet i horisontal utsträckning". 
Finska vägverket har i likhet med de övriga 
nordiska länderna några rader med i anvis

ningarna som handlar om vinterutförande, 
Penger- ja kerrosrekenteet (1991). De finska 
anvisningarna innehåller både direktiv om 
packning samt utförande. Det är inte tillåtet att 
packa frusen jord, och speciellt framhålls att: 
"Bankfyllningar får inte innehålla snö, is eller 
frusna jordklumpar". Det är emellertid tillåtet 
att packa ofrusen jord under vmterförhållan-
den. Arbetet måste då utföras så att jorden inte 
hinner frysa och vidare anges att vattenkvoten i 
jorden maximalt ska vara 5-10%. I några ame
rikanska delstater och kanadensiska provinser 
är det däremot tillåtet att packa frusen jord i 
vägbanken, Bennett (1987). I exempelvis 
Minnesota är det tillåtet att använda frusna 
jordklumpar i en vägbank om klumparna är 
mindre än 150 mm och i Vermont får frusna 
berg- och grovkorniga jordar användas. Dess
utom får man i ett antal delstater lägga ut 
bankmaterial på frusen undergrund. Det finns 
även exempel på att vägmyndigheter valt andra 
restriktioner mot vägbyggande under vintern, 
Yoakum (1967). I Wisconsin är det till exem
pel förbjudet att överhuvudtaget bygga från 
senhösten fram till våren utom då grovkornig 
jord används och i New York får inga arbeten 
utföras mellan den första november och den 
första april I Saskatchewan är principen likar
tad och här får jordmaterial varken spridas ut 
eller packas om lufttemperaturen är lägre än 
+2°C (36°F). I Alaska anger anvisningarna att 
jordar som inte kan packas till tillfredsställande 
resultat bör betraktas som olämpliga, se 
Alaska standard specifications (1988). 

2. LABORATORIEPACKNING 

Vid försöken användes modifierad Proctor-
apparat, med cylindervolymen 943 cm3 och 
packningsarbetet 2.6 MJ/m3. Arbetet genom
fördes enligt SGF:s laboratorieanvisningar, 
Fagerström (1973). Ofrusen jord packades vid 
rumstemperatur (+20°C) och frusen jord i ett 
frysrum vid temperaturen -2 eller -10°C vid 
vattenkvoter mellan 0 och 15%. 

Jord blandades till förutbestämda vattenkvo-
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ter och forvarades så i ett dygn. Därefter frys
tes jorden i minst 24 timmar, bearbetades och 
packades vid vald temperatur. Med bearbetning 
avses ullverkning av jordkuber med olika 
kantmått De jordkuber som ingick i studien 
hade kantmåttet 5, 10 och 20 mm De fabrice
rades genom att jord vid en given vattenkvot 
placerades i en stålram. Jorden packades for-
siktigt in i ramen och jämnades av mot ramens 
överkant som hade samma höjd som kantmåt
ten på kuberna. Därefter genomstansades jor
den med ett tunt stålblad i form av ett rutmöns
ter och täcktes med plast for att förhindra av
dunstning. Jorden förvarades vid aktuell tempe
ratur i minst 24 timmar för att uppnå fullstän
dig genomfrysning, varvid den perforerade 
jordkakan enkelt kunde brytas ned till kuber. 
Sandkuberna var i det närmaste perfekta till 
formen vid vattenkvoter över 5-6%. Moränku
berna blev dock betydligt mer varierande i form 
och utseende på grund av den varierande 
sammansättningen av morän. Syftet med att fä 
relativt ensgraderade jordklumpar av varie
rande storlek uppfylldes dock. Efter avslutad 
packning ägnades avjämningsmomentet av 
överytan speciell omsorg så att rätt torrdensitet 
skulle bestämmas. Vid avjämningen kan frysta 
klumpar lossgöras varvid jorden luckras upp 
och hålrum uppkommer. Torr sand fylldes där
för i hålrummen och därmed kunde en exaktare 
massa Destämmas för den inpackade jorden. AU 
jord torkades därefter och den verkliga vatten
kvoten bestämdes. 

3. JORDMATERIAL 

Två jordmaterial, sand och finkornig morän, 
användes vid försöken. I Figur 1 redovisas sikt-

resultat för jordarna genom ett band för varje 
typ. Banden indikerar en övre och en undre 
begrånsningslinje inom vilka ett antal siktkur-
vor för respektive jordtyp innesluts. 

0.001 0.01 o.i in io 

Korn storlek (mm) 

Figur 1. Siktresultat för morän (d< 20 respek
tive d< 4.0 mm) och sand. 

I figuren redovisas två olika band för morän 
eftersom två olika maximala stenstorlekar 
{cT") användes. Dels morän med maximal 
stenstorlek 20 mm och dels en med manimal 
partikelstorlek av 4.0 mm. Den senare moränen 
användes främst för att möjliggöra tiUverkning 
av de frusna jordkuberna. Moränen med de 
större stenarna packades endast vid rumstem
peratur för att information om den "verklip" 
packningskurvan skulle erhållas. Material som 
passerade 0.063 mm sikt analyserades med en 
granulometer (typ Cilas). Moränen benämns 
enligt SGF:s laboratorieanvisningar "sandig 
siltig morän" (SasiMn) respektive "siltig mo
rän" (siMn), Karlsson och Hansbo (1984). Det 
ska poängteras att det är samma ursprungliga 
morän i båda fallen men att de olika benäm
ningarna uppkommer till följd av att den maxi
mala stenstorleken ändrats. I Tabell 1 samman
fattas jordamas geotekniska karaktåristik. 

Tabell 1. Karaktåristik ßr de undersökta jordmaterialen. 

Jordart cT1 

(mm) 
Benämning Tjälfarlig-

hetsklass* 
Ps 

(t/m3) 
d< 0.063 

(%) 
Graderings-
tal, C„ 

Sand mellan sand 1 2.66 2.5 1.9 
Morän 20 SasiMn 3 2.66 32.1 77 
Morän 4.0 siMn 4 2.66 41.6 98 

'enligt Väg 94 
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4. RESULTAT 

4.1 Ofrusen jord 
Resultat frän packning av ofrusen jord vid 
rumstemperatur med modifierad Proctormetod 
redovisas i Figur 2 och 3.1 Figur 2 är resulta
ten frän morän presenterade i form av två band 
bestående av ytterlighetsgränser inom vilka 
packnmgskurvoma innesluts. Det övre bandet 
är resultatet från packning av morän med 
maximala stenstorleken 20 mm och det undre 
bandet är motsvarande för packning av morän 
passerande 4.0 mm sikt 

1.80 

5 10 
Vattenkvot (%) 

Figur 2. Packningsresultat för morän (d< 20 
respektive d< 4.0 mm) vid rumstemperatur 
(+20°C) utförd med modifierad Proctormetod. 

Den grövre moränen gav ett för finkornig mo
rän typiskt samband mellan torrdensitet och 
vattenkvot med maximal torrdensitet (2.04-
2.10 t/m3) vid en optimal vattenkvot (6.3%). 
Spridningen inom bandet var som mest 0.09 
t/m3. Morän mindre än 4.0 mm, det nedre ban
det i figuren, gav däremot ett mer utdraget 
samband mellan torrdensitet och vattenkvot I 
det fallet uppkom inte den maximala torrdensi
teten vid en specifik vattenkvot utan snarare i 
ett vattenkvotsintervall mellan 4-9%. Däremot 
var spridningen inom bandet som mest endast 
0.05 t/m3. Noterbart är även att torrdensiteten 
generellt är lägre då jord utan sten packas. Ex
empelvis är torrdensiteten 15%-enheter lägre 
vid torr jord och motsvarande 5%-enheter vid 
optimal vattenkvot 

Motsvarande resultat från konventionell 
packning av sand redovisas i Figur 3. 

1.30 

I I I I I I I I I I [ I I N J 

Vattenmättnads-\ 
kurva — 

t i t t i i i i i \ i i i \ i t * i t 
5 10 15 

Vattenkvot (%) 
20 

Figur 3. Packningsresultat för sand vid rums
temperatur (+20°C). Packningen utfördes med 
modifierad Proctormetod. 

Sambandet mellan torrdensitet och vattenkvot 
är det förväntade vid packning av ensgraderad 
sand. Högst torrdensitet erhålls vid torrt re
spektive väl fuktigt tillstånd. Maximal torr
densitet var 1.69 t/m3 och spridningen var som 
mest 0.09 t/m3, vilket motsvarar 5.3% av 
maximal torrdensitet 

Jordarnas packnmgskaraktäristika, den 
maximala torrdensiteten och den optimala vat
tenkvoten, sammanfattas i Tabell 2. 

Tabell 2. Packningsresultat för morän och 
sand. 

Material dT* _ max 
PD 

w"" 
(mm) (t/m3) (%) 

Morän <20 2.04-2.10 6.3 
Morän <4.0 1.98-1.96 4-9 
Sand 1.67-1.69 0,w>15* 

* upp till vattenmättat tillstånd 

4.2 Frusen jord 

SAND 

Den frusna jorden bestod av jordkuber med 
storleken 5, 10 respektive 20 mm och de frys
tes och packades vid temperaturerna -2 och 
-10°C. Resultatet från packning av sandkuber 
vid temperaturen -2°C redovisas i Figur 4. 
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Figur 4. Packningsresultca ßr sand vid -2°C 
utförd med modifierad Proctormetod. 

Ur figuren kan noteras att torrdensiteten avtar 
med ökande vattenkvot enligt samma mönster 
som redovisas i Utteraturen, se Heiner (1972) 
och Bemell (1965) bland andra. Vidare kan 
noteras att spridningen är Uten, men för enstaka 
resultat är den stor, i första hand för vattenkvo
ter över 10%. Spridningen i resultat är dock, 
med undantag för ett par punkter, sådant att 
torrdensiteten inte kan sägas vara beroende av 
storleken av jordkuberna. Högst torrdensitet 
(1.70 i/m3) uppnåddes vid vattenkvoten 0%. 
Värdet vid vattenkvoten 3.7% avvek mycket 
från de övriga värdena och har därför lämnats 
utanför analysen. På grund av praktiska pro
blem vid frysningen av kuberna gjordes inga 
försök att uppnå vattenmättat tillstånd. Högsta 
vattenkvot som var möjlig att uppnå var 15.7% 
och detta motsvarar en vattenmättnadsgrad på 
41%. Störst skillnad i torrdensitet mellan 
packning av ofrusen och frusen jord var 0.41 
t/m3. Detta motsvarar 24% av maximal torr
densitet 

Packningsresultat från packning av sandku
ber vid -10°C visas i Figur 5. I detta fall avtar 
torrdensiteten något mer med ökad vattenkvot 
än vad som var faUet vid -2°C, se Figur 4. 
Dessutom är spridningen i resultat betydUgt 
mindre. För vattenkvoter över cirka 6-7% upp
nås nästan konstanta torrdensiteter med värden 
kring 1.30 t/m3. Skillnaden mellan uppnådd 
torrdensitet vid ofrusen respektive frusen jord 
var som mest 0.38 Vm3, vilket motsvarar 22% 
av maximal tondensitet Även vid -10°C upp

nåddes högst torrdensitet för torr jord, 1.70 
t/m3. 
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Figur 5. Packningsresultat ßr sand vid -10"C 
utförd med modifierad Proctormetod. 

MORÄN 
Motsvarande resultat från packning av morän 
vid -2°C redovisas i Figur 6. Även i detta fall 
noteras samma resultattrend, med en spridning 
mellan försöksresultaten som är större än en 
eventuell inverkan av kubemas storlek. Ur fi
guren bör man specieUt notera den skarpa 
gränsen vid vattenkvoten 2.5%. Vid högre 
vattenkvot uppnåddes höga torrdensiteter 
(1.80 t/m3) medan det för lägre vattenkvot re
sulterade i låga torrdensiteter (1.50 t/m3). Det 
senare innebär att skillnaden i torrdensitet mel
lan ofrusen och frusen jord vid vattenkvoter 
mindre än 2.5% var 0.3-0.4 t/m3. 
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Figur 6. Packningsresultat ßr morän (d< 4.0 
mm) vid temperaturen -2°C. 

Vid packning av morän vid-10°C erhölls ett 
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samband mellan torrdensitet och vattenkvot likt 
det vid den högre temperaturen, se Figur 7. 

1.40 

- i — i — i — r ZOO 

1.901- * 

l o o k *** , 

1 1 , 7 0 ' 

•o 1.60 hr 

g r 
E- 130 

i i i r T—i—r 

* * 

A 5 mm 
* 10 mm 
X 20 mm 

5 10 
Vattenkvot (%) 

15 

Figur 7. Packningsresultca för morän (d< 4.0 
mm) vid temperaturen -10"C. 

Precis som vid den högre temperaturen är skill
naden mellan grupperingarna av låga och höga 
torrdensiteter tydlig och ligger vid vattenkvo
ten 2%. Ett oväntat resultat som bör framhållas 
var att högre torrdensiteter erhölls vid vatten
kvoter mellan 2 och 6% vid temperaturen -10 
järnfört med vad som uppnåddes vid -2°C. 
Maximal torrdensitet var 1.90 t/m3 vilket mot
svarar 96% av maximal torrdensitet för ofrusen 
jord. 

5. DISKUSSION 

5.1 Deformationer 

Packning av frusen jord ger successivt sämre 
packningsresultat (lägre torrdensiteter) med 
ökande vattenkvoter. Detta är den mest väl
kända och dokumenterade effekten i litteratu
ren från packningsförsök liknande de i denna 
undersökning, se Viklander (1992). 

Förklaringen till de låga torrdensiteterna vid 
packning av frusen jord är främst att isen har 
hög hållfasthet och därför bildas stora luftfyllda 
porer i jorden som bidrar till att mindre massa 
fast substans finns per volymsenhet Denna 
effekt ökar med ökande vattenkvot och 
minskande temperatur eftersom isens hållfast
het då ökar och därmed motståndet mot god 
packning. Vid tillräckligt låga vattenkvoter är 
inverkan av is kring kornen så hten att speciellt 

grovkornig friktionsjord kan packas till accep
tabla torrdensiteter även i fruset tillstånd. 

Effekten av de låga torrdensiteterna som 
uppnås vid packning i fruset tillstånd är främst 
att stora deformationer utvecklas i jorden då 
den tinar. De maximala deformationer som kan 
uppkomma i en tinad jord motsvaras av att 
jorden erhåller den ofrusna, packade jordens 
torrdensitet Detta kan uttryckas med a-värdet, 
ekvation (1). a-värdet definieras som kvoten 
mellan torrdensitetsskillnaden mellan ofrusen 
och frusen jord och torrdensiteten i ofrusen 
jord vid samma vattenkvot 

a-värde 
PD PD 

(1) 

där ApD = Po" - Po vid vattenkvoten vv 
pp1 = torrdensitet för ofrusen jord vid 

vattenkvoten vv (t/m3) 
p£ = torrdensitet i fruset tillstånd vid 

vattenkvoten vv (t/m3) 

I Figur 8 redovisas a-värdet som funktion av 
vattenkvoten för de två jordmaterialen vid 
temperaturerna -2 och -10°C i detta försök. 

2*C 
^ - i o - c 

SAND 

5 10 15 
Vattenkvot (%) 

20 

Figur 8. a-värdet som funktion av vattenkvoten 
för morän respektive sand packad vid -2 och 
-10"C med modifierad Proctormetod. Ingen 
hänsyn har tagits till ursprunglig kubs storlek. 

I Figur 8 kan noteras att kurvorna för de olika 
temperaturerna nästan är parallella för sand och 
att skillnaden i a-värde är 2-3%. Den lägre 
temperaturen gav för sand kontinuerligt högre 
a-värden. För morän var formen på kurvorna 
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vid de olika ternperaturerna annorlunda, och 
skillnaden i a-värde var stor vid vattenkvoter 
större än 6%. Den lägre temperaturen indikerar 
ett maximalt a-värde, vid vattenkvoten 7% och 
för större vattenkvoter minskar a-värdet något 
för att plana ut vid deformationen 10%. Kon
sekvensen av relationerna som presenterats i 
Figur 8 är att en kompression på maximalt ca 
11-14% kan uppkomma om frusen morän, med 
vattenkvoten 5%, packas och tillåts tina. Dessa 
11-14% kompression behöver inte uppkomma 
första gången som fyllningen tinar, eftersom 
kompressionen även innefattar partikelomför-
delningar som inte nödvändigtvis initieras av 
iroptirdngsförloppet 

Resultat från ödometerförsök utförda på 
tinad jord som packats i fruset tillstånd har 
visat att de beräknade maximala kompressioner 
(a-värde) som kan uppkomma, enligt ekvation 
(1), är upp till 10% större än motsvarande 
uppmätta, Viklander och Knutsson (1994). 
Anledningen till denna skillnad är främst att 
partiklar inte kan omfördelas i statiska ödome
terförsök med förhindrad sidodeformation. 

5.2 Jordkuber 
Ett syfte med detta arbete var att undersöka 
hur packning av frusna jordkuber med varie
rande storlek inverkar på packningsresultatet 
Av det som redovisats i Figur 4-7 kan man se 
att inverkan av olika stora frusna jordklumpar 
inte ger någon systematisk effekt på de upp
nådda torrdensiteterna. För att illustrera inver
kan av kubemas dimension på packningsresul
tatet redovisas faktorn ß, ekvation (2), som 
funktion av kubstorleken i Figur 9. 

(2) 

där pb= torrdensitet för packning av 10 

p5™ = torrdensitet för packning av 5 mm 
kuber (t/m3) 

Variationen av ß för morän var betydligt 
större vid packning av 20 mm jordkuber jäm-

eller 20 mm kuber (t/m) 

fört med motsvarande packning av 10 mm ku
ber. Spridningen av ß vid packning av 10 mm 
kuber var 0.04, medan motsvarande för 20 mm 
kuber var 0.12. Spridningen för sand var där
emot densamma för de båda kubstorlekarna 
(ß=0.09). 

1.05 F- MORÄN SAND M O R Ä N SAND 
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1.00 h 
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1 
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*— -10*C —e— -2"C 

Kub storlek (mm) 

Figur 9. ß som funktion av kubstorlek vid 
packning med modifierad Proctormetod. 

Inverkan av olika stora jordkuber har även 
undersökts tidigare av Viklander och Knutsson 
(1993). Då packades jordkuber med storleken 
20, 50 och 100 mm in i en 24.3 liter stor in-
packriingscylinder med en ombyggd fallvikts-
apparat. Packningsarbetet per volymsandel jord 
var lika stort som det vid modifierad Proctor
metod. Resultaten visade även här att jordku
bernas storlek inte påverkar packningsresulta
tet, utan torrdensiteterna blir av samma storlek 
oberoende av kubstorlek vid jämförbar vatten-
kvot och temperatur. 

5.3 Temperatur 
I Figur 10 redovisas resultaten från Figur 4-7 
som fyra kurvor i ett diagram med torrdensitet 
som funktion av vattenkvot vid olika tempera
turer. 
Kurvorna är framtagna med kurvanpassning till 
samtliga redovisade packningspunkter. Ingen 
hänsyn har tagits till jordkubemas storlek på 
grund av deras obetydliga effekt 

På grund av det märkliga r^kningsre-
sultatet för morän, med en m t̂inkt vatten-
kvotsgräns mellan höga och låga vården på 
torrdensiteten, har kurvanpassningen utförts i 
två delar. För vattenkvoter upp till 2.0-2.5% 
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har ett linjärt samband mellan torrdensitet och 
vattenkvot etablerats. För högre vattenkvoter 
har ett fjärdegradspolynom använts. 

Vattenkvot(%) 

Figur 10. Torrdensitet som funktion av vatten
kvot. Kurvorna baseras på kurvanpassning för 
samtliga försök med samma temperatur och 
material. 

Kurvanpassningen för sand utfördes med ett 
tredje- och en fjärdegradspolynom. I Tabell 3 
sammanfattas förklaringsgraden (Rz) och 
använt polynom för de fyra kurvorna. 

Tabell 3. Förklaringsgraden (R2) för regres
sionslinjerna i Figur 10. 

Material Temperatur 
<°0 

R 2 (%) Polynom 
(grad) 

sand -2 86 4 
sand -10 98 3 

morän -2 91 4 
morän -10 97 4 

För sand uppkom ett samband mellan torr
densitet och vattenkvot, och mellan de båda 
temperaturerna, som överensstämmer med tidi-

/ gare undersökningar, se exempelvis Bemell 
(1965). För morän gav emellertid den lägre 
temperaturen de högsta torrdensiteterna för 
vattenkvoter över 2.5%, ett resultat som inte 
kan förklaras av materialets beteende utan be
ror troligtvis på så kallade laboratorievariatio
ner. Att torrdensiteten vid packning vid -10°C 
skulle bli högre än vid -2°C förefaller märkligt 
med hänsyn till att hållfastheten i jorden är 
högre vid lägre temperatur. 

Vid samtliga undersökningar som identifie
rats i litteraturen har jordtyp, vattenkvot och 

temperatur visat sig vara de faktorer som har 
störst inverkan på det slutliga packningsresulta
tet. Resultaten från denna undersökning, lik
som den av Viklander (1994), visar att tempe
raturberoendet är något mindre än vad andra 
studier i litteraturen indikerar. Detta framgår i 
Figur 11 där faktorn a redovisas som funktion 
av vattenkvot a definieras som kvoten mellan 
torrdensitet vid -2°C och den vid -10°C, enligt 
ekvation (3). 

där pD

2 c - torrdensitet vid -2°C vid vatten
kvoten w (t/m3) 

P D ° ° C - torrdensitet vid -10°C vid 
vattenkvoten vv (t/m3) 

Vattenkvot (%) 

1: MORÄN, efter Fredriksson (1990) 
2: SAND, efter Fredriksson (1990) 
3: Husby SAND, efter Heiner (1972) 
4: MORÄN, efter Heiner (1972) 
5: MORÄN, efter Viklander (1994) 
6: SAND, efter Viklander (1994) 
7: SAND 
8: MORÄN 

Figur 11. a som funktion av vattenkvoten. Re
sultat från likvärdiga försök i litteraturen har 
även inkluderats. 

En avgörande skillnad mellan försöken som 
motsvaras av kurvorna 5-8, och de övriga 
(kurva 1-4), är att ensgraderade jordkuber an
vänts vid försöken för kurvorna 5-8, medan 
osorterade klumpar av frusen jord packats i de 
andra. För morän, kurva 8 i Figur 11, är a un
der 1.0 på grund av det märkliga resultatet att 
packning vid -10°C gav högre torrdensitet än 
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motsvarande vid -2°C. Dessutom är variationen 
av a större än ror de andra ensgraderade jor
darna. 

6. SLUTSATSER 

Packning av frusen jord, sand och finkornig 
morän, ger lägre torrdensiteter än packning av 
ofrusen jord under forövrigt lika förhållanden. 
Uppnådd torrdensitet avtar med ökande vat
tenkvot 
Ingen signifikant sldllnad i torrdensitet erhölls 
då frusna jordkuber av storleken S, 10 och 20 
mm packades. 
Då jord som packats i fruset tillstånd tinar kan 
stora deformationer uppkomma. Den övre 
gränsen för dessa kan uppskattas med a-värdet 
För sand kan teoretiskt upp till 17% deforma
tion utvecklas och motsvarande för morän 18-
21%. 
Temperaturberoendet för de uppnådda torr
densiteterna efter packning visade sig vara 
mindre för sand än vad andra studier visat 
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Deformation and compaction of frozen soils 
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Luleå University of Technology Sweden 

ABSTRACT: Compaction of frozen soils are known to give fills with low densities. Therefore, relatively large 
deformations and/or differential settlements often occur when such a fill thaws. The most important factors 
influencing the obtained dry density, and consequently the thaw deformations, are compaction effort, 
temperature, water/ice content and soil type. A laboratory test program was carried out in order to quantify the 
different factors influencing the obtained degree of compaction, as well as the related thaw deformations. Two 
different frozen soils were studied, a sand and a fine grained till . Soil cubes with the side length of 50 mm were 
frozen at the temperature of -10°C. The cubes were compacted in frozen condition into an oedometer cylinder 
with the diameter of 250 mm. After compaction thaw was induced by placing the oedometer in room 
temperature (+20°C). After thawing, a step-loading procedure was applied to the sample. Compression during 
thaw was in the order o f 3-4 %, corresponding to 22-27% of the total recorded compression. After one 
freeze/thaw cycle, followed by the static oedometer testing procedure (to 640 kPa), the soil samples did only 
reach 37-64% of the compression which could be expected from dry densities obtained through a Proctor 
compaction procedure o f the unfrozen soil. This implies further deformations to be expected, even though the 
soil was subjected to static load after thaw. The water content of the soil was found to be the most important 
factor for the obtained dry densities and thus for the thaw compression's. 

1 INTRODUCTION 

Using a frozen soil in a construction is usually 
avoided. The reason is the low densities usually 
obtained when a frozen soil is compacted, compared 
to those obtained in an unfrozen soil. However, i f 
compaction o f frozen soil can be performed with 
acceptable result large benefits can be made. In road 
construction today, frozen soil is mostly permitted as 
reinforcement material on the embankment slopes, 
see e.g. Baker and Johnston (1981), Bennett (1987) 
and Havers and Morgan (1972). The restrictions 
consider the risk of getting large and/ or differential 
settlements in the final construction, due to 
insufficient compaction when the frozen soil thaws. 
Laboratory studies have shown that the most 
important factors influencing the compaction result 
of a frozen fill are water content, temperature and 
type of soil, see e.g. Heiner (1972) and Haas et. al. 
(1978). This have also been quantified in several field 
studies, see e.g. Alkire et al (1976), Botz and Haas 
(1980) and Haas (1988). However, only a few 
studies have been performed in order to study the 

importance of other factors such as the size and 
distribution of frozen lumps, compaction energy, 
method of compaction and laboratory testing 
methodology etc., Clark (1970) and Bernell (1965). 
Viklander and Knutsson (1993) have shown the 
effect on the compaction results when different sizes 
of frozen lumps were used at compaction. The tests 
were carried out by compacting frozen soil cubes 
with different side lengths, 20, 50 and 100 mm 
respectively. The results indicated that different cube 
sizes had a neglectable effect on the dry densities 
obtained. The most important factor for the 
compaction result was found to be the water content 
and this was relatively independent o f the 
temperature at compaction (-2 to -10°C). 

The present laboratory study has been carried out in 
order to quantify the thaw compression's in a frozen 
and compacted soil. An oedometer (Rowe-
oedometer) having a diameter o f 250 mm and a 
height of 250 mm was used. A frozen sand and a 
frozen till were compacted into the oedometer 
cylinder at the temperature o f -10°C respectively. 
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Figure 1. Equipment set-up used in the oedometer 
tests. 

0.002 0.03 0.2 2.0 20 

Particle size (mm) 

Figure 2. Grain size distribution curves for the sand 
and till used in the study. 

The deformations and soil temperatures were 
continuously recorded during thawing, and when this 
had ceased, a step-loading procedure was applied to 
the top surface of the thawed soil. In addition, 
laboratory compaction tests were carried out by 
using a fall-weight compaction apparatus having a 
compaction cylinder o f 24.3 dm 3 in volume. 

2 TEST PROGRAM AND MATERIALS 

2.1 Rowe-oedometer 

In order to make it possible to study the 
deformations for larger soil quantities a so-called 
Rowe-oedometer was used in this test. The 
oedometer cylinder had a diameter of 250 mm and a 
height of 250 mm. The soil was compacted into the 
cylinder at predetermined water contents and 

normally to a certain density. During testing, 
drainage is permitted through porous filters located 
at the top and at the bottom of the soil sample. On 
the upper soil surface a load plate is placed, thus 
guarantee an even applied load on the top surface. 
The vertical load is applied by an air pressure in a 
rubber membrane placed between the upper cover 
plate and the load plate. In the bottom of the 
membrane, a steel piston is placed in order to 
determine the vertical deformations of the soil during 
loading. From this the vertical compression is 
calculated by assuming constant sample diameter. 

2.2 Testprocedure 

Frozen soil cubes having a side length of 50 mm 
were compacted into the oedometer in four layers. 
The true water content at compaction was 
determined by three different samples. The soil was 
compacted by using a solid steel rod, having a mass 
of 23 kg. The rod had a drop height o f 300 mm. All 
soil cubes were crushed effectively and the upper soil 
surface was carefully adjusted before testing. After 
compaction, the obtained density o f the soil was 
determined. The equipment set-up is shown in figure 
1. 
After compaction a constant load o f 5 kPa was 
applied to the top of the soil sample and the 
oedometer was also stored in a cold room for at least 
24 hours at -10°C. The 5 kPa pressure was applied in 
order to make the upper surface as smooth as 
possible before testing. After temperature equilibrium 
was reached in the freezing-room, the soil filled 
cylinder was taken out and allowed to thaw in room 
temperature (+20°C). After thawing was completed, 
a conventional oedometer step-loading procedure 
was applied to the sample. 

The criteria for applying a new load step was either 
when the settlements had stopped or after 24 hours 
in time. The loads were doubled at each step from 5 
kPa to normally 640 kPa. 

Soil temperatures and settlements were continuously 
recorded. The temperatures were measured by 
thermo-coupples (type T) at the depths 50, 90 and 
130 mm in the centre o f the sample. Ambient 
temperature at freezing and thawing was also 
registered. 

2.3 Compaction 

The laboratory compaction tests were carried out by 
using artificially manufactured cubes o f frozen soils 
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at the temperatures -2 and -10°C respectively. The 
compaction equipment used, was basically a Proctor 
compaction equipment with an enlarged compaction 
cylinder having a volume of 24.3 litres. The 
compaction energy per unit volume of soil was the 
same as in the conventional, modified Proctor 
method. Al l the details are presented in Viklander 
(1994). 

2.4 Materials 

Two different soils were used, a sand and a fine
grained ti l l . The grain size distribution curves are 
shown in figure 2. 

In the figure each material is represented by a band 
obtained from a number of sieving tests. The bands 
indicate the limits within the individual granulometric 
curves were located. Table 1 summarises additional 
data for the soils. 

The frozen soil cubes were manufactured in wooden 
square moulds. Before producing the 50 mm soil 
cubes of the til l , all fractions (stones) bigger than 20 
mm were sieved-off. Thereafter, free of coarser 
material, the till was frozen and compacted according 
to the procedure described. 

3 RESULTS 

3.1 Compression 

Sand 

Results obtained from the oedometer tests on the 
sand is shown in figure 3. One conventional 
oedometer test was carried out for unfrozen soil at 
room temperature (+20°C); test 1 and two tests (2 
and 3) were carried out for frozen, compacted and 
then thawed sand. The material was compacted at 
-10°C in the form of 50 mm cubes. 

Results obtained from using unfrozen soil, the upper 
curve, shows that deformation is first noted at the 
load of 20 kPa. The relation between deformation 
and load in this type o f diagram is almost linear, but 
for the largest loads a slightly curved relation was 
obtained. The final deformation was much larger for 
the samples compacted in frozen state and thereafter 
thawed, see the two lower curves in the figure. 
Merely due to thaw, when the soil was loaded by 5 
kPa, 3%-units of the deformation were developed. 
For a increased load up to 80 kPa no further 
deformation was obtained. However, larger loads 

Table 1. Characteristics for the soils used. 

Parameter Sand Till 

named as middle sand sandy silty Till 

P s ( t / m 3 ) 2.66 2.66 

32 
d6c/dio 1.9 77 
d< 0.063 2.5 32.1 

Po 1 "» (t/m 3) 1.72 2.15 

Load (kPa) 
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—s 
S i -

\ -t 1 

c K3 

T E S T I 
TEST2 
TESTS 

, + 20 
10 
10 

"C 
° c 
- c 

Figure 3. Oedometer tests carried out for the sand at 
+20 and -10°C, respectively. 

Table 2. Dry density and water content for the sand 
prior to testing. 

Test 
number 

T 

CQ 
w 
(%) 

PD 
(t/m 3 ) 

Sr 
(%) 

Test 1 +20 6.6 1.57 25.1 

Test 2 -10 7.2 1.32 18.9 

Test 3 -10 7.7 1.35 21.0 

gave deformations o f much larger magnitude 
compared to results obtained from using unfrozen 
soil. The final compression for the two thawed 
samples was 11 and 12% respectively. In table 2 are 
water content and dry density prior to testing shown. 

Till 

Results from corresponding Rowe oedometer test 
carried out for till is shown in figure 4. 

Slightly larger deformations was obtained when 
loading the t i l l compared to sand at test at room 
temperature by using unfrozen soil. This despite the 
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Figure 4. Rowe-oedometer tests carried out for till 
at +20 and -10°C, respectively. 
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Figure 5. Compaction results from sand at the 
temperature -10°C. 

fact that this test was interrupted at the load 320 kPa, 
see upper curve in figure 4. The compression 
increased continuously from the lowest load and was 
as most 3.4% at the 320 kPa load. Results obtained 
from using thawed soil samples showed that the till 
was much more compressible compared to the case 
for sand. The compression due to thawing was 
approximately 4.0% in the two tests. Loading up to 
20 kPa after thaw developed almost none 
deformation in one sample (Test 4), while increased 
2% in the other test (Test 5). For loads above 20 kPa 
a significant deformation occurred at each step. The 
final compression was 10.3 and 18.2% respectively. 

Table 3. Dry density and water content for the till 
prior to testing. 

Test 
number 

T 

CO 
w 

(%) 
PD 

(t/m 3) 

Sr 
(%) 

Test 4 -10 7.5 1.61 30.7 
Test 5 -10 7.0 1.65 30.6 
Test 6 +20 8.0 2.12 83.1 

In table 3 are water content and dry density prior to 
testing shown. 

3.2 Compaction 

Sand 

Figure 5 shows the results from the compaction of 
the sand at -10°C. The relationship between dry 
density and water content, shows the same pattern as 
what is known from several earlier investigations, see 
e.g. Viklander (1992). 

In the figure results from the tests with three 
different soil cube sizes are marked. The difference 
between the dry densities obtained are small, and no 
systematic difference in dry density can be found 
between different cube sizes. 

Till 

The compaction of the frozen till gave continuously 
decreasing dry densities with increasing water 
contents, which can be seen in figure 6. 

The influence of the different soil cubes, when 
compacting the fine-grained till, gave the same result 
as the compaction of the sand did, i.e. no significant 
effect on the dry densities could be observed. The 
relation between dry density and water content was 
more linear than for the sand. 

4 DISCUSSION 

The compaction results presented here as well as 
elsewhere, indicate that it is not possible to compact 
a frozen soil to the same dry density as an unfrozen 
soil i f ice is present. The reason for this is basically 
the negative effect of the strength of the ice. A 
consequence of the lower dry densities obtained 
when compaction is carried out under frozen 
conditions is that settlements will develop when the 
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soil thaws. The maximum theoretical settlement 
during thaw, can be estimated on the assumption that 
the thawed soil can reach the same dry density as that 
for the unfrozen soil at the same water content. This 
relationship has been established by Viklander and 
Knutsson (1993). The maximum compression is 
expressed as the a-value in equation (1). 

a-value : . A £ a = JBdL 
(1) 

where APD = PD1"1" Po f a t w a t e r content w 
p D ™ = dry density for the unfrozen 

soil at water content w 
PD F = dry density in frozen condition 

at water content w 

< , 2 . 1 0 

C 
o 

t t 2 . 0 0 

f « - 9 0 H 

c 
OJ 
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>> 

a 1.70 i 
1.60 
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A p D was determined from compaction test data for 
tests carried out at +20, -2 and -10°C. In figure 7, the 
calculated a-value is plotted as a function of the 
water content for the two materials studied at the 
temperatures -2 and -10°C. 

Figure 7 shows, that the maximum possible 
settlements in a sand compacted at the water content 
of 5% and at the temperature of -2°C is 8%, while 
the same sand compacted at -10 °C will give rise to a 
maximum compression o f 10%. The corresponding 
values for the till are 11 and 13%. 

As shown in figure 7, lower temperatures gave 
higher a-values than higher temperatures. Further, it 
can be noted that the curves connecting data for the 
two temperatures are almost parallel and the 
difference in a-value is 2-2.5%. The maximum a-
value for the t i l l , at the water content o f 8-9%, is a 
consequence o f the peak value in the dry density 
versus water content curve for unfrozen soil. This 
peak is visible in figure 7 due to the fact that 
compaction o f frozen soil gave continuous 
decreasing dry densities at increasing water contents. 

An alternative method of expressing the maximum 
possible compression during thaw can be made by 
using the TD-ratio defined in equation (2). 

T D ; 
PD 

(2) 

where p D

T = dry density obtained at temperature 
T and water content w 

p D

m a x = maximum dry density at +20°C 
and optimum water content 

Figure 6. Compaction results of till at the 
temperature -10°C. 

_ 35 

10 15 o 20 
Water Content (V.J 

Figure 7. Relationship between the a-value and the 
water content for the till and sand used in 
this study. Compaction was carried out by 
using the enlarged fall-weight method. 

Figure 8 shows the TD-ratio versus 
content for the two material studied. 

the water 

For water contents lower than approximately 6%, the 
curves in figure 8 are in close agreement independent 
of temperature and type o f soil. The TD-ratio is 
decreasing with increasing water content by a factor 
o f i n average 0.17. As a consequence, compaction at 
water contents lower than 6 % the same magnitude 
of degree of compaction can be obtained independent 
of material and temperature. At water contents larger 
than 6%, the difference between the two materials 
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Figure 8. TD-ratio versus water content for the till 
and sand. Compaction by using the 
enlarged fall-weight method. 

Table 4. Compression developed during initial thaw 

Material ethaw (o / o) Part of e t o t (%) 
Sand 3 27 
Till 4 22 

Table 5. Parameters for calculating the a-value, and 
a comparison between the calculated and measured 
compression. 

Test Soil PD""1 Po f s(%) 
(t/m 3) (t/m 3) a-value (%) 

2 sand 1.65 1.32 20.0 9.8 
3 sand 1.65 1.35 22.2 8.2 
4 till 2.11 1.61 23.7 7.8 
5 till 2.13 1.65 22.5 15.0 

a-value= 21.1°/„ (sand) 

Q S B D s a n d test2 
*++-*-* sand test3 
DDOOQ till test4 
• » • > • till test5 

5 10 20 40 80 160 320 640 
Load (kPa) 

Figure 9. Ae versus the applied normal stress. As is 
the difference in compression between soil 
loaded in thawed condition and never 
frozen soil. 

are more clear. To water contents in the order of 12 
%, the TD-ratio decreases less for the sand than for 
the till. This indicate, that the risk of getting large 
deformations at high water contents while 
compacting a till in frozen condition is greater than i f 
frozen sand is compacted. 

Results from the oedometer tests presented in figure 
3 and 4, show that a large portion of the total 
compression is developed during initial thaw, 22-27 
%, which also is summarised in table 4. 

By loading the thawed soils, much larger 
compressions were obtained compared to those 

measured when unfrozen soil was used. The relation 
between the two are in the range of 4.5 - 4.8, 
meaning the compression in thawed material is 4.5-
4.8 times larger than in the never frozen material. 

By using the a-value in equation (1), the maximum 
possible theoretical compressions can be calculated 
and compared to those obtained in the oedometer 
tests, see table 5. 

p D

u n is the average dry density obtained by using the 
enlarged compaction apparatus and p D

f is the dry 
density in the different oedometer tests. The 
difference in compression between the unfrozen soil 
and in the frozen/thawed soil is given as Ae1™*. This 
value is therefore to be compared with compressions 
calculated from the a-value. 

In figure 9 the difference in compression As, defined 
as the difference between the never frozen and the 
frozen/thawed soil, is plotted versus the applied 
vertical stress in the oedometer test. 

The calculated a-values for sand and till respectively, 
are also marked in figure 9. The dotted and the solid 
lines indicate the magnitude of maximum possible 
compression for the two materials, in order to make 
a comparison easier with the measured values. The 
increase in As with increasing stress decline at large 
stresses and seem to reach some limit value. This had 
probably been more distinct i f the oedometer tests 
had been carried out at larger stresses. The 
differences between the a-values and the measured 
compressions are significant and in the range o f 10%. 
Therefore, we cannot directly compare test results 
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from a static oedometer test with results obtained 
from compaction tests by using a dynamic fall-weight 
method. On the other hand, static tests may serve as 
an indication of the deformations that may occur in 
an embankment compacted of frozen soils which then 
thaws. However, it is not clear today whether the dry 
density obtained by the dynamic compaction methods 
represent the ultimate density reached after a number 
of freeze/thaw cycles or i f the static tests give a 
better picture of what the final conditions will be. I f 
the deformations due to thaw are estimated upon the 
dynamic tests, and the corresponding a-values, this 
will give an upper limit o f the possible deformations. 

5 CONCLUSIONS 

No difference in obtained dry densities were found 
when cubes o f frozen soil, with different sizes, were 
compacted. 

Large deformations are developed at thaw in a soil 
being compacted in frozen condition. For the two 
types of soils studied, sand and til l , the vertical 
compression obtained after thaw and after loading in 
accordance with traditional oedometer tests, were 
8% and 15%. 

At thaw, 3.0% of compression was developed in the 
sand and 4.0% in the till, corresponding to 27% and 
22% of the total compression measured in each 
material. 

The a-value, eq. (1), can be used to estimate the 
largest possible compression in a soil compacted in 
frozen condition which then thaws. Compressions 
measured in the static oedometer tests only reached 
values being 33-66% of values calculated from the a-
values. 
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Laboratory study of the compaction properties of frozen soils 

P Viklander & S. Knutsson 
Luleå University ofTechnology, Sweden 

ABSTRACT: Compaction of frozen soils is known to be difficult. Studies have shown that the ob
tained dry density is strongly dependent on the temperature, water content and soil type. It was as
sumed that also the size of the frozen lumps had a significant influence on the dry densities obtained. 
In order to make it possible to compact larger fractions, i.e. lumps of frozen soils, a new enlarged 
fall-weight compaction apparatus, of 24 litres in cylinder volume, was constructed. In the study, a 
sand and a fine-grained till were used The soils were frozen, at the temperatures -2 and -10°C, in 
special wooden moulds in order to produce soil cubes with different lengths (20, 50 and 100 mm re
spectively). The results show that the obtained dry densities after compaction decreases with increas
ing water content and decreasing temperatures. However, the influence of the frozen lumps (different 
cubes), did not affect the compaction results as the same dry density was obtained independent of the 
size of the soil cubes. It is therefore concluded, that the size of the frozen lumps do not affect the 
compaction results. 

1 INTRODUCTION 

In cold region areas, the interest for earthwork 
during wmter-time is increasing. This also in
volves the possible use of freezing and frozen 
soils in embankment construction. If this is pos
sible with an acceptable result the benefits for 
the contractors should be substantial: the con
struction season is lengthened, a better exploita
tion of the special construction machinery and 
equipments, and thus a better economy, see e.g. 
Havers and Morgan (1972), Haas (1988) and 
Lovell and Osborne (1968). However, most of 
the specifications concerning winter earthwork 
construction, have restrictions when a frozen soil 
is to be used. 
A frozen soil is mostly only permitted as a rein
forcement fill on the sides of the embankment, 
see e.g. Baker and Johnston (1981) and Bennett 
(1987). The restrictions are reflecting the risk of 
getting large and/or differential settlements in 
the final construction, due to insufficient com
paction when the frozen soil thaws. 

Studies have shown that the most important 
factors influencing the compaction result of a 
frozen fill are water content, temperature and 
type of soil, see e.g. Heiner (1972), Bernell 
(1965) and Botz and Haas (1980). Field investi
gations have shown similar results, even though 
it often has been difficult to draw very clear 
conclusions due to natural variations in the 
weather conditions, soil materials and construc
tion method used, Magnusson and Knutsson 
(1992), Forssblad (1980) and Alkire (1976). 
However, the influence of other factors are rela
tively unknown. Some authors have pointed out 
and recommended further investigations in order 
to clarify the influence of frozen lumps on the 
compaction results, Haas (1978). 

This smdy has been done in order to identify and 
quantify the effect of the frozen lumps on the 
compaction results for two types of soils, a sand 
and a fine-grained till, both from northern 
Sweden. A conventional fall-weight compaction 
apparatus was rebuilt and the cylinder enlarged, 
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in order to facilitate compaction of larger frac
tions and quantities of soil, than what the con
ventional Proctor method admits. The enlarged 
apparatus has a cylinder volume of 24 dm3 (the 
conventional volume is normally 1 dm3). The 
soils were compacted at different temperatures 
(-2 and -10°C). Before testing the soils were 
frozen in wooden moulds, producing soil cubes 
of 20, 50 and 100 mm in length. All compaction 
work was performed in a freezing room. 

2 EQUIPMENT, METHOD AND MATERIALS 

2.1 Compaction apparatus 

When compacting a soil in the laboratory by 
using a conventional (Proctor) apparatus, frac
tions larger than 20 mm are usually sieved off. 
This is done due to the relatively small compac
tion cylinder. In order to facilitate compaction of 
larger particles as well as larger quantities of 
soils, a laboratory compaction fall-weight appa
ratus was rebuilt and enlarged. The enlarged ap
paratus has a compaction cylinder of 24.3 dm3 in 
volume, with a diameter of 313 mm and height 
316 mm, see figure 1. 
The new apparatus has thus the same relation
ship between the height and diameter of the 
compaction cylinder as in the conventional one, 
as well as the relation between the tamper di
ameter and compaction cylinder is kept the 
same. In addition, the compaction energy per 
unit volume of soil was also kept constant in or
der to make it possible to compare compaction 

Figure 1. The conventional, 1 dm3 compaction 
cylinder (left) and the enlarged cylin
der (right). 

results obtained by the two test procedures. The 
mechanical turning mechanism was replaced by 
an electrical motor and a switcher, due to the 
heavy load of the soil-filled enlarged cylinder. 
The soil was compacted in five layers by 134 
drops per layer. The drop height was 450 mm, 
and the mass of the fall-weight was 21.6 kg. 

2.2 Testprocedure 

All the laboratory work was performed in ac
cordance with common Swedish laboratory 
standards, Fagerström (1973). An electrical 
mixer was used when water was added to the 
soil before testing. After mixing with water, the 
soil was put into wooden moulds and taken to 
the freezing room in order to produce cubes of 
different sizes. This resulted in three types of 
cubes, with the side length of 20, 50 and 100 
mm respectively, see figure 2. 
The soil was kept in the freezing room for at 
least 48 hours and for the highest water contents 
even longer. The two largest types of cubes were 
easily removed from the moulds. The 20 mm 
cubes were obtained in two different ways, de
pending on the type of soil. In the case of sand, 
the soil was spread out to an appropriate thick
ness and a square pattern was formed before 
freezing by pressing a thin steel blade through 
the soil. Thereafter, the soil was frozen, and the 
cubes were easily formed. In the case of till, this 
procedure was more difficult due to stones with 
the maximum size of 20 mm. Therefore the soil 
was spread out and compacted to a thickness of 
20 mm and then frozen. Frozen lumps were ob
tained by crushing the frozen soil cake by a 
hammer. From a visual inspection it was con
cluded that all pieces had a size of approximate 
20 mm. 

Figure 2. Cubes of frozen sand with side length 
of 20, 50 and 100 mm respectively. 
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All the freezing and compaction work was done 
in the coldroom at the pre-determined tempera
tures, i.e. -2 and -10°C. The temperature was 
continuously recorded by a thermograph. 
When the upper surface of the compacted soil 
was adjusted, stones and frozen lumps tended to 
loosen. This was compensated by filling the 
created voids with moist sand. The mass of the 
fully compacted cylinder was in the enlarged 
case measured by a specially designed balance 
equipment, having an accuracy of+/- 50 g. 
In order to determine the true water contents 
after compaction, samples were taken from four 
depths: 0, 100, 200 and 300 mm below the upper 
surface. An average water content was then 
calculated from the four samples taken. When 
these samples were taken out from the com
pacted and frozen soil, an electrical chisel-
hammer had to be used. 

2.3 Materials 

Two soils were used, a sand and a fine-grained 
till both frequently used for construction work 
in northern Sweden. Results from the granulo-
metric tests are shown in figure 3. 
In figure 3 each material is represented by a 
band obtained from a number of sieving tests. 
The bands indicate the limits vvithin which the 
granulometric curves were located. Table 1 gives 
some additional data for the soils. 
Before producing cubes of the till, all fractions 
(stones) bigger than 20 mm were sieved off. 

Table 1. Characteristics for the soils used 
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Thereafter, free of stones, the till was frozen and 
compacted according to the procedure described. 

3 RESULTS 

3.1 Sand and till compaction at room tempera
ture 

In figure 4, a comparison is shown between the 
compaction results obtained from a conventional 
Proctor apparatus with results from the enlarged 
apparatus. Compaction of the frozen soil was, 
however, only carried out in the enlarged 
cylinder. 

The two lower bands in figure 4 show the vari
ation of the dry densities for the sand. 
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Figure 4. Compaction results for the sand and 
the till at +20°C, obtained when the 
conventional and the enlarged appara
tus were used. 

Figure 3. Grain size distribution curves for the 
sand and till used in the study. 
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The lower band represents the dry densities 
obtained by using the conventional apparatus, 
while the upper band show the result when the 
enlarged apparatus was used. The two bands are 
drawn from 20 and 26 points respectively. The 
band obtained from the enlarged apparatus is 
almost parallel with the band obtained from the 
conventional apparatus, but the difference 
between the two is significant. The difference is 
as most 0.15 ton/m3 or 8% of the maximum dry 
density. The variation in dry density vvithin each 
band is not exceeding 0.06 ton/m3, 
corresponding to 4% of the maximum dry 
density. 
In figure 4 the result from the compaction of the 
fine-grained till is shown as the upper two 
bands. Each band was obtained from 24 to 28 
compaction points. 
The same pattern was found here, as for the 
sand. The difference in dry density obtained by 
the two methods was as most 0.09 ton/m3, or 5% 
of the maximum dry density. However, in the 
case of till the variation within each band was 
slightly higher than for the sand; as most 0.08 
ton/m3, corresponding to less than 5% of the 
maximum dry density. 
The maximum dry density and optimum water 
content were evaluated for the both methods, 
and the result is shown in table 2. 

Table 2. Variation of maximum dry density 

Material Conventional Enlarged 
Till 2.04- 2.10 2.12-2.17 

Sand 1.63-1.64 1.70- 1.74 

In the till, the evaluated optimum water content 
was around 6% independent of method used. 

3.2 Compaction of frozen sand 

Figure 5 shows the results from the compaction 
ofthesandat-2°C. 
The relationship between dry density and water 
content, shows the same pattern as what is 
known from several earlier investigations, see 
e.g. Viklander (1992). 
In the figure, the results from the tests with the 
three different soil cube sizes are marked. The 
differences between the dry densities obtained 
are small, and no systematic difference in dry 

13 1.60 
o 

1.50 

C 

o 

1.30 4 

Saturation 
curve 

10 15 20 25 30 
Water Content (%) 

DDDQü 20 mm cubes. -2"C 
ooooo 50 mm cubes. -2*C 

100 mm cubes. -2*C 

Figure 5. Results from the compaction of sand at 
-2°C. 

density can be found between the different cube 
sizes. All three types of cubes gave a smooth 
relation between dry density and water content. 
The maximum difference in dry density between 
all the 53 test points are 0.01-0.09 ton/m3, de
pending on the water content. This corresponds 
to 1-5% of the maximum dry density for the fro
zen soil. 

The highest dry density was obtained for the 
completely dry and frozen soil, 1.70 ton/m3. The 
difference in obtained dry density when com
pacting frozen and unfrozen sand, was as most 
0.37 ton/m3. The highest water content which 
could be handled in the case of frozen sand was 
25%. 

Figure 6 shows similar results, when the sand 
was compacted at -10°C. 

The relation between dry density and water 
content is very similar to what was found for the 
compaction at -2°C. Again, no significant differ
ence in obtained dry density could be found 
between the frozen cubes with different sizes. 
The 50 mm cubes seemed, however, to give 
slightiy higher dry density in the whole spectrum 
of water contents than the other cubes. However, 
the variation between all the test results is to 
large to take this observation as definitive. As in 
the case of -2°C, the highest dry density value 
was obtained when the soil free from water was 
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Figure 6. Compaction results from sand at the 
temperature -10°C. 

Figure 7. Results from compaction of till at the 
temperature -2°C. 

compacted. The value coincide with that ob
tained for unfrozen sand. 
The variation in dry densities was 0.01-0.07 
ton/m3 depending on the water content. This cor
responds to a difference of 1-4% in dry density, 
related to the maximum value in frozen condi
tion. 
The difference in obtained dry density when 
compacting frozen and unfrozen sand at -10°C, 
was as most 0.40 ton/m3. 

3.3 Compaction of frozen till 

The compaction of the frozen till gave continu
ously decreasing dry densities with increasing 
water contents, which can be seen in figures 7 
and 8. 
The influence of the different soil cubes, when 
compacting the fine-grained till, gave the same 
result as the compaction of the sand did, i.e. no 
significant effect on the dry densities could be 
observed. 
In the case of till the relation between dry den
sity and water content is more linear than for the 
sand. The variation for all the test results, in
cluding also the influence of the different cube 
sizes, is of the same order of magnitude as for 
the sand. For all the 44 compaction points on till 
at -2°C, a variation in dry density of 0.04-0.12 
ton/m3 was obtained, corresponding to a differ
ence of 2-6% in dry density. 
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Figure 8. Results from compaction of till at the 
temperature -10°C. 

The difference in dry density between frozen 
and unfrozen soil was as most 0.44 ton/m3 and 
the highest water content which could be han
dled in the case of frozen till was 13%. 

At water contents above 8%, at the testing 
temperature of-10°C, the deviation in test results 
are larger than at lower water contents, and are 
also larger than that at -2°C, see figure 8. 
The 100 mm cubes seemed to give the largest 
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dry densities for water contents below 8%, but 
the differences are very small. The obtained dry 
densities, for the 38 compaction points, varied 
between 0.01-0.09 ton/m3 depending on water 
content, which corresponds to 1-6% in dry 
density. 
The largest difference in dry density between 
compacted soil in frozen and unfrozen condition 
was 0.46 ton/m3 at the water content of 11%. 

4 DISCUSSION 

As shown in figure 4 a significant difference in 
obtained dry density was achieved between the 
two compaction cylinders used at the testing 
temperature of +20°C. The difference corre
sponds to 5% and 8% of the maximum dry 
density for the till and sand respectively. The 
differences are explained by boundary effects 
due to the interface contact between the soil and 
the steel in the compaction cylinder. In the case 
of the small cylinder the soil/steel surface per 
unit volume of soil is approximately four times 
larger than in the big 24 litre cylinder. Therefore 
the friction is also higher and the obtained dry 
densities lower. It is the authors opinion that this 
difference in maximum dry density should be 
taken into account when the degree of com
paction is evaluated for an embankment com
paction. 

In the case of till, the variation within each band 
of data points was slightly greater than was the 
case for the sand. 
This is explained by the fact that stones kept 
loosen when the compacted surface was adjusted 
before weighing. This tendency was also pro
nounced when the frozen soil was compacted 
due to the presence of frozen lumps. In order to 
reduce the effect of these voids, the upper sur
face was adjusted by filling the voids with moist 
sand, but the compensation was obviously not 
complete. 

When the frozen soil was compacted at high 
water contents a large part of the 20 and 50 mm 
soil cubes were still uncrushed after compaction. 
The 100 mm cubes, were in each test crushed 
significantly due to the fact that just four to five 
cubes were used to produce one layer. Each 
cube is therefore subjected to higher stresses as 

the number of contact points are smaller com
pared to the case with smaller cubes. When the 
small cubes were compacted some type of reori
entation occurred, causing some compaction. 
After 30-50 fall-weight drops, the soil layer be
came intact, and the cube movements were 
ceased. Up to approximately 25% of the small 
sized cubes were visually judged as being in 
perfect shape after compaction at water contents 
above 9-10%. This can to some extent explain 
the result that the cube size do not have any, or 
at least very little, effect on the dry density ob
tained after compaction, which is depicted in 
figure 9. 
ß in the figure is defined from equation (1). 

PD' 
( i ) 

where pD'=dry density from using 50 or 
100 mm cubes. 

pD

2 0 = dry density from using 20 
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Figure 9. ß versus cube size in the tests. 

The authors therefore believe, that the density of 
the individual soil cube has a large influence on 
the final dry density of the compacted soil. A 
second explanation to the independence of cube 
size, is the use of the enlarged compaction appa
ratus. The influence of this new apparatus has, 
in this aspect, to be analysed. 

For low water contents, approximately below 
5%, the amount of water was to low to produce 
perfectly shaped cubes, due to insufficient 
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strength in the frozen soil. Therefore, when 
compacting soil with a low water content, the 
lump size do not at all influence the compaction 
result and the densities obtained are very close 
to those obtained using unfrozen soils. 
For cubes having a higher water content, close to 
the complete degree of saturation, the variation 
in results are larger than for dry soils. This is not 
surprising since samples near saturation often 
consists of voids or lenses of pure ice. This 
causes an inhomogenus soil and a large local 
variation in the water content, producing to high 
water contents for the complete soil, and mis
leading dry densities. 
The results presented in figures 5-8, are in figure 
10 presented by four curves in a dry density ver
sus water content plot, as the "best fit" to all the 
data points. A significant difference in dry den
sity at different temperatures appear. 
The difference in dry density, when decreasing 
the temperature from -2 to -10°C, was as most 
0.06 ton/m3 for the till and 0.05 ton/m3 for the 
sand. The curves in the figure were obtained by 
regression analysis, using a polynomial of order 
three in case of till and a fourth order polyno
mial in case of sand. The degree of explanation 
(R 2 ) was 97% for all the curves plotted. It should 
be emphasised, that the obtained difference in 
dry density, when the temperature was decreased 
was not of the same order of magnitude as in 
earlier studies, see figure 11. 
In figure 11 some results from other studies are 
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Figure 10. Dry density versus water content pre
sented as the best fit curves for dif
ferent temperatures. 
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Figure 11. Relation between obtained dry densi
ty at different temperatures as a func
tion of the water content. 

also included, a in the figure is defined as the 
ratio between the dry density obtained at -2°C 
and -10°C, at the same water content. It is obvi
ous that the results from our study show a much 
less temperature dependency than what was 
found in other studies presented in the literature, 
e.g. Heiner (1972), Alkire et al. (1975), Berneil 
(1965) and Clark (1970). An explanation for this 
might be our use of the enlarged Proctor appara
tus. Earlier studies have, to our knowledge, been 
performed by using a conventional equipment. 
However, the influence of the enlarged appara
tus on the temperature dependency is not yet 
fully understood. 

As shown in previous figures, a frozen soil can
not be compacted to the same dry density as an 
unfrozen soil. This implies, that settlements will 
occur when a fill, compacted while frozen, 
thaws. The maximum settlement takes place 
when the thawed soil reaches the same dry 
density as the unfrozen soil, and is here ex
pressed as the a-value, equation (2). 

Ap pr 
a-value= —=1-— (2) 
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where Ap= difference in dry density 
between compacted unfrozen 
and frozen soil respectively, 
at water content w. 

Pun= dry density for the unfrozen 
soil at water content w. 

pf= dry density in frozen condi
tion. 

Ap was determined from compaction data from 
tests carried out at +20, -2 and -10°C. 
In figure 12, the calculated a-value is plotted as 
function of the water content for the two mate
rials and temperatures analysed in the study. 

Water content (%j 

Figure 12 Relation between the a-value and 
water content for the tested till and 
sand. 

Lower temperatures gave higher a-value than 
higher, which was to be expected due to the fact 
that the dry densities after compaction decreased 
with decreasing temperature. As shown in figure 
12 the curves for the two temperatures were al
most parallel and the difference was around 2-
2.5% in a-value. The peak in a-value, at a water 
content of 8-9%, for the till, is a consequence of 
a corresponding peak in the obtained dry density 
for the unfrozen soil, while the dry density for 
the frozen material decreases continuously with 
the water content. In the case of sand the curve 
is almost linear up to 9% in water content, and is 
then reaching a constant a-value. 

An interpretation of the relations given in the 
figure 12 gives, that a compression of the order 

of 10% can be expected if a frozen material, 
having a water content of about 5%, is com
pacted and then thawed. However, these 10% of 
compression does not necessarily show up when 
the fill thaws the first time after compaction as it 
is connected to a reorientation of the soil parti
cles. The a-value should instead be regarded as 
an upper limit of possible compressions, which 
probably can take place within the soil if no re-
compaction, after the thaw, is carried out. 

5. CONCLUSIONS 

By compacting two types of frozen soil, a till 
and a sand, in the laboratory, using an enlarged 
fall-weight apparatus a significant difference in 
dry densities were found compared to results 
from a conventional apparatus. 
No difference between the obtained dry densities 
were found for frozen soil when cubes of differ
ent sizes were compacted. 
The dependency of the sub-zero temperature for 
the obtained dry density after compaction was in 
this study found to be much smaller than pub
lished elsewhere. 
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SYNOPSIS 

A f i e l d test has been carried out i n northern Sweden to find cut 
the behaviour of an e a r t h - f i l l eitenkment constructed during 
vdnter and surarer ccnditicns respectively. Two materials were 
used, a ccarse-grained t i l l and a fine-grained t i l l . Settlements, 
correction results, temperatures and frost depth were measured. 
The rrcvements i n the ercbankment were closely related to rJ^wing 
and the iragnitudes were highly dependant upon arrcunt of fines, 
water content, temperature and degree of catpaction at the time of 
construction. Mjvaieats going on for longer periods of tirre, i . e . 
during the following summer were also detected. 

1. I t i s known frcm experience and laboratory tests, that 
compaction of e a r t h - f i l l embankments during winter rrmths gives 
less reliable and mare variable results than i f the work i s done 
during non-freezing periods. Experience shews, that cenpaction 
during winter periods can be performed with acceptable results for 
seme coarse-grained and dry s o i l s . I f fine-grained s o i l s are used 
under these conditions, the result can be poor corpacticn and 
scrretirres the work needs to be repeated. 

2. Recently, irore enphasis has been paid to the question of 
deforrratiens i n the s o i l during loading, and t h i s includes both 
man made e a r t h - f i l l s and natural s o i l deposits. We knew for 
example, that even when the compaction has been dene during surrrrer 
oonditiens, sore deformations w i l l normally take place i n the f i l l 
a fter seme tirre of use. A number of studies have been performed i n 
order to find læthods of deterrrdmng these future settlements 
during the constructicn of the f i l l . With winter ooristructicri t h i s 
questicn i s even more important, as frequently we have situations 
where the deforrratiens might be very large. 

3. The aim of this study was to investigate the behaviour of 
compacted e a r t h - f i l l embankments constructed during winter- and 
surrrrer oonditiens. The aim was to study the development of 
deformations during and after the ccrrpleticn of the censtrueticn. 



O. M a g n u s s o n a n d S. K n u t s s o n 

The s tudy cons is ted o f a f u l l - s c a l e f i e l d t e s t , w i t h l abora to ry 
compaction t e s t s . 

MEAStKQG MEQCDS MX) B3JLTMENT 

4 . The road erbankrrent was separated i n t o f o u r t e s t sect ions, 
two o f which were ax i s t ruc ted dur ing w i n t e r condi t ions and the 
o the r two d u r i n g the foUcwing surrrrer. m both t e s t embankments, 
two d i f f e r e n t r r a t e r i a l s ware used. A ccarse-grained, f r e e d r a i n i n g 
s o i l (A) and a f i r e - g r a i n e d t i l l w i t h a large s i l t content (D). 

5. I n a l l the t e s t sections the f o l l o w i n g parameters were 
measured: dens i ty , water content, CMV-value (Ocrrpactcmeter 
Measurement Va lue ) , deforrratiens, f r o s t depth and temperatures i n 
the a i r and i n the ground. 

6. The embankments were coristructed i n f i v e separate l ayers , i n 
which t he deformations ware ireasured separately, by us ing the EVM-
gauge (Earth Movement tfeasurerent), three l eve l s o f f l e x i b l e hoses 
and by sur face surveying. 

7 . The temperatures were measured by thermocouples i n each one 
o f t he f i v e l aye r s , thus g i v i n g a v e r t i c a l temperature p r o f i l e f o r 
each t e s t s ec t i on as a r e s u l t . I n each o f the f o u r t e s t sect ions a 
f r o s t f r o n t i n d i c a t o r was a lso i n s t a l l e d . 

8. I n l abora to ry , the ccrrpacticn proper t ies o f a l l the s o i l s 
invo lved , were determined a t above zero temperatures as w e l l as a t 
f r e e z i n g temperatures. 

9. rx r r ing recent years, e lec t ron ic , roUer-rrcunted gauges aimed 
f o r su r face docurrentaticn o f the corpact icn r e su l t s , are being 
used rrore i n t e n s i v e l y . 

10. I n t h e carpactcmeter, the acxeleroreter i s the p r i n c i p a l 
gauge, rrcunted d i r e c t l y cn the v i b r a t i n g drum. The dynamic 
response f r c m t h e carpacted s o i l , i s an i nd i ca to r o f the s o i l 
d ens i t y and s t r eng th . Fran empir ica l r e l a t i cnsh ips , the so -ca l l ed 
CW-value, ireasured dur ing corpact icn, can be t r a n s l a t e d t o a d r y 
dens i t y v a l u e o f the s o i l , see F i g . 1 . 
The main advantage w i t h the equipment i s tha t the d r i v e r o f the 
r o l l e r can f o l l o w the develcpment o f the a x p a c t i c n r e s u l t s 
d i r e c t l y c n a carputer d i sp lay . The measured CM/-values are shown 
c m t i r r u o u s l y cn the d isplay as a f u n c t i o n o f the p o s i t i o n o f the 
r o l l e r . 

1 1 . I n con t ras t t o other methods f o r corpact icn c o n t r o l , i t i s 
w i t h t h i s rrethod possible t o get a continues graph o f the 
co rpac t i cn r e s u l t dur ing the c o ^ t r u c t i c n work. The method i s w e l l 
proven f o r corpac t i cn con t ro l o f ooarse granular i r a t e r i a l , i . e . 
sand and g r a v e l s . 

2 
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F i g . 1 . The comcactareter schaTat ical ly depic ted . 

Ormnes f a r v e r t i c a l definrnmrtnns 

12. The v e r t i c a l deforrratiens were ireasured i n each l aye r a f t e r 
the ccnp le t ion o f the embankment. The equipment used, c a l l e d EMM 
(Earth Movement Meter) consis ts o f a nurrber o f p ipes 
t e l e s c c p i c a l l y l i n k e d together . Each p ipe can move i n d i v i d u a l l y , 
thus g i v i n g an eppor tun i ty t o f o l l o w the movements i n each l aye r . 
By us ing a measuring r o d w i t h a scale cn the top , d r i v e n down t o a 
f i r m bottom layer , i t i s poss ib le t o detect the irovertents o f each . 
l a y e r . The equipment can be used f o r de tec t icn o f h o r i z o n t a l , as 
w e l l as v e r t i c a l movements w i t h i n a maximum l eng th o f 15 m, see 
F i g . 2 . The epiiipment i s capable o f de tec t ing b o t h permanent and 
e l a s t i c deformations, i n c l u d i n g deformations due t o f r o s t heave. 
The accuracy o f the detected deformations are i n t he order o f i 
0.5 ran. 

13. The v e r t i c a l deforrratiens i n the embankment were measured i n 
8 d i f f e r e n t sect icns and the h o r i z o n t a l deformations were ireasured 
i n one sec t ion . 

F i g 2 . The EMvl (Earth Movement Meter) schematical ly shewn. 

3 
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Deformations detected t v the use of f lwriti le hoses 

14. Tre sett lerrents i n p r o f i l e s perpendicular t o the d i r e c t i o n 
o f the road were fo l lowed by the use o f f l e x i b l e hoses p laced on 
the te r race l e v e l and w i t t i i n the f i l l on two d i f f e r e n t l e v e l s 
r e spec t ive ly . 

15. The p r i n c i p l e o f the equipment i s shown i n F i g . 3 ( r e f . 1 ) . 
The f l e x i b l e hoses were placed cn the ground, and w i t h i n t he 
ertfcankment du r ing c r r i s t ruc t ion . Due t o the f l e x i b i l i t y o f t h e 
hoses, they f o l l o w the rtovexents o f the f i l l . By determirrlng t h e 
hose's p o s i t i o n , i n r e l a t i o n t o a f i x e d reference p o i n t , i t i s 
poss ib le t o measure the settlements o f the embankment. From 
readings taken a t d i f f e r e n t times, i t was possible t o f o l l o w t h e 
sett lement as a f u n c t i o n o f t ime. 

MEASURING 
UNIT 

REFERENCE 
POINT 

F i g . 3. Settlement gauge w i t h f l e x i b l e hoses according t o 
Bergdahl and Brors ( r e f . 1 ) . 

Tfcwi.fcTatiinäB f<rr\ froet fruit position. 

16. The a i r temperatures were con t i nua l l y recorded du r ing t h e 
ocns t ruc t i cn p e r i o d s t a r t i n g f rom February 15 1989, and i t was 
found, t h a t the w i n t e r was mi lde r than normal. The temperatures 
were never lower than -15 C and were as h i g h as 0 C d u r i n g 
February and March. I n Æpr i l the temperatures were close t o 0 C 
and f rom r r i d May the thawing p e r i o d s t a r t ed . 

17. Thermocouples were i n s t a l l e d i n each layer o f the f i l l and 
t he measured temperatures were i n the "winter c^rrankrrent" c lose t o 
0 C throughout the w i n t e r . They were never lower than -2 C i n 
any p o s i t i o n and were ocnsequently evenly cont r ibu ted Üirxwghout 
the embankment he igh t . 

18. A f r o s t f r o n t i nd i ca to r was placed i n each sect ion i n o rde r 
t o f o l l o w the changes i n the f r o s t f r o n t p o s i t i c n . I n the coarse
grained m a t e r i a l the rraximum recorded f r o s t depth was 1.1 m and i n 
the f ine -g ra ined ma te r i a l 0.8 m ( £ p r i l 7 ) . The coarse-grained 
ma te r i a l was completely thawed i n ea r ly May, i n cnrparison w i t h 
t he f i n e gra ined ma te r i a l which was not completely thawed u n t i l 
t he end o f June. 

4 
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wi Min TESEDSS 

19. The f i e l d t e s t was c a r r i e d out on road 1052, BÜsbäck-Borga 
c lose t o the v i l l a g e Borgaf j ä l l i n the irountain area i n the 
i n t e r i o r o f the d i s t r i c t V ä s t e r b o t t e n , Sweden. The road was chosen 
f o r the t e s t i n oo-cpsrat ion w i t h Vägverket (departrrent o f 
Transportation) as the road was going t o be r e - b u i l t dur ing bo th 
surtrrer and win t e r ocndi t icns due t o errployment reasons. 

20. Two types o f s o i l s were used f o r the t e s t : 

« a ocarse-grained, f r e e d ra in ing s o i l ; type A acoording t o 
t he Vägverket (dept. o f Transportation) c l a s s i f i c a t i o n 
system 

« a f i r e - g r a i n e d t i l l w i t h a large s i l t content ; type D 
acoording t o the Vägverket (dept. o f Transportat ion) 
c l a s s i f i c a t i o n system 

2 1 . However, due t o problems i n f i n d i n g enough m a t e r i a l o f each 
type , the t e s t was c a r r i e d out w i t h two types o f m a t e r i a l , 
denoted A and D, w i t h s i m i l a r grading curves, see F i g . 4 . This 
s i t u a t i o n was irost prcncunced f o r the summer errbankrrent, where the 
two types o f ma te r i a l looked very s i m i l a r and v i s u a l l y gave the 
impression o f being r > i r a t e r i a l . Despite o f t h i s circumstance, 
c l e a r d i f fe rences could be no t iced between the t e s t r e s u l t s 
obta ined f rom each type o f m a t e r i a l . 

U m 

F i g . 4.Grain s i ze d i s t r i b u t i o n curves f o r t he two mater ia l s 
used i n the f i e l d t e s t . 

5 
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R E S C U E S UX) D I S C O S S I C N 

laboratory r e s u l t s 

22. M o d i f i e d Proctor t e s t s were conducted i n the labora tory a t 
d i f f e r e n t t e rpera tures on the two mater ia ls used. The r e s u l t s a r e 
g iven i n F i g . 5 f o r the two temperatures +20 C and -20 C. I t can 
be seen t h a t the detained d ry densi t ies are v e r y sens i t ive f o r 
sub-zero temperatures and water content. The coarse-grained 
ma te r i a l shows h igher d ry densi t ies a t +20 C than the the f i n e 
grained m a t e r i a l , b u t the r e s u l t a t -20 °C i s ecpprcsdrrately t h e 
same. 

„ So[ton/m3] 
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F i g . 5. Corpacticn curves f r o n M o d i f i e d Proctor t e s t s a t 
+20 C and -20 C f o r mate r ia l A and D respec t ive ly . 

Obtained nm^m-jcn i n summ- anri winter eafcaritoents evaluated 
from QCM t pbH t t c t 

23. I n t he f i n e - g r a i n e d mate r ia l (EKra t e r i a l ) , no increase i n 
the CW-values cou ld be found f rcm the f i r s t pass t o the s i x t h , 
ne i the r f o r t he summer embarikrrent nor f o r the w i n t e r embankment. 
I t was not u n t i l conso l ida t ion dur ing a number o f rtrjnths had taken 
place, as w e l l as re -corpac t icn o f the f i n a l l aye r , t h a t the 
embankment c o u l d serve as an acceptable support f o r the road 
subbase. A t t h i s stage the win te r embankment had bean ocnstnaicted 
f o r 17 months and t he surrrrer errbahkment f o r 12. 

24. I n t he coarse-grained mater ia l (A-mater ia l ) , no increase i n 
the CMV-value cou ld be found i n the surrrrer errbankment between t h e 
f i r s t and t he s i x t h pass, i n contrast t o what normally i s found 
f o r t h i s type o f m a t e r i a l . Normally the CMV-value increases w i t h 
the nurrber o f passes. I n contrast t o what was found i n the surrrrer 
errenktrent, t h e CM/-value obtained i n the w i n t e r embankment 
increased f r c m pass number one t o pass nurrber s i x . 
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25. A f t e r the c a r p l e t i o n o f the w i n t e r embankment, i n the end o f 
January, the road subbase was put i n p lace the f o l l o w i n g surrrrer. 
However, dur ing ccrrpacticn o f t h i s l aye r i t was found, t h a t t h e 
sarre h i g h CW-value obtained dur ing the w i n t e r ocrrpaction o f t he 
embankment could not be reached by corpac t icn o f the base course 
under surrrrer ccnd i t i cns . 

26. Therefore i t i s concluded, t h a t t he CW-values cbta ined 
cannot be regarded as r e f l e c t i n g the degree o f ocrrpacticn o f t he 
s o i l o r the dry densi ty va lue . I t j u s t r e f l e c t s the changes o f 
these proper t ies r_aking place dur ing the corpact icn process. 
Therefore, i f we are going t o determine the d ry dens i ty and water 
content o f a s o i l , i t i s the op in ion o f the authors, t h a t we must 
r e l y on axrvent icnal rrethods, e .g . the Trox le r isotope instrument . 

27. Vhen carparing the corpac t icn r e s u l t f o r the w i n t e r 
errrankrrent, measured by the CW and the r e su l t s obtained f r o m the 
T r o x l e r , F igs . 6 and 7, i t i s found t h a t the CW-values are low 
even a f t e r s i x passes and t h a t the T rox le r shows very h igh , and t o 
some extent u n r e a l i s t i c , values f o r the d ry dens i ty o f the s o i l . 

VB T̂ERBANKEN A och D MATERIAL 
V ä H m ä t a r v ä r d e i r e spek t ive lager e f t e r 

6 ö v e r f c r t e r 

{ LAGO? J 

F i g . 6. The CW-values a f t e r s i x passes, i n each one o f the 
f i v e layers i n the w i n t e r enrerikrrent f o r the two mate r i a l s 
used. 
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F i g . 7. The cbtained r e l a t i o n between the d ry dens i ty and 
water content f r cm f i e l d measurements w i t h the T r o x l e r 
method i n the w i n t e r embarikrrent. 
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28. I t can the re fo re t e concluded, t ha t ne i t he r o f these rretbcds 
g i v e a cor rec t p i c t u r e o f the degree o f crxrpacticn i n an 
embankment made up by a f ine -g ra ined t i l l and t h i s i s independent 
o f the c l i m a t i c ocndi t icns . This i s most obvious i f the f i l l i s 
aonstructed A i r i n g win te r - t ime , when the water content i s h i g h and 
t he pores are f i l l e d w i t h i c e and super-cooled water . 

29. The aim o f the study was t o sbjdy the deformations i n ea r th -
f i l l errbanktrents constructed dur ing w i n t e r and summer condi t ions 
respec t ive ly , and as a f u n c t i o n o f the s o i l mater ia l s used. 

30. The w i n t e r embankment, w i t h the two types o f ma t e r i a l (A and 
D ) , was constructed dur ing the end o f January 1989 and was 
compacted accorriing t o ccrmxn p rac t i s e . I n August 1989, i t was r e -
catpacted f r o n the top o f the ter race surface. During the 
intermediate p e r i o d o f t ime i t was used f o r as a haul road. 

3 1 . A f t e r the re-ccrrpacticn was completed, the subbase l aye r was 
p laced and corpacted. The readings o f the deformations s t a r t e d i n 
e a r l y February 1989 and went on u n t i l May 1990, when the l a s t 
earpiece set o f readings were taken. The t o t a l l eng th o f the 
measuring p e r i o d was 440 days. 

32 . The deformations i n the w in t e r embankment censtructed o f the 
f i r e - g r a i n e d ma te r i a l (D-rraterial) i s shewn as a f u n c t i o n o f t ime 
i n F i g . 8. 
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F i g . 8 . The corpressicn o f the w i n t e r embankment as f u n c t i o n 
o f t ime. The sec t icn was oenstructed by the use o f the 
f i r e - g r a i n e d ma te r i a l (D- i ra te r i a l ) . The corpressicn i s 
r e l a t e d t o the t o t a l height o f the embarvkrent a f t e r the 
corpac t icn o f the f i f t h layer ( terrace su r face ) . 
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33. As long as the s o i l i r a t e r i a l i s f rozen , the ireasured 
deforrrat ions a re gerierally small , less than 1% o f the t o t a l he igh t 
o f t he ambarikrent. When the arbaiikrrents thaw, conso l ida t ion 
set t lements t ock place. The compression increased dur ing the f i r s t 
summer t o 4-7% and reached a f t e r re-ccrrpacticn 7-9%. A f t e r r e -
ca rpac t i cn , the corpression increased f u r t h e r , t o about 10%. The 
f i r s t w i n t e r a f t e r the completion o f the embankment (winter 
1989/90), seme f r o s t heave took place. This was i n the order o f 5% 
o f t he f i n a l embankment he igh t . 
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F i g . 9. The carpressiens i n the w i n t e r embankment as 
f u n c t i o n o f t ime. The t e s t sec t ion i s constructed by us ing 
t he exoarse-graineri ma te r i a l (A-mater ia l ) . The deformation 
i s r e l a t e d t o the t o t a l height o f the embankment a f t e r t he 
ocrrpaction o f the f i f t h l aye r ( terrace su r face ) . 

34. I n t he coarse-grained ma te r i a l the t o t a l ccnpressicn was i n 
the order o f 4% a f t e r the re-cxirpact icn. Dmring the f o l l o w i n g 
f i r s t w i n t e r a f t e r completion o f the f i l l , the recorded f r o s t 
heave was i n same order o f irragnitude as the settlements, i . e . 3%. 

35. The ixeasurements o f the deforrratiens i n each cne o f the f i v e 
i n d i v i d u a l layers , o f which the surarer embankment was constructed, 
cou ld no t be c a r r i e d out as planned, due t o major f a i l u r e s i n the 
EMyf-gauges. The f a i l u r e s were caused by the heavy haul t r a f f i c cn 
the errbarikrrent surface, causing large s o i l movements and breakage 
o f t he gauges. Therefore, we on ly have in format ion o f the t o t a l 
embankment compression, maasured as settlements on the f i n a l 
embankment l a y e r . 

36. Frcm a l l the readings taken, i t can be concluded t h a t most 
o f t he ccrrpressicn can be cor re la ted t o the thawing o f the 
i n i t i a l l y f r o z e n errbankment. But not a l l o f the cetrpressicn. 
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Defornaticns due t o oonso l ida t ion and creep, seem t o take place i n 
the embankment f o r seme t i i r e a f t e r completion o f the r e -
corrpacticn. 

37. S imi la r observations have been found i n o ther p ro j ec t s where 
the degree o f compaction has been found t o increase as a furjct t ion 
o f t ime . The mechanism behind t h i s pheromsia, as w e l l as o ther 
s i m i l a r observations, have been discussed i n several papers ( r e f s 
2 - 5 ) . However, i t i s t he authors op in ion tha t the process i s not 
y e t e n t i r e l y understood and the re fo re not f u l l y explained. 

CCN3DSICNS 

1 . S o i l embankments compacted dur ing w i n t e r t ime, experience 
deformations and carpress icn dur ing the thawing process. 
The iragnitude o f these movements are t o a major degree 
dependant upon the type o f s o i l , water content, temperature 
and degree o f ccnpact icn a t the time o f cons t ruc t ion . 
The arount o f f i n e s i n the s o i l i s important , and i f t h i s 
i s h igh , the deformations w i l l be h i g h and v i c e versa. 

2 . I f the r e s u l t o f ccnpacticn work, i s measured by the use o f 
CMZ-values i n a f i l l constructed dur ing win t e r - t ime , t h i s 
w i l l on ly g ive i n f o r m a t i o n o f the CW-value o f the f rozen 
ma te r i a l , and Dot o f the corpact icn r e su l t s f o r the thawed 
errbankment. 

3 . The thawing o f a f rozen , f ine -g ra ined errbarikment i s a very 
slow process. 

4 . I n e a r t h - f i l l embankments constructed dur ing w i n t e r t ime, 
irrovements d i r e c t l y r e l a t e d t o the thawing o f the f i l l w i l l 
take place as the thawing proceeds. I n a d d i t i o n t o t h i s , 
there w i l l a l so be l iovaients going cn f o r long periods o f 
tirre i . e . du r ing the foHowing summer. 

1 . Bergdahl, U . and Brors , B. Ny iretcd f ö r mä tn ing av 
s ä t t a i n g a r hos bar ikfy l lnader p å kcrrpressibla j o rd l age r . Väg- och 
Vatfcenfcyggaren, n r 3, 1966, Stockholm ( i n Swedish) 

2 . Clough, W. e t . a l . In f luence o f Cementation on 
L ique fac t ion o f sands. Journal of Geotechnical Engineering, v o l 
115, no 8, 1989, New York 

3. l>fesri, G. e t . a l . Ros tdens i f i ca t i cn Penetrat ion Resistance 
o f clean Sands. Joumal of Geotechnical Engineering, v o l 116, no 
7, 1990, New York 
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i n f r e s h l y deposited o r dens i f i ed Sand. Journal of Geotechnical 
Engineering, v o l 110, no 11, 1984, New York 

5. Mitchel 1, J . P rac t i ca l Prxblems f r c m s u r p r i s i n g S o i l 
Behaviour. Journal of Geotechnical Engineering, v o l 112, no 3, 
1986, New York 
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Permeability changes in a fine-grained till due to cycles of freezing 
and thawing 

R Viklander & S. Knutsson 
Luleå University of Technology, Sweden 

ABSTRACT: In a laboratory study fine-grained t i l l was compacted into a 25 dm 3 large PVC-cylinder and was 
thereafter exposed for up to 10 freezing and thawing cycles. The saturated vertical permeability was measured 
in the unfrozen soil as well as in the thawed soil after 1, 2, 4, and 10 cycles respectively. After permeability 
testing, the sample was divided into sub-layers and each layer was analysed with respect to the particle size 
distribution. The aim was to study the phenomena of particle movements due to freeze/thaw. It was believed, 
that vertical movements of coarser particles could create openings and fractures in the soil matrix, thus caus
ing changes in the permeability. The results show that the permeability is changed after freezing and thawing. 
However, the magnitude of changes are not as large as presented in literature and were in this study in the 
range between 0.02 and 11 times after freeze/thaw. No significant particle movements were identified, in 
comparison to the initial particle size distribution tests, indicating that particle movements are not the only 
source for permeability changes in t i l l . 

1 INTRODUCTION 

Soil behavior and micro structural changes due to 
freeze/thaw, have been shown an increased interest 
partly due to the use of soils as hydraulic barriers. 
These are used to minimize water f low through, e.g. 
the top soil on a land f i l l or through an embankment 
dam. In cold regions, soils in areas with seasonally 
frost are exposed to at least one freeze/thaw cycle 
every year. On shallow depths, the number of 
freeze/thaw cycles can be more than one, due to air 
temperature fluctuations, (Domby and Kohnke, 
1955). Fine-grained soils exposed to freeze/thaw 
show: changes in volume, (Corte, 1961; Knutsson, 
1983; Nishimura and Ogawa, 1994 and Eigenbrod, 
1996); changes in strength and compressibility, 
(Graham and Au, 1985); redistribution of pore water, 
(Skarzynska, 1985); densification and exhibit micro-
structural changes such as formation of cracks and 
particle movements, (Van Vliet-Lanoé, 1985; 
Chamberlain and Gow, 1979 and Chamberlain and 
Blouin, 1977). In addition, the Atterberg limits can 
be affected, (Knutsson, 1984), as well as the bearing 
capacity reduced due to large pore water pressures 
when the frozen soil thaws, (Eigenbrod et al., 1996). 
The changes in geotechnical properties often lead to 

change in permeability. Fine-grained soils are 
strongly affected by freeze/thaw and an increase of 
permeability is normally found, see e.g. 
(Chamberlain et al, 1990; Wong and Haug, 1991; 
Othman and Benson, 1993 and Benson and Othman, 
1993). The magnitude of the increase of the perme
ability can be several orders of magnitude, (Benoit 
and Bomstein, 1970 and Kim and Daniel, 1992), but 
can also be small, (Benoit, 1973 and White and Wi l 
liams, 1994). The largest effects on permeability are 
recorded after the first cycle. However, Zimmie and 
La Plante (1990) as well as Chamberlain et al. 
(1990) have shown that permeability changes occur 
continuously for up to 10-15 cycles and sometimes 
for even higher numbers of cycles. The changes in 
permeability depend on several factors, such as void 
ratio, degree of compaction, water content, plastic 
limit, frost susceptibility (content of fines), content 
of stones and type o f clay mineral etc. In addition, 
the type o f laboratory equipment used, have a sig
nificant influence on the results, depending on test 
configuration, temperature gradient and water con
ditions etc., (Viklander, 1995). 

Most studies reported in literature have been em
phasized on the effects in clay and silt. However, 
fine-grained tills are often used as water barriers e.g. 
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at land fills and as cores in earth f i l l dams. Ti l l nor
mally has suitable geotechnical properties with re
spect to compaction and permeability and is there
fore used. The structure of t i l l is more complex than 
that o f clay, due to the content of grain size fractions 
from clay to boulder. An increased knowledge of the 
behavior of t i l l , when exposed to freeze/thaw is 
therefore large. I f t i l l undergoes structural changes 
and particle movements take place, it would be 
likely to believe, that the permeability wi l l be af
fected. 

The aim of this study, was to find out i f the per
meability in the vertical direction in a fine-grained 
t i l l is affected by repeated cycles of freezing and 
thawing, and i f so, quantify the changes. 

W A R M S I D E 

C O L D S I D E 

Pore water 
Insulation 
LVDT 
Top cap 
Filter 

— Thermocouple 
PVC-pipe 

ilter 
Bottom cap 

Figure 1. A view of the rigid wall PVC-permeameter 
used in this test. 

2 LABORATORY WORK 

20-25 litre of t i l l , passing the 20 mm sieve, was 
compacted in six layers at the optimum water con
tent into a rigid, thick walled PVC-permeameter. 
The diameter of the cylinder was 297 mm and the 
height 250 to 380 mm. At top and bottom filters 
were placed. Attention was given to get a good con
tact between the filters and the soil. After compac
tion, the soil was saturated from bottom and up, and 
the initial permeability was measured at room tem
perature (+20°C). A relative small gradient (0.5-1.5) 
was used in order to minimize the risk of particle 
movements. When the water outflow was constant 
the sample was sealed and moved to the freezing 
room. The cylinder periphery was covered by 70 mm 
of insulation and the sample was frozen and thawed 
one-dimensional in a closed system, at constant tem
perature. Alcohol/water mixture was circulating in 
specially designed top and bottom caps, and tem
perature of the two end surfaces were thus kept con
stant. The accuracy o f the end temperatures were ± 
0.1°C. In Figure 1 is the insulated permeameter 
shown. 

During testing, the temperatures were measured 
by 16 thermocouples placed at a distance of 20 mm. 
Further, the volume changes were measured by a 
linear transducer. The confining temperature in the 
freezing room was kept close to the temperature at 
the cold side of the sample. The temperature at the 
bottom of sample was either +5 or -2°C, depending 
on whether freezing or thawing took place. In the 
unfrozen part of sample, the temperature was kept 
constant at +3°C. Thus, freezing took place from 
bottom and up and the upper filter and the top cap 
was free to move. 

After one freeze/thaw cycle the sample was 
placed in room temperature, (+20°C), where it was 
saturated and the vertical permeability was meas
ured. The water flow was from bottom and up, 
which facilitated trapped air to get out. The testing 
was carried out by using a constant pressure head 
and was interrupted when the water outflow became 
constant. In each test, the sample was exposed to ten 
freeze/thaw cycles, and the permeability was meas
ured after 1, 2, 4 and 10 cycles respectively. After 

Table 1. Soil characteristics.  
Sandy silty Ti l l 

ps (t/m 3) 2.66 
d60/dw 96 
d< 0.06 (%) 34 
^ ( t / m 3 ) * 2.06 
w°pl(%)' 63 

* obtained by modified Proctor method 

0.001 0.01 0.1 1.0 10 100 

Particle size (mm) 
Figure 2. Particle size distribution of the t i l l . 
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the tenth cycle, the soil was divided into 10-20 mm 
thick sub-samples, on which water content and the 
grain size distribution were measured. 

3 MATERIAL 

The soil was a "typical Swedish fine-grained t i l l " , 
see Table 1. The particle size distribution curves are 
shown in Figure 2 as a band in which all curves are 
located. 

4 RESULTS 

In this study, all permeabilities are in the vertical 
direction measured in either initial unfrozen or in 
thawed soil by the use of a constant pressure head. 

Table 2 gives the dry density (pD), void ratio (e) and 
water content (w) prior to testing, together with the 
degree of compaction (RD) and the maximum num
ber o f freeze/thaw cycles (N) in each test. 

4.1 Permeability 

In Figure 3, the permeability in the vertical direction, 
is shown versus time for test (F0). This test, was the 
first carried out, and was partly performed in order to 
check the equipment and its function. Only two 
freeze/thaw cycles were thus carried out. In the ini
tial and unfrozen material, the permeability was 
measured to 7 10"8 m/s. After one freeze/thaw cycle 
the permeability had increased to 7 10"7 m/s and was 
after one additional cycle 5 10"7 m/s. 

In Figure 4, the results from test F l are presented 
in the same manner as the results in Figure 3. In con
trast to what was found in test F0, the permeability 
decreased from 210"7 to 410' 9 m/s after the first 
cycle. The relation between permeability and time is 
irregular in this test compared to test F0 due to 
changes o f the hydraulic gradient during testing. The 
magnitude o f the permeability was in the same range 
after 1, 2 and 4 cycles. After 10 cycles, a gradual 

Table 2. Data of the different samples prior to the 

1E-6 

Test Pd (t/m 3) e w (%) Rd ( % ) N 

F0 2.06 0.29 8.5 100 2 
F l 1.87 0.43 10.6 91 10 
F2 2.09 0.27 9.3 101 10 
F3 2.04 0.30 11.2 99 7 
F4 1.95 0.36 11.0 95 10 

2 3 4 5 6 
Accumulated time (days) 

N=0 N= 1 N=2 

Figure 3. Permeability versus test time in sample F0 
for t i l l having an initial void ratio, prior to testing, of 
0.29. 

decrease of the permeability up to 2.5 days after start 
of the test was found, and then a dramatic increase 
took place. The initial low value and the increase is 
explained by the water outlet being plugged by fines, 
and after cleaning the outlet, the permeability be
came stable at values close to 5 10"8 m/s. The perme
abilities after four cycles, show a temporary increase 
between 2 and 3.7 days. This is an effect of the use 
of a too large gradient, in combination with a small 
leakage. This is also the reason for the increase at 
4.6 days for the test with two cycles. 

The results obtained from test F2, shown in Figure 5, 
gave permeability values close to each other, and 
thus almost independent of the number of 

1E-6 

1E-10 
1 2 3 4 5 6 7 

Accumulated time (days) 

-N=0 

-N= I 

N= 2 
- e—N= 4 

- X N=10 

Figure 4. Permeability versus time in sample F l for 
t i l l having an initial void ratio, prior to testing, of 
0.43. 
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0 1 2 3 4 5 6 7 

Accumulated time (days) 

X=0 N=2 X—N=10 

N = l — © N=4 

Figure 5. Permeability versus test time in sample F2 
for t i l l having an initial void ratio, prior to testing, of 
0.27. 

freeze/thaw cycles. The difference was as most 1-
2 10'7 m/s. The permeabilities measured after 4 cy
cles were highest with values close to 2 10'7 m/s. The 
increase in permeability by one order of magnitude 
after four days for the sample subjected to two cy
cles, is a result of an adjustment of the flow gradient, 
see test F l . 
In Figure 6, showing the results from test F3, similar 
results are shown. The testing was interrupted after 
seven (N= 7) freeze/thaw cycles. Unfrozen soil gave 
permeability values of 7 10~8 m/s and all other 
measurements, after two cycles excluded, gave 
higher values. In test F3, the largest measured per-

1E-6 H i i 11 i . i i 11 i i 11 i i i i M i i i . n i i i i . i i i i n 11 i g 

0 1 2 3 4 5 6 7 

Accumulated time (days) 

N=0 N=2 E3 N=7 
N=l 9 N=4 

Figure 6. Permeability versus time in sample F3, for 
t i l l having an initial void ratio, prior to testing, of 
0.30. 

]£_7 I i i i i i I i i i i i I i i i i i I I I I I I I I I I I I I 

0 1 2 3 4 5 

Accumulated time (days) 

N=O N=2 — X —N= 1 0 
N= 1 6 N= 4 

Figure 7. Penneability versus time in sample F4, for 
t i l l having an initial void ratio, prior to testing, of 
0.36. 

meability (3T0' 7 m/s) was obtained after the first 
cycle. Two sudden drops in measured permeability 
are visible in Figure 6. One is after 2 days for the 
never frozen sample and the second after 4.2 days 
for the sample exposed to two cycles. The two drops 
are results of modifications of the hydraulic gradient 
across the sample. A permeability value depending 
on the gradient, indicate that Darcy's law is not 
valid. In this study, the permeabilities obtained at the 
end of the tests, have consequently been used. 

In the last test (F4), the relation between perme
ability and time was more or less straight lines with
out any sudden changes which is shown in Figure 7. 
In addition, a continuously increased number of 
freeze/thaw cycles gave a slightly decreased perme
ability after each cycle. Thus, the smallest perme
ability was measured after the tenth freeze/thaw cy
cle. 

4.2 Particle movements 

The hypothesis was, that particle movements take 
place as a consequence of freezing and thawing. In 
order to make an attempt to quantify such move
ments, each sample was divided into 10-20 mm 
thick sub-layers after the permeability testing. The 
water content was measured and the sub-samples 
were analysed with respect to the grain size distribu
tion. Each grain size test was obtained by using ap
proximately one third of the total mass of the sub-
sample (500-700 gr.). In Figure 8, a number of parti
cle size distribution curves obtained from test F l are 
presented. Each curve represent the grain size distri-
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20 I . . i l 1 i i mul 
0.001 0.01 0.1 1.0 10 

Sieve (mm) 

Figure 8. Particle size distribution curves for 15 sub-
samples taken from test F l , having a thickness of 
10-20 mm. 

20 I i i i m u l . i i m i l l 1 i . m u l 1 . I 1 i m i n i 

0.001 0.01 0.1 1.0 10 100 
Sieve (mm) 

Figure 9. Particle size distribution curves for 9 sub-
samples taken from test F2, having a thickness of 
10-20 mm. 

bution on a specific depth in the PVC-permeameter. 
The spread in the results are large. Taking the 
amount of fines (O.06 mm) as an example, this 
varies between 24% and 46% with the lowest values 
at a depth of 160 mm and the highest at 223 mm 
from the warm side. From this data it was not possi
ble to detect any systematic particle movements ba
sically due to the large variation in the results. 
In Figure 9 the same type of diagram is presented as 
in Figure 8, but from test F2. Here, the spread be
tween the curves was much smaller compared to test 
F l , Figure 8. The content of fines varied by 4% and 
the largest difference was 7% for particles larger 
than 2.0 mm. 

5 DISCUSSION 

Chamberlain et al, 1990 and Wong and Haug, 
1991). In their studies mostly fine-grained soils were 
used, in contrast to the t i l l used here. In Figure 10 
the non-dimensional permeability ratio, B, is pre
sented versus the number of freeze/thaw cycles. B is 
defined as the ratio between the permeability ob
tained in the thawed soil after TV cycles (ku) and the 
permeability measured in unfrozen soil (ko), eq. (1). 

Thus, values larger than unity indicate a permeability 
increase, and correspondingly, values smaller than 
unity a decrease of permeability as a result of 
freeze/thaw. 

5.1 Permeability 

In Figures 3-7 the measured permeability is pre
sented versus time and different numbers of 
freeze/thaw cycles. The measured permeability 
sometimes undergoes dramatic changes during short 
period of times, e.g. in Figure 4 the sample subjected 
to 10 freezing cycles, shows an increase o f perme
ability with almost three orders of magnitude within 
a 15 hour time period. This behavior is explained by 
several factors, e.g. the use of a too large or too 
small hydraulic gradient and by experimental errors. 
However, all tests were carried out at similar hy
draulic gradients and were driven until the measured 
permeability became constant. The result presented 
here show the same pattern in permeability changes, 
as published elsewhere, e.g. (Kim and Daniel, 1992; 

' ! 

-

* F3 

* ^ — — * F4l 

F l i 

Number of cycles 

Figure 10. Permeability ratio, B, versus the number 
of freezing and thawing cycles. B is the ratio be
tween the permeability obtained after freezing and 
thawing and the permeability obtained in unfrozen 
soil, respectively. 
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Table 3. Degree of compaction (fio) and void ratio 
(e) prior to testing.  
Test 

FO 100 0.29 

F l 91 0.43 

F2 101 0.27 

F3 99 0.30 

F4 95 0.36 

The permeability ratio, B, for tests F2 and F3 were 
close to 1.0 even after 10 cycles. In test F0, a sig
nificant increase in permeability was found, and the 
ratio, B, was in the order of 8 to 11. Unfortunately, 
this test was interrupted after just two cycles. In the 
tests F l and F4,5-ratios much smaller than 1.0 were 
obtained. In test F l , 5 varied between 0.02 and 0.22 
and in test F4 0.4-0.7, indicating that the soil became 
denser after freezing and thawing. The largest rela
tive changes in permeability in all tests were ob
tained after the first cycle. This has also been shown 
in other studies, where clay has been used, 
(Viklander, 1995). Further, it is clear from Figure 10 
that the initial density (or void ratio) has a significant 
influence on the permeability change due to 
freeze/thaw. From Table 3 it is clear that samples 
having a degree of compaction smaller than 99%, 
got permeability ratios significantly smaller than 1.0 
indicating a densification. On the other hand samples 
with a degree of compaction higher than 99%, either 
got a permeability increase of one order of magni
tude, or was not affected at all, tests (F2 and F3). 

100.00 

10.00 k 

ffl 1.00 

0.10 

0.01 i 

0.20 0.30 0.40 
Void ratio 

0.50 

• Test F0 (N=0 and 2) • Test Fl (N=0 and 10) 
A Test F2 (N=0 and 10) A Test F3 (N=0 and 7) 
X TestF4(N=Oandl0) 

Figure 11. B versus void ratio after the first cycle of 
freeze/thaw as well as after testing for the five tests 
carried out. 

In Figure 11, the void ratio prior to freezing as well 
as the void ratio after the last freeze/thaw cycle are 
shown at corresponding B-values. Two tests (F2 and 
F3) showed a decreasing B-ratio for an increasing 
void ratio. The same relationship was found in test 
F l , whereas the void ratio after freeze/thaw was 
lower than before and consequently the B-value was 
higher. However, an additional trend is also clear 
and that is for an initially loose t i l l , with void ratio 
larger than about 0.35. Here, a net volume decrease 
wil l be the result, see test F l and F4. Thus, the void 
ratio is smaller after the last cycle of freeze/thaw 
than before the initial cycle. 
In K i m and Daniel (1992), the water content has 
been identified to be one of the most important fac
tors for getting microstructural effects due to freez
ing and thawing. In this study much work has been 
directed to get as constant water contents as possible 
in the soil between different tests as described previ
ous. Therefore differences in measured permeabili
ties after freeze/thaw cycles are not due to micro-
structural effects caused by differences in initial 
water content. 

One important difference in this study compared 
to other tests, is the type of soil used. In general, 
when a soil is exposed to freezing and thawing, the 
pore water is turned into ice, and ice lenses are 
formed i f the conditions are correct. Therefore, ice 
forces wi l l act on the soil skeleton due to the 9% 
volume increase. In addition, i f ice-lenses are 
formed, they grow in thickness as long as the condi
tions are prevailing and layers of soil w i l l therefore 
be separated by distinct layers of pure ice. When the 
ice melts, fractures and cracks are left in the matrix 
soil structure. In a clayey soil, cracks and micro-
structural changes developed during freezing will 
not be closed after thaw due to the cohesion of the 
soil. In a more coarse-grained soil, smaller grains 
wil l be relocated to the frost affected zones and 
therefore, the soil wi l l become more or less self-
healed with respect to the vertical water flow after 
thaw. Thus, in coarse-grained soils, ice filled cracks 
can be closed as a result o f gravity and moveable 
particles. The change in vertical permeability wil l 
therefore be relative small in such a case. This effect 
is illustrated in Figure 12A with unfrozen, frozen 
and finally thawed soil having either a loose or a 
dense state prior to the initial freezing. For a loose 
soil, the volume increases during freezing and de
creases during thaw. The volume increase during 
freezing is caused by ice-lensing, and the volume 
decrease during thaw of consolidation of the soil 
matrix. Therefore, the density w i l l increase and 
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LOOSE SOIL 

Unfrozen Frozen Thawed 

Particle | I ce ^ Frozen matrix 

^ Unfrozen matrix Q C r « k s / t i s s u r e s 

DENSE SOIL 

Unfrozen Frozen Thawed 

Figure 12A. Microstructural effects due to freezing 
and thawing of a fine-grained t i l l . 

LOOSE SOIL DENSE SOIL 

e unt 

Unfrozen Frozen Thawed 
SOIL CONDITION 

Unfrozen Frozen T hawed 
SOIL CONDITION 

Figure 12B. Void ratio change in an initially loose 
or dense soil due to freeze/thaw. 

larger soil particles coming closer. On the other 
hand, in an initially dense soil, the matrix wi l l not be 
changed with respect to microstructural changes and 
thus, larger particles w i l l be on the same position as 
before freezine. 
In Figure 12B, the change in void ratios for an ini
tially loose, and an initially dense soil prior to 
freezing, are illustrated at the three different condi
tions (unfrozen, frozen and thawed). 
The initial void ratio prior to freezing is a significant 
factor for whether microstructural changes wi l l de
velop or not due to freeze/thaw. Figure 13 schemati
cally shows how void ratio depends on the number 
of freeze/thaw cycles. The upper curve represents the 
void ratio of an initially loose soil, and the lower of 
an initially dense soil. With increasing number of 
cycles, the loose soil undergoes microstructural 
changes until the number o f cycles, tf", is reached. 

'3 
> 

N 
Number of cycles 

Figure 13. Void ratio versus number of freeze/thaw 
cycles in a loose and dense t i l l respectively. 

At tf", the void ratio has reached a residual void 
ratio, er", and from this point, additional freezing 
and thawing wil l not have any impact on the void 
ratio. The behavior of an initial dense soil is illus
trated by the dashed line in the lower part of the 
figure. 
A problem, when the penneability is measured in a 
laboratory test, is the risk of having a significant 
water flow between the soil periphery and the per-
meameter wall. In the presented study, this flow was 
not measured separately, but was estimated to be 
moderate due to the fact, that the relative change in 
permeability for increasing numbers of freezing and 
thawing cycles, was small. However, it is not veri
fied i f the measured water flow came from the inter
face or through the soil it self. The latter is believed 
to be more realistic, due to the fact that no channels 
etc. were identified when the tests were terminiated. 
When cohesive soils are used in this type of testing, 
the risk of getting a permanent opening between the 
soil and the cylinder wall must be considered due to 
redistribution of water in soil and shrinkage of soil 
due to freeze/thaw and drying and wetting. Thus, 
side flow should be measured separately. 

5.2 Particle movements 

Particles wi l l move when a soil is exposed to freez
ing and thawing, see e.g. (Pawluk, 1988). Coarser 
particles are accumulated in the direction of the low 
temperature, and the fines in the opposite direction, 
see e.g. (Corte, 1961, 1962). In-situ the structure wi l l 
thus change in such a way, that layers wi l l be formed 
with different permeabilities. In order to verify i f this 
processes was present in the permeameter, the soil 
material from test F l and F2 were divided into 10 to 
20 mm thick sub-layers, see chapter 4.2. The particle 
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Figure 14. The contents of fines (d< 0.063 mm) and 
"stones" (11.2< d < 20 mm) for sub-samples ob
tained from test F l and F2 versus depth below the 
unfrozen side. In the figure, the limits of "stones" 
and fines for the unfrozen soil are also included. 

size distribution in these sub-layers are compared 
with the grain size distribution curves for the unfro
zen (and not affected) soil. In Figure 14, the contents 

of fines (d< 0.063 mm) and "stones" (11.2< d < 20 
mm) in test F l and F2 are plotted versus the depth 
below the warm side of the permeameter. The origi
nal contents of stones and fines are shown as the 
vertical, dashed lines, see also Figure 2. 
The spread in the results are much larger in the fro
zen and thawed soil, compared to the unfrozen soil. 
The content of stones varies between 0 and 8% in all 
the tests. The tendency is, i f any, that fewer stones 
are found on levels close to the frost front and typi
cally below 250 mm. This result is in contradiction 
to what was expected. In addition the content of 
fines is almost constant at depths between 50 and 
300 mm and are also close to the amount in the 
never frozen soil. At greater depths the variation 
increases significantly in test F l . Contents of fines 
in the range of 24 to 46 % are found, with the larger 
values closer to the cold side. 

The results are not fully understood, but at this 
stage, they can be explained by two main phe-
nomenas. 
• Each sub-sample subjected to 10 cycles in the 

permeameter, was taken to analysis by a manual 
operation. Thus, stones could have been missed 
or even accumulated during the hand cutting pro
cedure, and also been included into a wrong layer. 
However, this can not explain the result of an in
creasing content of fines with depth as obtained in 
testFl . 
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Figure 15. Sub-samples from different depths and 
the corresponding percentage passing through 0.25 
and 1.0 mm sieve respectively. 

• The soil matrix might have been influenced by 
the handling and storing. Separations during the 
compaction procedure might have occurred. In 
addition, the entire volume was not tested from a 
granulometric point of view. In this study only 
30-50% of the total volume was used, and this 
might have had some influence on the results. 

In order to make it easier to follow the distribution 
of grains in the sub-samples from a specific depth, 
two grain sizes, 0.25 and 1.0 mm were chosen and 
the corresponding contents of particles were replot-
ted in Figure 15. 
The results from test F2 is marked with bands. The 
pattem of the two bands for the two particle sizes are 
similar. Thus, the content as function of depth is 
similar for particle sizes smaller than 1.0 and 0.25 
mm respectively. An important information is that 
no systematic trend in redistribution of particles due 
to freezing and thawing has been observed. 

As can be noticed in Figures 8-9 there is a sub
stantial variation in the granulometric test results. 
This shows, that there is nothing like an "exact" 
grain size distribution curve and therefore the com
parison wi th the results presented in Figure 14 and 
15 is diff icul t . 

6 CONCLUSIONS 

The change in permeability in a fine-grained t i l l , 
exposed to at maximum 10 cycles of freezing and 
thawing is significant. Typically, in samples having 
initial large void ratio (a loose structure) a perme-
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ability decrease between 1.4 to 50 times was noticed 
and correspondingly smaller void ratios (a dense 
structure) gave permeability increase in the range of 
1-11 times. 

The initial void ratio (e) and thus the degree of 
compaction (RD) has a significant impact on the mi
crostructural effects taking place in a soil when ex
posed to freeze/thaw. After a number of freeze/thaw 
cycles, a residual void ratio ( / " ) is reached. The 
initial loose, and the initial dense soils end up with 
the same residual void ratio (0.32-0.35). 

Particle movements were not possible to detect in 
the test performed, even though they might have 
taken place. 
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INVERKAN AV CYKLISK FRYSNING PÄ LERORS KONSTISTENSGRÄNSER 

Sven Knutsson, Avd f ö r geoteknik, Högskolan i Luleå 

SAMMANFATTNING 

Vid cykl i sk frysning/ t in ing av lera sker en successiv nedbrytning 

av lerornas ursprungliga s truktur . Nedbrytningen orsakas av 

konsolideringseffekter t i l l f ö l j d av de negativa portryck som 

uppkommer i jorden t i l l f ö l j d av frysprocessen. Konsolideringen 

ger upphov t i l l nya aggregat liksom t i l l en kraf t ig ö v e r k o n s o l i 

dering av de b e f i n t l i g a . Den f ö r vattenbindning t i l l g ä n g l i g a ytan 

i aggregaten "effektiva ytan" minskar genom ö v e r k o n s o l i d e r i n g e n . 

Därmed minskar också f l y t g r ä n s e n , som minskar i takt med sjunk

ande frystemperatur och ökande antal f ryscyk ler . Ef ter ca 30 

fryscykler med frystemperaturen -10 °C har f l y t g r ä n s e n f ö r de 

studerade lerorna reducerats t i l l 65-75% av ursprungligt v ä r d e . 

För p l a s t i c i t e t s g r ä n s e n har inget beroende av fryscyklernas antal 

och typ kunnat noteras. 

1. INLEDNING 

I samband med at t en finkornig jord genomgår f r y s c y k l e r , dvs 

f ryser och därpå t i n a r , kommer dess geotekniska egenskaper a t t 

förändras . Då den är frusen är den i regel både mycket h å l l f a s t 

och lågpermeabel . Frysprocessen orsakar dock mera än a t t bara 

binda samman mineral partiklarna i den frusna jorden. Under s j ä l v a 

f r y s f ö r l o p p e t uppstår stora undertryck i porvattnet, eftersom 

a l l t vatten inte f ryser vid en och samma temperatur. Detta medför 

a t t det ex i s terar en jämvikt mellan fruset vatten ( i s ) och sådant 

som fortfarande är ofruset . Det senare är t i l l s t ö r s t a delen ad-

sorberat t i l l mineralpartiklarnas y tor . I finkorniga jordar ger 

de negativa porvattentrycken vid frysningen upphov t i l l en konso-



l ider ing av jorden mellan isansamlingarna. Konsolideringen inne

bär också förändringar i jordens s truktur , v i lke t bland annat 

påverkar sådana egenskaper som k o n s i s t e n s g r ä n s e r , h å l l f a s t h e t 

och permeabiliet . 

I l i t t e r a t u r e n har beskriv i ts f l e r a undersökningar där man i l e r a 

både konstaterat en ökande aggregeringsgrad samt en t i l l tagande 

"konsolidering av redan etablerade aggregat, se t ex [ 1 ] . 

Denna a r t i k e l belyser några av de konsekvenser som cykl isk f r y s 

ning och t ining medför f ö r finkorniga jordars k o n s i s t e n s g r ä n s e r . 

2 . LABORATORIEFÖRSÖK 

För l a b o r a t o r i e f ö r s ö k e n användes tre typer av o s t ö r d , l ö s , homo

gen h ö g p l a s t i s k l era : Skå-Edeby ( S E ) , L i l l a Edet (LE) och 

Sunderby lera (Su) . De båda förstnämnda är grå medan den s i s t 

nämnda ä r svart med stort innehål l av j ä r n s u l f i d . Lerornas geo

tekniska data sammanfattas i tabel l 1. 

Tabell 1. Geotekniska data f ö r de tre studerade lerorna • 

Djup 

(rn) 

P 

'(t/m 3) (%) X it) 
' P 

tt) 

T f u 

(kPa) 

S t 

tt) 

l e r h a l t 
<2v 
tt) 

SE Skå E d e b y 1 } 

LE L i l l a E d e t 1 5 

SU Sunderby 

5,0 

5,0 

4,0 

1,42 
1,47 

1,40 

101 
105 

109 

82 29 
74 33 

106 49 

53 

41 

57 

9 

15 

19 

16 

56 

14 

4,6 

3,0 

7.2 

85 

75 

30 

0,62 

0,79 

1,90 

Geotekniska data i huvudsak hämtade från [ 3 ] . 

Sunderbylerans höga f l y t g r ä n s och g l ö d g n i n g s f ö r l u s t (g Q ) ä r en 

konsekvens av dess höga j ä r n s u l f i d i n n e h å l l , som också orsakar 

den höga kol lo idala akt iv i t e ten . 

2.1 Försöksprogram 

Ostörda prover placerades i slutna b e h å l l a r e i en fryskammare 

var i temperaturen varierade c y k l i s k t . Vid f l e r t a l e t försök h ö l l s 

temperaturen konstant vid den lägre nivån (<0 °C) i 6 timmar, 

varef ter temperaturen höjdes t i l l den högre där den f ö r b l e v 

konstant i y t t er l igare 6 timmar. En fryscykel fullbordades där-
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med på 12 timmar, Fig 1. Upptiningstemperaturen var i samtliga 

f a l l +10 °C medan f r y s tempera tu ren varierades mellan -2 °C och 

-30 °C i de o l ika f ö r s ö k s s e r i e r n a . 

Temperaturnoggrannheten i fryskammaren var bä t t re än +0,1 °C och 

den stegvisa temperaturförändringen var i a l l a försök avslutad 

inom 5 minuter. 
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F i g . 1. Fryskammarens cykl i ska temperaturvariation. Den övre 

temperaturen +10 °C var l i k a i a l l a försök medan den 

undre varierade mellan f ö r s ö k s s e r i e r n a . 

Jordproven utsattes f ö r e t t varierande antal f r y s c y k l e r , minst 

1 och maximalt 60. Det senare innebar en f ö r s ö k s t i d på ca 30 

dygn. I en f ö r s ö k s s e r i e h ö l l s dock temperaturen konstant på res 

pektive nivå i 12 timmar, dvs en fryscykel fullbordades f ö r s t 

e f t er 1 dygn med en tota l f ö r s ö k s t i d på ca 60 dygn. A l la för sök 

u t fördes under s k s lutna f ö r h å l l a n d e n , dvs v a t t e n i n n e h å l l e t i 

proverna förändrades inte under f ö r s ö k e t , v i lke t kontrollerades 

med vattenkvotbestämning f ö r e och e f ter respektive f ö r s ö k . F r y s 

ningen skedde f rån provets samtliga begränsningsytor in mot dess 

centrum. Värmeflödet var s å l e d e s ungefär l i k a s tor t å t a l l a h å l l , 

var för de i proven bildade i s l inserna inte f i c k någon dominerande 

r iktn ing . 

3. RESULTAT OCH DISKUSSION 

3.1 Flytgräns 

Fryscyklernas inverkan på lerornas f l y t g r ä n s undersöktes genom 

at t både kon- och s t ö t f l y t g r ä n s bestämdes f ö r e och e f ter det a t t 

proven genomgått e t t f r y s f ö r l o p p . I Fig 2 framgår hur f l y t g r ä n s e n 

successivt minskar med ökande antal f r y s c y k l e r , vid frystempera-

turen -10 °C. Skil lnaden mellan s t ö t - och konf lytgränsen var inte 



i något f a l l s t ö r r e än 4 procentenheter, v a r f ö r endast medelvär

det av de båda bestämningarna är redovisat. 

S E - SKÄ-EDEBY 
L E - L I L L A ED E T 
SU - SUNDERBY ( S U L F I D L E R , 

20 40 60 

ANTAL 
FRYSCYKLEF 

F i g . 2. De tre lerornas f l y t g r ä n s som funktion av antalet f r y s 

cykler när temperaturen varierat mellan +10 °C och 

-10 °C. 

F lytgränsens re la t iva förändr ing med antalet f r y s c y k l e r v i sas i 

Fig 3 där f l y t g r ä n s e n e f t e r frysningen är relaterad t i l l f l y t 

gränsen hos materialet innan frysningen (w° ) . 

S E - SKÄ-EDEBY 
L E - L I L L A E D E T 
SU - SUNDERBY ( S U L F I D L E R A ) 

ANTAL 
FRYSCYKLER 

F i g . 3. Flytgränsens r e l a t i v a förändring med antalet f r y s c y k l e r . 

(+10 °C - 10 ° C ) . 



E f t e r 10 cykler har s å l e d e s f l y t g r ä n s e n reducerats t i l l ca 80% 

av s i t t ursprungliga värde ( w ° ) , medan det e f ter 30 cykler s ta 

b i l i s e r a t s på en konstant n i v å . För frystemperaturen -10 °C ut

görs denna av 67-74% av ursprungligt värde , där det förstnämnda 

g ä l l e r su l f id leran . 

Förändringen i f l y t g r ä n s e n s värde e f t er genomgånget f r y s f ö r l o p p 

f ö r k l a r a s av en successivt ökande konsolideringsgrad i aggregaten 

Under frysningen drivs porvattnet i aggregaten ut mot de växande 

i s k r i s t a l l e r n a i porutrymmena mellan dessa. Drivkraften är de 

stora porvattenundertrycken i samband med i s l insernas t i l l v ä x t . 

Detta resulterar i nedbrytning av strukturen med successivt a l l t 

s t ö r r e och t ä t a r e aggregat ju mera konsolideringen for t skr ider . 

Mineralpartiklarnas totala yta förändras givetvis inte under 

denna process, men den yta som kan binda vatten reduceras, e f t e r 

som parti kelytorna inom de t ä t a aggregaten b l i r svåråtkomliga f ö r 

vattenmolekyler. Den s k "effektiva ytan", vilken är ett mått på 

graden av aggregering [ 2 ] , minskar s å l e d e s med antalet f ryscyk ler 

Detta medför i s in tur a t t värdet på f l y t g r ä n s e n sjunker. 

I en frysande jord är de negativa porvattenundertrycken en funk

tion av temperaturen under 0 °C, [5] m f l . Detta innebär en k r a f 

t igare konsolidering av aggregaten med sjunkande frystemperatur. 

Flytgränsen påverkas därmed av frystemperaturen, v i lke t b e k r ä f t a s 

av Fig 4. Temperaturberoendet är s t ö r s t mellan 0 °C och -10 °C, 

eftersom det mesta av vattnet f ryser i detta temperaturområde. 

Fryscyklernås antal inverkar också på aggregatkonsolideringen, 

vi lken inte är fullbordad förrän e f t er ca 30 cyk ler , se Fig 3 . 

Detta f ö r k l a r a s av det snabba f r y s f ö r l o p p e t , som i samtliga f a l l 

var avslutat inom 30 minuter och gick snabbare vid de l ä g s t a 

temperaturerna. Den korta fryst iden var inte t i l l r ä c k l i g t lång 

f ö r aggregatens konsolidering, v a r f ö r y t t e r l i g a r e konsolidering 

skedde vid nästkommande cyke l . I Fig 4 framgår vidare att vid de 

högre temperaturerna inverkar antalet f ryscyk ler mindre, v i l k e t 

är logiskt eftersom f r y s f ö r l o p p e t här v a r i t långsammare än vid 

de låga temperaturerna. 

Fryscyklernas längd har däremot ingen inverkan på f l y t g r ä n s e n s 

reduktion. Orsaken är at t när porvattnet väl har f r u s i t minskar 
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F i g . 4. Frystemperaturens betydelse f ö r f l y tgränsredukt ionen i 

s u l f i d l e r a . övertemperaturen var i samtliga f a l l +10 °C 

v a t t e n r ö r l i g h e t e n så kraf t ig t a t t aggregatkonsolideringen prak

t i s k t taget upphör. 

3.2 P l a s t i c i t e t s g r ä n s 

Fryscyklernas inverkan på p l a s t i c i t e t s g r ä n s e n undersöktes också 

f ö r de tre l erorna. Resultatet v isas i Fig 5 där det framgår att 

ingen noterbar förändring av p l a s t i c i t e t s g r ä n s e n kunde konstate-
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Fig . 5. Relat iv förändring av p l a s t i c i t e t s g r ä n s e n e f ter 

varierande antal f r y s c y k l e r . 



343 

ras i något av de tre materialen, trots många fryscykler {i 40) 

och låga frystemperaturer ( -10° , -20° och -32,5 °C). 

Plasticitetsgränsen kan inte som flytgränsen direkt kopplas t i l l 

tjockleken på vattenfilmerna runt mineral parti klarna [4]. Detta 

medför att lerpartiklamas aggregeringsgrad påverkar plast ici

tetsgränsen mindre än f lytgränsen. Plasticitetsgränsen påverkas 

därför inte av frysning, vilket är i överensstämmelse med [5], 

där det konstateras att p las t ic i te tsgränsen utgör den lägsta 

vattenkvoten en lera kan erhålla t i l l f ö l j d av konsolidering 

genom frysning. 

På grund av frysprocessen avtar också jordens kolloidala aktivi

tet, dvs aktivitetstalet a minskar. Detta orsakas främst av re-
c 

duktionen i plasticitetsindex ( I p ) och t i l l mindre del av att 

aggregeringen bl ir så kraftig att andelen lerpartiklar minskar. 

Tabell 2. Aktivitetstalets förändring med antalet fryscykler 

(frystemp -10 °C) 

Cykler 0 10 20 40 

SE 0,62 0,46 0,40 0,37 

LE 0,79 0,50 0,44 0,43 

Su 1,90 1,12 0,84 0,70 

4. SLUTSATSER 

• Cyklisk frysning och upptining av högplastisk lera medför 

att flytgränsen successvit sjunker med ökande antal frys

cykler 

• För samma antal fryscykler b l i r reduktionen av flytgränsen 

högre med avtagande frystemperatur 

• För l ika antal fryscykler reduceras flytgränsen relativt 

sett minst i jord med hög lerhalt 

• Plasticitetsgränsen påverkas inte av fryscyklernas antal 

och typ 
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