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FOREWORD 

The characteristic behaviour and properties of frozen soils arise because ice and water 

coexist under the conditions imposed by the porous structure of the soil. The results of 

an investigation into the relative amounts of ice and water in frozen soils led to a series 

of related studies, described in the present volume, each of which was suggested by the 

conclusions arising from the preceding one. 

The first paper in this volume describes experimental measurements of the apparent 

specific heat of frozen soils. The second describes the determination, from similar meas- 

urements, of the proportions of ice and water present in frozen soils. The temperature 

at which a certain quantity of unfrozen water occurs in the frozen soil was found to be 

related to the pressure at which an equivalent quantity of water occurs in a conventional 

suction-moisture content test. This implies a dependence of pore water pressures on 

temperature in frozen soils. This is confirmed by experimental investigations described 

in the third paper, of the mechanical effects of the pressures of the unfrozen water in 

frozen soil at various temperatures. 

The fourth paper analyzes theoretically the relationships of temperature to the pres- 

sures of the ice and water phases, in terms of interfacial energy and the restricted sizes 

of ice-water interfaces within the soil. It is shown that where interfaces are sufficiently 

large not to be affected significantly by surface adsorption forces of the soil particles, 

a relatively simple physical picture based on capillary theory gives relationships in good 

agreement with the experimental observations. In practice the limits, for all soils, within 

which this picture is realistic correspond to temperatures between 0" C and about -2" C. 

This range is, of course, of prime importance in many engineering and geological con- 

siderations. 

Striking advances recently made in thermodynamic analysis from the point of view 

of adsorption phenomena promise interpretation of similar experimental observations 

for lower temperatures, where much of the remaining pore water is under the influence 

of surface forces. The ideas and concepts involved will probably have considerable 

practical significance but as yet are unfamiliar to many. They lie outside the scope of 

the present work, although appropriate literature references are included. 

The fifth paper extends the concepts of the preceeding paper to an experimental 

investigation of conditions at the frost line (the boundary between frozen and unfrozen 

soil). It appears possible to predict whether frost heaving will occur and under which 

field conditions from simple measurements of the pressure at which air will intrude into 

the pores of a saturated soil sample. The sixth paper describes experimental investigations 

of the manner in which air may replace water in the pores of the soil. It clarifies the 

extent to which the behaviour of air and water in soil, and ice and water in soil, are 

analogous. 

The seventh and final paper differs in nature from the others. It attempts a simple, 

composite presentation of the soil freezing processes based on the work described in 

the previous papers. The main equations relating pressures in the soil, ice and water, 

of frozen and adjacent unfrozen ground, to temperature are reviewed. The implications 



of the relationships are considered in respect to the frost-heaving process, and various 

mechanical and thermal properties of frozen soil. I t  is intended that this paper can be 

read without detailed reference to the other papers. Both engineering and geological 

applications are considered. The extrapolation to field conditions of knowledge gained 

from laboratory experiments, in the absence of a correspondingly comprehensive pro- 

gramme of field research, involves some degree of speculation. I t  remains to be seen 

whether factors associated with field conditions and as yet unexplored will prove on 

occasion to be of dominant significance. 

In general each paper was prepared and in some cases published shortly after com- 

pletion of the research it describes. The investigations have been carried out over six 

years. Occasionally discussion of minor points occurs which, in the light of the sub- 

sequent work, appears irrelevant. In some cases, papers also included in the present 

volume are referred to only by the journal, volume and date of their original publication. 

It is hoped that the papers are consistent in development of the picture of the soil 

freezing process, in the use of symbols and in terminology. 

The investigations were carried out at the Division of Building Research, National 

Research Council, Canada, and at the Norwegian Geotechnical Institute during tenure 

of a Fellowship 1963-65, awarded by the Royal Norwegian Council for Scientific and 

Industrial Research. The Institute and its Director, Dr. Laurits Bjerrum, provided the 

stimulus and facilities which led to the publication of the present volume. Mr. Rolf 

Kirkedam has kindly given considerable editorial assistance. More specific acknowledge- 

ments are made at the end of each article, but note must be made here of the author's 

gratitude to colleagues too numerous to name who have discussed, often at length, 

aspects of the work. 
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SYMBOLS 

(Symbols appearing only once are defined in the text where they occur.) 

area 

latent heat of freezing of water 

molar latent heat of fusion 

molar latent heat of sublimation 

negative pressure (suction) expressed 

as height of a column of water 

pressure of air 

logarithm of suction expressed as 

height (cm) of column of water (see 

also footnote p. 16, and 'Definitions') 

pressure of gas phase 

pressure of ice 

pressure of liquid phase 

pressure of solid phase 

pressure of water 

radius 

radius or equivalent radius of air- 

water interface 

radius equivalent to size of largest 

continuous openings through soil 

pore system 

radius or equivalent radius of ice-air 

interface 

radius or equivalent radius of ice- 

water interface 

radius or equivalent radius of liquid- 

gas interface 

radius or equivalent radius of solid- 

gas interface 

radius or equivalent radius of solid- 

liquid interface 

molar entropy of gas 

molar entropy of liquid 

molar entropy of solid 

temperature 

temperature " C, at which soil water 

has a given suction in the absence of 

effects due to salts in solution 

freezing point depression due to dis- 

solved salts 

freezing point depression due to dis- 

solved salts at  temperature x 

pore water pressure 

pore water pressure immediately 

adjacent to air penetrating capillary, 

or soil pores 

pore water pressure immediately 

adjacent to ice at penetrating frost 

line 

pore water pressure immediately 

adjacent to ice at penetrating frost 

line at  depth x 

pore water pressure at  depth x under 

conditions of hydrostatic equilibrium 

volume 

molar volume of gas 

molar volume of liquid, also specific 

volume of water 

molar volume of solid 

depth from ground surface 

depth or thickness 

maximum depth below ground sur- 

face at  which frost heave can occur 

depth of water table from ground 

surface 

bulk density of soil 

finite increment 

infinitesimal increment of 

contact angle 

micron (= 1 . 10-4cm) also molar 

chemical potential 

density of water 

total stress, also interfacial energy 

effective stress 

interfacial energy (surface tension) 

air-water 

interfacial energy (surface tension) 

ice-air 

interfacial energy (surface tension) 

ice-water 

interfacial energy liquid-gas 

interfacial energy solid-gas 

interfacial energy solid-liquid 

shape factor 



DEFINITIONS 

Frost line: The boundary between frozen and unfrozen soil. 

Negative pore pressure: Pore water pressure less than atmospheric. 

Negative teinperature: Temperatures below 0" measured on the Centigrade scale. 

'Increasing negative temperature' refers to a state of cooling. 

Pore wa!er pre.s.~:l.ure: pore pressure: Pressure of water in pores of soil, or pressure of 

water external to soil pores but continuous with it and a t  the same pressure. 

Saturated soil: Soil, the pores of which are filled with water and/or ice. Pores at  the 

surface of the soil are also considered completely filled, such that there is no 

curvature a t  the air-water or air-ice interfaces. Scattered entrapped air bubbles 

within the soil pores are ignored. 

Suction: (1) The difference between the pore water pressure and the air pressure external 

to the soil, as a result of curvature of the air-water interfaces. If the external air 

pressure is atmospheric the suction is numerically equal to the negative pore pres- 

sure. Some authors, referred to in the text, use the term in a more general sense 

to describe the potential or free energy of the soil moisture. 

(2) The difference in pressure between the ice and water in a frozen soil, due to 

the curvature of the ice-water interfaces, when the pressure of the ice is equal to 

the external atmospheric air pressure. 

Surface tension: The tension which apparently exists in an  interface between int. al. a 

liquid and a gas, a liquid and a solid, or a solid and a gas. Ascribed to the effects 

of attractive forces between the molecules at  the interface, it is often referred to 

as interfacial tension, or interfacial energy. The latter term is also used synonym- 

ously with surface tension in the present volume. See also descriptive illustration, 

p. 91. 



EXPERIMENTAL DETERMINATION OF APPARENT SPECIFIC 
HEATS OF FROZEN SOILS 

by P.  J. WILLIAMS* 

SYNOPSIS 

A property of water in porous materials is tha t  i t  
freezes a t  temperatures below 0°C. There is no 
single freezing temperature for water in soils. As 
ice is formed the freezing point of the  decreasing 
quantity of unfrozen water falls further below 0°C. 
Latent heat of fusion is thus involved in temperature 
changes over a range extending to  several degrees 
below 0°C. The latent heat and specific heat to- 
gether constitute an  apparent specific heat. 

Apparent specific heats for various silt, clay and 
organic soils have been measured in a calorimeter. 
The apparent specific heats generally rise as  tem- 
peratures approach O°C, and in a clay soil may be 
ten times as  great a t  -1°C as  a t  -5°C. The 
apparent specific heats for a given temperature 
depend on whether the soil is freezing or thawing, 
and on various other factors. The precise determin- 
ation of heat quantities involved in temperature 
changes in soil in situ is difficult, mainly because of 
the several factors influencing the  freezing of the 
soil moisture. 

Une propriete de l'eau dans les corps poreux est: 
qu'elle gble k des te~nperatures inferieures a 0°C. 
I1 n'y a pas de temperature unique de congelatioil 
de l'eau dans le sol. Au fur e t  B mesure que la 
glace se forine, le degre de congelation descend au 
dessous de 0°C. Une clialeur de fusion latente est 
donc en cause lors des changements de temperature 
couvrant plusieurs degrbs au dessous de 0°C. L a  
chaleur latente et  la chaleur specifique constituent 
ensemble une chaleur apparente specifique. 

Les chaleurs specifiques apparentes pour des 
limons, des argiles et  des sols organiques divers ont 
Ct.6 mesurkes dans un calorimktre. D'une manikre 
generale, la chaleur specifique apparente s'61kve 
lorsque la temperature s'approche de O°C, e t  dans 
le sol argileux elle peut &tre dix fois plus grande B 
- 1 "C q u ' i  -5°C. La  chaleur speciiique apparente 
pour une temperature donnee depend soit du gel, 
soit du degel du sol, e t  d'autres facteurs divers. L a  
determination precise des quantit6s de chaleur en 
cause lors des changements de temperature dans le 
sol, sur place, est difficile, surtout ii cause de plusieurs 
facteurs qui influencent la congelation de l'humidite 
se trouvant dans le sol. 

INTRODUCTION 

When water in finely porous materials freezes, much of it does so at  temperatures lower 
than O°C. This phenomenon is important in the freezing and thawing of soils. Half of the 
water in clay soils may be unfrozen at  -2OC and generally, smaller quantities in coarser- 
grained soils. The equilibrium freezing point temperature is different in different parts of the 
soil water, SO that the process of freezing or thawing of soils generally talces place over a wide 
range of temperature. Consequently, the quantity of heat required to raise or lower the tem- 
perature of soil within this range is made large by the latent heat of freezing (Williams, 1962). 
In this present Paper, the term "apparent specific heat" refers to such heat quantities to 
distinguish them from "true" specific heats which are not associated with change of phase. 

This Paper describes determinations made with a calorimeter of the specific heats and 
apparent specific heats of various soils, for temperatures above 0°C and down to --10°C. 
The use of such values in estimating the apparent specific heats of soils met with in field 
problems is discussed briefly. 

CALORIMETRIC INVESTIGATIONS 

A calorimeter has been constructed (Fig. I )  that permits measurement of the amount of 
heat added to or removed from a specimen to raise or lower its temperature by a certain 
amount. During warming of a sample, the only source of heat is that supplied at  a measured 
rate by a heating coil attached to the specimen holder. During cooling, heat is lost from the 
sample holder at a practically constant rate determined by the temperature of the outer con- 
tainer which, in this case, is maintained lower than that of the sample holder by a certain 
amount. 

* Snow and Ice Section, Division of Building Research, National Researcll Council, Ottawa, Canada- 
a t  present Research Fellow, Norwegian Geotechnical Institute. 
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2 P .  J .  W I L L I A M S  

Temperatures are measured by tllermocouples a t  three points within the sample. Read- 
ings from each thermocouple are recorded by a Speedomax recorder with preamplifier, at 
intervals of 5 minutes or less. Also recorded at  3-minute intervals on the same apparatus 
are temperatures from four tl~ermoco~iples placed on the inner side of the outer container 
(Fig. 1). Under normal conditions these latter readings serve merely to check the operation 
of the calorimetric equipment. 

The calorimeter is immersed in a tank of ethyleile glycol solution, cooled by a compressor. 
During warming tests, when the only source of heat is to be the measured quantity supplied 
through the heating coil, heat exchange between the sample holder and its surroundings is 
avoided by maintaining the outer container a t  substantially the same temperature as the 
surface of the sample holder. This is achieved by regulation of the temperature of the 
ethylene glycol in which the calorimeter is immersed. The temperature of the ethylene glycol 

LEADS TO SWITCHING - ---, 
MECHANISM FOR '\ 

HEATER,  AND TEMPERATURE '\>xi 

RECORDER 

T H E R M O C O U P S  

REFRIGERATED 
E T H Y L E N E  

GLYCOL 

L U C I T E  

TANK 

STIRRER -- -- 

  EATING 
COIL  ON 
SAMPLE 
I iOLDER 

VALVE TO 
ALLOW 
FLOI'I FROM 
RESERVOIR 

SCALE IN INCHES 

Fig. I. The calorimeter 

normally tends to fall slowly. When its temperature and hence that of the outer container 
falls about 0.1  "C below that of the sample holder, a blade heater in the glycol is automatically 
switched on until the temperature of the outer container is about O.l°C warmer. The switch- 
ing mechanism is operated by the amplified signal received from two tl~erinocouples in series, 
on the sample holder and outer container. 

During cooling (freezing), when heat is extracted at  a nearly constant rate, the temperature 
of the outer container is maintained consistently lower than that of the sample holder. This 
is achieved by adjustment of the zero control of the amplifier, such that its output is sufficient 
to actuate the relay mechanism and heater only when the ethylene glycol becomes cooler than 
the sample holder by more than the predetermined amount. 

The rates of heat extraction during cooling for various temperature differences were 
measured in calibration tests. In  most soil tests, however, observations were made over a 
cycle involving cooling followed by rewarming to the initial temperature. The rate of heat 
loss is then calculated by dividing the total heat input in the "thawing" part of the freeze/ 
thaw cycle, by the time taken to cool the sample in the "freezing" part of the cycle. Both 
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procedures involve minor errors, but the latter gives more consistent results. 3-5 days were 
normally required for each freezelthaw cycle. 

Calculation of results 

Although the method used in calculating the specific and apparent specific heats was 
occasionally varied in minor respects, the following was the general procedure. 

The procedure is similar in most respects for both thawing (warming) tests, and for freezing 
(cooling) tests. On the time-temperature record on the Speedomax chart, starting from the 
point corresponding to 0 mV (i.e. O°C), points are marked for every 0.25 mV, (equal to 0.13"C) 
change in the temperature, for one of the thermocouples in the soil sample. The heat supplied 
to or removed from the specimen and sample holder in the time talten for each of these inter- 
vals of temperature change (AT), is then calculated. For warming tests the relationship 
used is : 

0.24 V I t  = Q calories 
where 

0-24 = conversion factor, cal/J 
V = voltage across heating coil on sample holder, volts 
I = current through heating coil on sample holder, amps 
t = time (seconds) for sample temperature to change through AT 

During cooliilg the relationship used is : 

Total heat input for warming part of cycle 

= Time (sec) to complete cooling part of cycle X t f  

where t f  = time (sec) for sample temperature to change through AT. 
The specific heat, or apparent specific heat, is then calculated and expressed in calories per 
gram of soil per "C : 

Q - A T C ,  
h = 

TV, A T 

where : 

W ,  = total weight of soil sample, g 
C ,  = calorimeter "constant ", cal/"C, i.e. the heat required to change the temperature of the 

empty sample holder by 1 "C. 

Values obtained for various soils are shown in Figs 2 and 3 where they are plotted as a function 
of temperature. 

For many soils, the large heat quantities (largely coinposed of latent heat) involved in 
temperature changcs in the range 0°C to -0.5"C cannot be shown satisfactorily on this type 
of graph. These heat quantities are shown as a separate value beside each graph. In cal- 
culating these values, the same expressions were used, except that AT has a value of 0.5"C. 

Exficrinzental acczlracy 

The temperatures of the soil are obsci-ved wit11 an accuracy of about &0.05"C for indi- 
vidual points, but a line drawn througl~ several recorded points geilerally gives the therino- 
couple temperature with somewhat greater accuracy. Temperature differences within the 
sample are normally less than 0.1 "C. \iVllen there is a very small quantity of ice present 
locally in the sample, the temperature of the part of the soil furthest from the ice may change 
more rapidly than that adjacent to it, because of the absorption of latent heat by the melting 
ice. Temperatures in different parts of the soil may then differ by 0.2"C, and sometimes more. 
This is probably the main reason for an observation frequently made during thawing: the 
time/temperature curves indicated that the effect of liberated latent heat is still present a t  
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Fig. 2. Specific heats and apparent specific heats of various soils. Also shown are the heat 
quantities exchanged in a temperature change between O°C and -0.5'C 
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recorded temperatures of +0.4"C or even higher.* The last remaining ice is probably remote 
from the ther~nocouples and thaws at  or below O°C, so that the latent heat of the last thawing 
ice has been calculated as part of the heat quantity involved in temperature change between 
0°C and -0.5"C. The specific heats above 0°C are therefore shown as a single value on the 
graphs. 

In addition to the quality of the equipment that measures temperature and heat input, 
the accuracy of the determined specific heats depends substantially on the control of the 
temperature of the outer container of the calorimeter. If the temperature of the outer con- 
tainer deviates on the average from that of the sample holder, there will be a corresponding 
unmeasured quantity of heat added to or removed from the specimen. The amount of heat 
lost will be proportional to the time talren for the test. For soil samples of given weight, the 
percentage error in apparent specific heat due to  this heat loss, will, for practical purposes, be 
inversely proportional to the measured rate of heat input or extraction. Conversely, for a 

IRON ORE (limonitic, friable) 

TAL MOISTURE CONTENT= 29.31 V. DRY WT. 

TEMPERATURE. ' C  

Fig. 3. Specific heats and apparent specific heats of iron ore. Also shown is the heat quantity 
exchanged in a temperature change between O°C and -0.5"C 

given rate of heat transfer, the error will be proportional to the weight of the sample. During 
tests of long duration (as in the case of most soils) errors of this type could be reduced by 
occasional slight readjustments of the temperature controlling mechanism. 

The amount of heat involved in warming or cooling the sample holder was determined in 
calibration tests. The value used for this calorimeter "constant" was 87 cal/"C. I t  may be 
in error by 1 to 2 calories in some cases, mainly because of minor changes that became neces- 
sary in the mounting of the thermocouples. Since the weight of the sample is normally about 
200 g it follows that an error of perhaps 1-2% may occur in the observed specific heats, when 
thcse are very low (e.g., 0.2 cal/g/"C). For higher (apparent) specific heats the error duc to 
inaccuracy of the calorimeter constant becomes negligible. 

The effects of the limitations of instrumental accuracy and of the various sources of error 
mentioned here, together with other minor ones, are not predictable quantitatively for every 
test. To some extent, in each test these effects cancel out. In a series of five tests carried 
out with distilled water, the observed values of the specific heat showed a standard deviation 
of 0.04 cal/g/"C, or 4.0%, about the true value. The average of the deviations of the observed 
values from the true values was 0-02 cal/g/"C (Table 1). 

Although this gives a good indication of the accuracy that can be obtained with the 
calorimeter, investigations of soils involve additional complications, especially those asso- 
ciated with the rapid change of apparent specific heats with temperature. These are illus- 
trated by tests on two different-sized samples froin the same soil. For each soil sample the 

* This may be compared with temperatures n~hich are recorded by a tl~ermocouple placed in an ice bath 
to which lieat is being slowly supplied. Temperatures of several tenths of a degree above O°C, are observed 
even while ice is still present, but there is no marked increase in rate of temperature rise until all the ice has 
melted. 



Table 1 

Control tests carried out on distilled water 

-- 

Standard deviatioil = p$ 

1 Specific heat cal/g/"C 

Tcmp. "C / I-Idbk of physics 
obscr\.cd / and chem., 1962 

= 0.04 cal/g/"C 
= 4% 

Average of deviatioils = 0.02 cal/g/"C 

Deviation = x 

cal/gIoC 

apparent specific heat was obtained for fifty-two temperatures at increments of 0.13"C, from 
-O.S°C to -7.3"C. With the two values thus obtained for each temperature (one from each 
test), a mean value was calculated. The deviations of the observed values from their respec- 
tive means were expressed as a percentage of these means. The standard deviation of these 
percentages for the whole range was 94%.  The smoothed curves drawn through the two 
sets of observed points are closely similar, however (Figs 6(a) and (b)). The freezing process 
(and consequently the apparent specific heats) are unliltely ever to  be exactly similar in any 
two tests on the same soil, because natural soils are not entirely homogeneous. Small differ- 
ences in the nature and distribution of voids, as well as different stresses that may arise a t  
each freezing, result in slightly different amounts of moisture freezing or thawing at  a given 
temperature. 

These considerations, together with the fact that the temperature of soils in situ is rarely 
definable to within 0.1 "C, show that the reproducibility of the results is quite satisfactory for 
practical purposes. 

Experinze~ztal reslrlts nlzd their ilzterfiretation 

Figs 2 and 3 illustrate the dependence of apparent specific heat on type of soil. At least 
two freeze/tha\v tests were made on each of five soil types and in some cases six or more. 
These repeated tests sl~owed that the apparent spccific heats are independent of the rate of 
temperature change, at least for those rates likely to occur undcr field conditions. The grain- 
size composition of the soils is shown in Fig. 4. The finer-grained soils have, in general, 
higher apparent specific heats. This is a result of the larger quantity of water that freezes, 
or thaws, a t  temperatures below 0.5"C in these soils. For each increment of temperature 
change in sucll soils, there is a correspoildingly larger component of latent heat involved. 
The freezing of water in soils at these temperatures is due mainly to the state of stress (pF) 
produced in the soil water by capillary and other effects (see Schofield, 1935; Edlefsen and 
Anderson, 1943). In general the stresscs developed in the water in finer-grained soils arc 
such that larger quantities of water will freeze at  temperatures below -0.5"C than in coarser- 
grained soils. The conspicuous peak shown in the freezing curve of the Leda clay (Fig. 5(a)) 
is probably due to an unusual amount of water in the soil under a state of stress resulting in 
freezing at  about - 1.1 "C. This may be compared with the sharp drop in moisture content 
for a small change of suction, that occurs in the suction-moisture content curves (see e.g. 
Coleman and Croney, 1961) for some clay soils. 
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G R A I N  S l Z E  M M .  

M . I . T .  G R A I N  S l Z E  C L A S S I F I C A T I O N  

Fig. 4. Grain-size composition curves for soils investigated calorimetrically. The curve for 
Niagara silt was closely similar to  that  for iron ore, only differing by being 0 to 10% higher 
in the range 0.02 to  0.06 m m  
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Fig. 5. Specific heats and apparent specific heats of Leda clay a t  natural moisture contents 
(a) 33% dry weight and (b) partly dried (21,90,6 dry weight). In  the latter case, freezing 
began a t  a temperature of -0.99'C; two thawing curves are shown, corresponding to mini- 
m u m  temperatures during freezing of -8.3"C and -1.4"C 
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Different values of apparent specific heat are obtained depending on whether tlie soil is 
freezing or thawing and in the latter case on the lowest temperature reached during freezing 

(Fig. 5(b)). This may be compared with the different moisture contents under similar stresses 
which exist in porous materials undergoing drying in the one case and wetting in the other. 

In the case of compressible soils, a freezelthaw cycle on previously unfrozen soils gives 
results different from those obtained in subsequent tests. This is illustrated by the examples 
in Figs G(b) and G(c). I t  will be seen that in the latter example the apparent specific heat for 
temperatures of -0.5"C to -3.0°C are smaller, whereas tlie heat quantities involved between 
0" and -0.5"C are larger in the second freezing tlian in the first. In this respect, freezing 
may be regarded as similar to drying, which is well known as causing consolidatio~l (see e.g. 
Warkentin and Bozozuk, 1961) and a corresponding change in the stress/moisture content 
relationships of compressible soils. After the second freezing, subsequent freezelthaw cycles 
do not increase the effect significantly unless carried out to even lower temperatures. The 
effect of subsequent freezing to temperatures lower than about -2.5"C is small, in any case. 
I t  is to be expected that consolidation due to applied loads will similarly result in somewhat 
different apparent specific heats. I t  might be noted that the different apparent specific heats 
observed on freezing and on thawing are not solely the result of consolidation during the 
freezing (or "drying") process, since they occur even in the case of non-compressible soils. 

Particularly important is the effect shown, for example, by comparison of Figs 5(a) and 
5(b) where apparent specific heats were determined on a saturated sample and on a similar 
sample from which about one third of tlie water was removed by drying. The apparent 
specific heats for temperatures below -0.5"C were rather similar in both cases. This illus- 
trates the point that there is a considerable amount of water held in soils, which freezes in the 
range 0°C to perhaps-0.2"C, and which can be varied or even totally removed with little alter- 
ation of the apparent specific heats for lower temperatures.* Slightly lower apparent specific 
heats are to be expected when the total moisture content is very high. This is because, per unit 
weight, there will be more ice and less soil material. As the apparent specific heats are largely 
composed of latent heat of freezing of water under the influence of the porous structure of the 
soil, the latent heat quantity will be reduced if there is less soil mateiial. 

VALUES O F  APPARENT SPECIFIC HEATS FOR APPLICATION IN FIELD PROBLEMS 

Considerations involved in comparison of experimental andJield values 

Because of the wide variety of soil type and moisture content, and the complex relation- 
ships involved in the freezing of soil water, it is rarely possible to estimate precisely the heat 
quantities involved in temperature changes below O°C, on the basis of grain-size composition. 
Even for soils tested calorimetrically, field conditions may be such as to give rise to values 
substantially different from tliose determined experimentally. The important factors will be 
summarized here. 

1. In the finer-grained, so-called frost susceptible soils, substantial quantities of water 
migrate to the freezing soil, the amount depending, among other factors, on water avail- 
ability, rate of freezing, and soil type (see e.g. Penner, 1958). The addition of water in 
this way cannot, of course, occur to the calorimeter sample (although internal migration will 
occur). Large quantities of heat are involved in the freezing of this additional water. I t  
is not possible to predict the amount accurately but it can be allowed for by measurement 
of the total moisture content of the frozen soil. 

2. Theoretical considerations, based on the work of Schofield, 1935 ; Edlefsen and Ander- 
son, 1943; el al., suggest that over-burden pressures or high pore-air pressures, will change 

* This and the ensuing remarks are more easily understood when i t  is remembered that most of the ice 
in freezing soils is in discrete (and often quite large) masses larger than pore size. Variation in size of the 
ice masses will not alter the pore structure and neither therefore the freezing temperatures of the remaining 
unfrozen water within the pores. 
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Fig. 6. Specifk heats and apparent specif?c heats of Leda clay GC-8. (a) and (b) show the results 
of identical tests on identical samples, and illustrate the reproducibility of the calorimetric 
observations. (b) and (c )  illustrate the different results obtained on flrst freezing (b) and 
second freezing (c) of a sample 
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the amount of water that freezes over a given temperature range. There will be corres- 
ponding changes in apparent specific heats. At present these effects are not fully under- 
stood quantitatively but they are probably of little significance at one to two metres depth 
in the ground, without other over-burden (compare Penner, 1959). 

3. Although the freezing of water in soils at temperatures below 0°C is broadly related 
to the pore sizes and void ratio and thus to grain-size composition of the soil, other effects, 
especially those due to salts and to surface forces of the clay particles, may be significant. 
Thus, Leonards and Andersland (1960) give information on the freezing of a clay, which, 
on the basis of grain-size composition alone, does not seem compatible with the findings 
presented in this paper. Except possibly for obviously saline soils, the occurrence of these 
effects is not easily predictable at present without calorimetric tests. 

Work recently completed indicates that the suction-moisture content relationship of a 
soil can be used to obtain a good estimation in many cases, of the apparent specific heat. This 
will be considered in a subsequent publication. 

CONCLUSIONS 

1. Determinations of the apparent specific heats of various soils at temperatures below 
about 0.5"C have been made and are presented graphically. The heat quantities involved in 
warming and cooling through 0" to -0.5"C are also given. 

2. Apparent specific heats are dependent on soil type, being generally larger for finer- 
grained soils. 

3. For a given soil apparent specific heats are dependent on: 

(a) The temperature, being in general larger at temperatures nearer 0°C. 
(b) Whether the soil is freezing or thawing and, in the latter case, the lowest temperature 

reached during freezing. 
(c) In compressible soils, whether the soil has been previously frozen and thawed, or dried 

and rewetted, and if so, to what extent. 

Differences in total moisture content, however, within the range that might occur naturally 
have little effect on the apparent specific heats for temperatures below about -0.5"C. 

ACKNOWLEDGEMENTS 

This Paper is a contribution from the Division of Building Research, National Research 
Council, Canada, and is published with the approval of the Director of the Division. Tech- 
nical assistance was provided by R. Armour; discussions with L. W. Gold and other members 
of the Division are also gratefully acknowledged. 

REFERENCES 

EDLEFSEN. N. E. and A. B. C. ANDERSON, 1943. "Thermodynamics of soil moisture." Hilgardia, 15:2: 
31-298. 

CRONEY, D. and J. D. COLEMAN, 1961. "Pore pressure and suction in soil." I n :  Pore pressacre and suction 
i n  soils. Butterworths, London. pp. 31-38. 

LEONARDS, G. A. and 0. B. ANDERSLAND, 1960. "The clay water system and the shearing resistance of 
clays." Research Conf. Shear Strength Soils, June 1960. Amer .  Soc. civ. Engrs, pp. 793-818. 

PENNER, E., 1956. "Soil moisture movements during ice segregation." Highw. Res. Brd,  Bull .  135, pp. 
109-1 18. . . . . . . . 

PENNER, E., 1959. "Pressures developed in a porous granular system as a result of ice segregation." 
Highw. Res. Brd ,  Special Report 40. 

SCHOFIELD. R. K.. 1935 "The DF of the water in soil." Third Coner. Soil Sci..  2 :37-48. 
WARKENTIN, B. P. and M. B O Z ~ Z U K ,  1961. "Shrinking and swelli& of two Canadian clays." 

Fif th I n t .  Conf. Soil Mech., 1 :851-855. 
WILLIAMS, P. J., 1963. "Specific heat and unfrozen water content of frozen soils." I n :  Proc. First Can. 

Conf .  o n  Permafrost. (National Research Council, Associate Committee on Soil and Snow Mechanics 

PRINTED I N  ENGLAND BY WILLIAhI CLOWES AND SONS, LIMITED, LONDON AND BECCLES 



UNFROZEN WATER CONTENT OF FROZEN SOILS 
AND SOIL MOISTURE SUCTION 

by 

P. J. WILLI~~MS* 

S Y  N( 

The unfrozen water content of various soils has 
been measured by calorimeter. The suction- 
moisture content characteristics of the  same soils 
were also determined a t  rooin temperature, with 
conventional prcssure plate and pressure membrane 
apparatus. Using the values of unfrozen water 
content measured during freezing, and the  suction 
characteristics obtained during drying, a relation 
was found between the two scts of results. The 
relationship approximates tha t  of Schofield, between 
suction and initial freezing point, of soils a t  various 
moisture contents. Knowledge of the relationship 
permits prediction of the  amount of water remaining 
unfrozen in a soil a t  negative temperatures down to  
-1.O0C and often somewhat lower. Such pre- 
diction requires only determination of suction- 
moisture content characteristics by conventional 
methods together with a simple determination of the 

freezing point of an extract of the  soil solution. In  
many cases, the accuracy of the prediction is 
apparently as great as can be obtained using even 
complex calorimetric methods. Using these rela- 
tively easily determined values of unfrozen water 
content a t  various temperatures, realistic estimates 
can be made of the apparent specific heats of frozen 
soils. The observcd relationship provides a b a s s  
for studies of the  effects of both load and tempeia- 
ture, on the proportions of ice and water in frozen 
soils and on the state of stress within the ice and 
unfrozen water. 

La  teneur en eau non gel& de divers sols, a 6tB 
mesurCe par calorinli-tre. Les caracteristiques des 
teneurs eau-succion des rnemes sols furent aussi 
determinees h la tempkrature ambiante, avec 
plaque con\~cntionnelle de pressioil et  appareil a 
ineinbrane de pression. E n  utilisant les valeurs des 
teneurs en eau non gel& mesurCes pendant la 
congelation, et  les caracteristiques de succion ob- 
tenues pendant le sCchage, un rapport fut  trouvC 
entre les deux series de resultats. Le rapport se 
rapproche de  celui de Schofield, entre la succion e t  le 
point initial de congelation de sols de diverses 
teneurs en eau. La  connaissance du rapport permet 
de prCdire la quantitC d'eau restant non gelbe dans 
le sol h une tempCrature descendant jusqu'a -1.O0C 
et  souvent quelque peu plus basse. Une telle 
prediction nkcessite seulement la determination des 
caracteristiques de la teneur eau-succion par les 
methodes conventionnelles, ainsi qu'une determina- 
tion simple du point de congelation d'un prC1i-ve- 
ment de  solution du sol. Dans beaucoup de cas, 
l'exactitude de la prediction est apparemment aussi 
grande que celle qui peut &tre obtenue insme 
en utilisant des methodes calorimCtriques com- 
plexes. E n  utilisant ces valeurs determinkes d'une 
inanii-re relativeinent facile de teneur en eau non 
gel& diverses temperatures, on peut faire des 
Cvaluations rtalistiques dcs chaleurs specifiques 
apparentes des sols gel& Les rapports ob- 
serves fournissent une base pour les etudes des 
effets h la fois de charge e t  de temperature, sur 
les proportions de glace et  d'eau dans les sols gel& 
e t  sur 1'Ctat des contraintes dans la glace et  l'cau 
non gel&. 

INTRODUCTION 

Early studies of the freezing of soil moisture were mainly concerned with the determination 
of a freezing "point", that is, the temperature at  which freezing commences in a sample 
(Bouyoucos and McCool, 1916). More recently it has been realized that the freezing of water 
in finely porous materials takes place over a range of temperatures (Lovell, 1957; Institut 
hilerzlot., 1953-57) ; and that the equilibrium freezing temperature varies in different parts of 
the soil water. The greatest depression of tlle freezing point below 0°C presumably occurs in 
water that is most firmly held and is closest to the soil particles. 

Schofield (1935) showed that as the moisture content of soil samples is reduced the freezing 
point is depressed further below 0°C. Schofield carried out investigations on the suction with 
which water is held in soil and showed clearly that as the water content of the sample is 
reduced the suction to be applied to a column of water in contact with the soil (as in the  
suction plate apparatus) must be increased if water is not to enter it. He argued that this 

* Research Officer, Snow and Ice Scction, Divisioil of Building Research, National Research Council, 
Ottawa, Canada. Research Fellow, Norwegian Geotechnical Institute, Oslo, 1963. 1964. 
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"pressure deficiency" or suction o f  t h e  soil water is main ly  responsible for t h e  freezing point 
depressions observed; and proposed and verified experimentally t ha t  a relationship exis ts  
between t h e  pressure deficiency a t  a given moisture content and t he  temperature at which t h e  
water i n  t h e  soil ( in  t he  absence o f  supercooling) begins t o  freeze. 

Comprehensive calorimetric investigations o f  t he  freezing o f  a variety  o f  soils have  recently 
been carried o u t ;  some are described i n  th i s  Paper. T h e y  allow calculation o f  t he  amounts  
o f  unfrozen water present i n  the  soils a t  various negative temperatures. These  amounts  m a y  
be  said t o  have  freezing points (i.e. t o  start t o  freeze) at those temperatures. Accordingly 
there might  b e  expected (as pointed out  b y  Croney, Coleman, and Black 1958), a relationship 
similar t o  tha t  proposed b y  Schofield, between t he  temperature associated w i th  a certain 
content o f  unfrozen water and t he  suction associated w i t h  t h e  same moisture content i n  t h e  
soil (measured at room temperature). T h e  establishment o f  such a relationship would hav e  
theoretical and practical interest and would allow, without  t he  necessity for elaborate calori- 
metric tests ,  prediction o f  t h e  unfrozen water contents o f  a soil a t  temperatures below 0°C 
( on  t h e  basis o f  determination o f  t he  moisture-content-suction characteristics o f  t he  soil). 
Th i s  Paper gives observations, determined calorimetrically, o n  t h e  unfrozen water content o f  
soils and o n  t h e  suction-moisture content characteristics o f  t he  same soils. A relationship 
between these t w o  quantities is shown t o  exist and is discussed. 

EXPERIMENTAL METI-IODS 

T h e  deternzinatiox o j  z~lzJvo,-en water coqztent in freeziqzg soils 

A calorinleter was constructed t ha t  permits t h e  determination o f  t h e  heat quantities 
required t o  raise or lower t h e  tenlperature o f  soils b y  a measured amount .  W h e n  expressed 
as calories/g/"C this  value is t h e  specific heat. I f  freezing temperatures are involved, i t  is 
usually markedly temperature-depende~lt,  and i n  this  Paper is called "apparent  specific heat" 
because i t  includes some latent heat o f  fusion. A full description o f  t h e  apparatus, together 
w i t h  observations o n  t h e  apparent specific heal o f  soils, has been given recently (Williams, 
1964 ( a ) ) .  

T h e  soil sample (about 120 cc volume) is contained i n  a sample holder inside an  outer con- 
tainer. During warming tests  heat  is supplied t o  t h e  sample a t  a measured rate through a 
heating coil wound onto  t h e  sample holder. T h e  outer container is maintained a t  t h e  same 
temperature as t h e  sample holder so t ha t  there is no  loss o f  heat  externally. During cooling 
tests  t he  outer container is maintained a t  a tempel-ature lower b y  a constant amount  t h a n  
t ha t  o f  t h e  sample holder. There  is t hen  a s teady and ltnown passage o f  heat f rom t h e  
sample holder t o  t h e  outer container and t he  exterior. 

Such  measurements permit t he  calculation o f  t h e  amount  o f  unfrozen water present i n  a 
frozen soil a t  various negative temperatures. T h e  method has been outlined (Williams, 1963). 
T h e  unfrozen water content a t  a given temperature is dependent o n  whether t h e  temperature 
is reached b y  cooling or warming. T h e  present Paper is concerned only w i t h  t he  former case. 

I n  calculating t he  unfrozen water content o f  a frozen soil t he  t ime/temperature record 
(obtained during warming or cooling o f  a specimen) is  divided into increments, AT,, o f  0.13 CO 
(other values occasionally being used).  T h e  quant i ty  o f  heat  associated w i th  t h e  change o f  
temperature o f  t he  sample holder, soil, ice and water is subtracted f rom t h e  quant i ty  o f  heat  
removed f rom  t h e  sample i n  t he  t im e  t aken  for th i s  temperature change. T h e  remainder is  
t he  latent heat involved i n  freezing or thawing o f  water. B y  adding t h e  quantities o f  ice 
formed i n  each increment o f  temperature change (starting w i t h  t h e  temperature o f  initial 
freezing), and b y  making appropriate corrections for t h e  changing proportions o f  ice and water,  
t he  amount  o f  ice present a t  a n y  temperature can b e  calculated. Th i s  quant i ty  is deducted 
f rom t h e  total moisture content t o  give t h e  unfrozen water content. These  calculations 
can b e  expressed as : 
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Unfrozen water content of sample (g) : 

Tz 
AH - (K, + cal const)AT, + (K,, - Ki)IAT, 

total inc (g) - 2 
79.68 - . (1) 

Tin 

where 

AH = quantity of heat removed to lower temperature of sample by AT, 

ATc = temperature change of sample 

I{, = specific heat of wet soil (from determinations in unfrozeil state) 

cal const = heat required to change temperature of sample holder, cal/"C 

K,, = 1 cal/g/"C (i.e. specific heat of water) 

Ki  = 0.508 cal/g/"C (average value of specific heat of ice) 

Tin = temperatui-e at which freezing commences 

T, = temperature a t  which unfrozen moisture content is required 

I = amount of ice present a t  temperature of warm end of interval AT, (change 
in the amount of ice present as the temperature changes through AT, was 
ignored; the resulting error in the expression (K,, - ICi) IAT, is not signifi- 
cant) 

79.68 = latent heat of freezing of water, cal/g. 

The results of observations on several soils are given in Figs 2 to 5, where the unfrozen 
moisture content expressed as a percentage of the dry weight is shown as a function of 
temperature during cooling (freezing). The grain size composition and a brief description 
of each soil are given in Fig. 1. 

In  compressible soils a t  a given temperature the unfrozen water content of a sample that 
has been frozen previously differs from that observed during the first freezing. The observa- 
tions, therefore, include both cases. In  determinatioils carried out on soils previously frozen 
and thawed (Figs 2(b), 3(b), and 4(b)) the lowest temperatures reached during prior freezing 
varied somewhat (although always lower than those in the determinations themselves). The 
unfrozen water content subsequently determined did not appear to be affected by these 
variations. 

Accz~racy of the calorinaetric investigations 

In  calibration tests with water a standard deviation of 4% from the true value for specific 
heat was found in five tests; the average of the five results was within 1%. In  tests with 
frozen soils further considerations are necessary. The greater part of the 4% error is due 
to an unmeasured loss or gain of heat in the sample during tests (Williams, 1964(a)). During 
prolonged tests it was often possible to rectify this so that a value better than & 4% could be 
expected. The calculated quantities of ice formed or melted should also be accurate to well 
within these limits. When the ice quantity, and subsequently the unfrozen water, is 
expressed as a percentage of dry weight, the latter may be in error by a maximum of 0-5 to 
2% dry weight (depending on the total moistui-e content) at ,  for example, - 5°C. The error 
does not accumulate as lower temperatures are reached, except insofar as I in the expression 
(I<, - ICi)IAT, may be in error, and this expression has only a small effect on the whole 
calculation. 

This accuracy is also indicated by a series of repetitive, though not entirely similar, tests 
on Leda clay (Fig. 4(b)). &lore serious are the errors associated with measurement of the 
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sample temperature, especially within the temperature range 0" to - 1°C, on account of the 
rapid change of unfrozen water content with temperature. The sample temperatures were 
usually measured to an accuracy of + O.O5"C, but occasionally to an accuracy of - 0.075"C. 
The curves can be displaced by this amount, and this will result in possible errors in unfrozen 
water content of about 2 to 3% dry weight and occasionally more. Most of the curves 
given in this Paper are more accurate than these figures indicate because they are based (as 
noted in each figure) on more than one test. 

Repeated tests on the same sample (Fig. 4(b)) showed no difference, within the limits of 
experimental error, in unfrozen water content for a wide range of freezing rates. The tem- 
peratures, therefore, can be regarded as true equilibrium freezing temperatures. Tem- 
perature differences within the sample were very small and always less than 0.05"C. 

Fig. . 1. Grain size composition and other charac- 
teristics of soils investigated: 

NS - Niagara silt 
WCB - Undisturbed, mottled, montmorill- 

onite clay; Winnipeg 
LC-GC8 - Undisturbed Leda (marine) clay, 

mainly illite (for analysis, see 
Lambe and Martin, 1956); Green's 
Creek, Ottawa 

LC-KNB - Remoulded Leda (marine) clay, 
mainly illite 

I 0  - Haematitic iron ore, friable; 
Schefferville, P.Q. 

CLAY I Fin, 1 SILT / L O A ~ S E .  I 
A:. 1.T G4A lN  5::i CLASs/,P:LA,'/O.V 

T h e  determifzntion of the sz~ctiolz-nzoistz[re-content characteristics 

In  the simplest form of apparatus for determining the suction-moisture-content character- 
istics of a soil, the sample rests on a porous plate to the underside of which is attached a 
column of water (Croney, Coleman, and Bridge, 1952). Various suctions are applied to this 
water, usually by means of a mercury manometer. At each suction the soil is allowed to  
establish its equilibrium moisture content, which is then determined. Because of the 
limitation on the suction that can be applied to a column of water, this method can be used 
only over a very limited range of soil moisture content. 

In the present investigations, therefore, pressure plate and pressure membrane apparatus 
were used (Richards, 1947). Instead of placing the water source under reduced pressure, it is 
maintained a t  atmospheric pressure and the air pressure around the sample is raised. I t  is 
generally assumed that the air pressures are numerically equivalent to the suction* that would 

* The word "snction" is now generally used in soil studies, to describe the property of the soil water 
system being measured here (ISSMFE, 1961). I t  does not imply, however, that the "pressure deficiency" 
of the water in the soil is limited to between 0 and 1 atmosphere. Furthermore, there is controversy 
(discussed later) as to the nature of the stresses giving rise to the observed suctions. 
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have to be applied to a column of water to produce the same moisture content in similar 
samples in the suction plate apparatus. As in the suction plate apparatus, water passes out 
of the sample through the plate or membrane until equilibrium is reached. Air does not 
escape from the chamber in significant quantity because of the small size of the pores in the 
pressure plate, which can be used at pressures up to about 1.02 kg/sq. cm, or of the pores of 
the membrane in the pressure-membrane apparatus, which can be used at  pressures up to 
14 kg/sq. cm. In  the case of the pressure membrane apparatus a rubber diaphragm is pressed 
down by an additional air pressure of about 0.3 kg/sq. cm on to the soil sample, which is thus 
maintained in close contact with the membrane. 
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The thicltness of the specimens was normally about 3 mm, and tests indicated tha t  
equilibrium was reached in 4 or 5 days. Moisture contents were determined by drying a t  
105°C. In  the observations of Colemail and Marsh (1961) equilibrium was reached in 5 to 6 
days, about 1% dry weight moisture content loss occurring during the last 1 or 2 days; but 
these specimens were about 5 mm thick. The results of the experiments are shown in Figs 6 
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and 7, where the P F  of the soil is given as well (Schofield, 1935).* The samples for the 
calorimeter and suction tests should be as similar as possible. In the case of undisturbed 
samples, they should be adjacent parts of a single soil specimen. The same sample cannot be 
used for both tests, as the test procedure changes the character of the soil. 

The suction-moisture-content characteristics of a given soil are known to vary with degree 
of consolidation, previous wetting or drying (Croney and Coleman, 1954). I t  was found in this 
investigation that a freezelthaw cycle also resulted in similar changes. The figures give as 
well, therefore, determinations of suction-moisture-content characteristics of the soils following 
a freezelthaw cycle. 

Interpretation a?ld acczLracy of observations of suction-moisture-content characteristics 

Suction-moisture-content characteristics were determined at room temperature (approxi- 
mately 20°C). Gardner (1955) ; Wilkinson and Klute (1962); and Coleman, Croney, and 
Bridge (1952) have pointed out a dependence of suction on temperature. The question arises, 
therefore, of whether the suction values determined a t  room temperature should be corrected 
to a temperature near 0°C before comparison with the unfrozen moisture content/temperature 
observations. Gardner's experiments, which involved suctions up to 0.32 kg/sq. cm ( P F  2.5), 
indicate a change of suction of about 0.14 kg/sq. cm between 20 and 0°C. Such a change 
corresponds to about 0.16 P F  units at p F  2.5, but would correspond to only 0.06 units at P F  3, 
and to 0.01 p F  units a t  $1; 3.5. I t  will be shown, subsequently, that P F ' s  lower than about 3 
are of relatively little significance in the present investigation. I t  is apparent, therefore, that 
no serious error will result if the temperature correction is ignored in all cases. Tests by 
Penner (1958) lead to the same conclusion. 

In previously frozen and thawed samples the lowest temperature to which they were 
subjected in prior freezing varied between - 5 and - 18°C. These variations appeared to 
have no significant effect on the subsequently observed suction-moisture content characteristics, 
and a single line was used to represent all points for a given soil. 

Water from soils collected after passing through the membrane has a depressed freezing 
point (Table 1) and contains a quantity of dissolved salts. In the porous plate apparatus 
and certain of the pressure membrane apparatus fresh water is periodically circulated below the 
membrane to remove air bubbles; this procedure may reduce the salt concentration of the 
water in the soil. In the present experiments, however, moisture contents obtained with this 
technique did not differ significantly from those where the lower side of the membrane was 
always in contact with solution from the soil. 

Effects of salts on freezing temperatures 

Salts dissolved in the soil solution are partly responsible for depression of the temperature 
of freezing and for the associated unfrozen water content of freezing soils (Ayers and Campbell, 
1951). To investigate this the soil solution was extracted and collected with the pressure 
membrane apparatus at various air pressures up to 4.2 kg/sq. cm. In this application the 
air pressures are applied entirely above the rubber diaphragm and are thus not exactly com- 
parable with those used in the suction-moisture-content investigations. This procedure is 
necessary to avoid air leakage through the membrane (it is not possible to keep the membrane 
saturated by circulation of water below it-this would dilute the extracted solution). Using 
a mercury thermometer, simple freezing point determinations accurate to about f 0.02"C 

* PF is a widely accepted symbol to refer to the convenient value, the logarithm of the suction, It is 
used in this Paper solely in that sense and without reference to the "free energy" of the soil water. 
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Table 1 

Freezing point determinations on extracted soil solutions 

Soil Freezing point : 
At8, OC 

Air pressure used 
for extraction : 

kg/sq. cm 

Remarks Initial moisture 
content : 
% dry wt 

\Yinnipeg clay B 
Leda clay GC-8 
Leda clay KNB 
Leda clay KNB 

Iron ore 30 approx. talcen as : -0.30 
(see text and 
footnote *) 

Same sample sub- 
jected to two 
air pressures 

(Table I)  were made on the solution obtained. Within this accuracy it was found that for 
each soil the freezing points were similar for water extracted at any pressure up to 14 kg/sq. cm. 
In the absence of ice, therefore, that part of the soil water of interest in the present investiga- 
tion is assumed to have a uniform concentration of dissolved salts. 

As the ice (which does not contain any significant amount of dissolved salts) is formed 
during freezing of the soil, the salts become increasingly concentrated in the unfrozen water. 
Because the increase in freezing point depression due to salts in solution is approximately 
proportional to the concentration, the effects of dissolved salts on the freezing temperature 
associated with each quantity of unfrozen water are easily calculated: 

AT, total moisture content 
A Tsl: = 

unfrozen water content at temperaturex ' ' * ' . ' (2) 

where 

AT, = the observed freezing point depression of the extracted solution "C 

ATas = the calculated freezing point depression "C of the unfrozen water content a t  
temperature x (on account of dissolved salts) 

The observed temperature corresponding to each quantity of unfrozen water must therefore 
be raised (giving a smaller negative temperature) by the amount, AT, , before comparison 
with suction-moisture-content observations. 

The freezing point depression of the extracted solutions is quite similar to the temperature 
a t  which ice first appears in the calorimeter samples (i.e. the highest temperature on the 
unfrozen water content-temperature graphs). They are not expected to be exactly the same 
because the calorimeter samples were usually not saturated. At their total moisture content, 
therefore, the pF value is not 0, and their freezing temperature is somewhat below that of the 
extracted solution.* 

There is a possibility that the membranes used are semi-permeable with respect to some 
of the salts in the soil solution. The similarity in freezing point of the extracted solution and 
the initial freezing temperature of the calorimeter sample indicates, however, that this does 
not occur to any significant extent. 

* For one soil, iron ore, the reverse was found to be the case, the calorimeter sample commencing to 
freeze a t  - 0.026"C; the extracted solution froze at  - 0.13"C. Different samples were used for the 
calorimeter test and for extraction of the solution, however, and the difference in freezing temperature is 
almost certainly due to the variable nature of the material. In this case only, therefore, the calorimeter 
value, - 0.026"C., was taken as a better value for AT8. 
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Fig. 5. The unfrozen water content during freezing 
of: (a) Iron ore (based on two tests); (b) Niagara 
silt 
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COMPARISON O F  T H E  OBSERVATIONS O F  UNFROZEN WATER CONTENT AND 
SUCTION-MOISTURE-CONTENT CHARACTERISTICS O F  T H E  SOILS 

As already noted, the moisture content at a given suction and the unfrozen water content 
at a given temperature are both affected by previous freezing and thawing. This must be 
borne in mind when comparing results. 

Unfrozen watev co7zte~~ts o n  first freezing, a.nd suction-nzoisture-content charactevistics of soil not 
Previo.~~sly frozen 

For the first comparisons, freezing tests (Figs 2(a), 3(a), 4(a), and (5)) were completed on 
samples of several soils that had not been previously frozen (all samples were from deposits 
below the maximum annual frost penetration and from areas where permafrost has almost 
certainly never occurred). Further samples were taken from the same soils and the suction- 
moisture-content relationships determined (Figs G(a), 6(c), 7(a), 7(c), 7(d)). To compare these 
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two sets of results a graph was drawn (Fig. 8) showing negative temperature and suction values. 
These were obtained by selecting a temperature and finding the unfrozen moisture content 
corresponding to it for a particular soil. The suction value corresponding to an equal moisture 
content in the unfrozen soil was then obtained from the appropriate graph in Fig. 6 or 7. 
To allow for the effects of dissolved salts a correction (as described in the previous section) 
was made to each freezing temperature before plotting. From the curves obtained (Fig. 8) 
it is quite clear that there is a strong relationship between the suction and the equilibrium 
freezing temperature. 
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Unfrozen nzoisture contents during second and subsequent freezing of a soil, and the suction- 
moisture-content characteristics of soils also previously frozen and thawed 

For these next comparisons, freezing tests were carried out on soil samples previously 
frozen and thawed (Figs 2(b), 3(b), 4(b)). Suction-moisture content characteristics were also 
determined for samples of the same soil similarly pretreated (Figs 6(b), 6(d), 7(b)). These two 
sets of information were again used, with appropriate correction for the influence of salts, to 
give the curves shown in Fig. 9. I t  is clear that the relationship previously found also holds 
in this case. In view of the difference between observations made on the same soil, with and 
without prior freezing, it is equally clear that the relationship will only apply if the suction- 
moisture content and temperature-unfrozen water content measurements are made on samples 
of soil treated similarly with respect to previous freezing. 
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Fig. 7. Suction-moisture-content curves for soils investigated calorimetrically (symbols as in 
Fig. 6 except that @ is used for soils not previously frozen) 

DISCUSSION 

The results described above have important theoretical and practical implications. This 
Paper is not primarily concerned with the causes of the observed relationships, but a brief 
theoretical discussion is appropriate. 

Theoretical 

When a uniform pressure (above atmospheric) is applied to ice and water in contact, the 
freezing point is lowered below 0°C. Conversely, if the pressure is reduced below atmospheric, 
the freezing point is raised above 0°C. If the measured suctions in soils imply that the water 
is under pressure lower than atmospheric, it might be supposed that freezing would take 
place at temperatures above 0°C. Even when allowance is made for dissolved salts and the 
necessity for an ice nucleus, however, it has been frequently observed that this does not 
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occur. Edlefsen and Anderson (1943) proposed that very little, if any, of the soil water is 
under reduced pressure. They believed that most of the water in a fine-grained soil is under 
the influence of adsorption forces acting normally to the particle surface and resulting in 
raised pressures in the adjacent water. Ice present would also be subjected to these pressures, 
and the result would be a depression of freezing point. They believed such adsorption forces 
could also be responsible for the "suction" of the soil. 

Schofield, on the other hand, thought that much of the soil water was really under tension 
or reduced pressures, but that the ice first formed would be under atmospheric pressures. If 
such were the case the freezing point would again be depressed according to the relationship : 
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Fig. 8. Relationship for soils investigated between suction for a given moisture content, at room 
temperature, and temperature (after correction for dissolved salts) at which a similar amount 
of unfrozen water occurs in the freezing soil. (For descriptions of soils see Fig. 1) 

where 

H = suction expressed as height of a column of water, cm 

L = latent heat of freezing of water 3.336- x 10brgs/g 

T = temperature OK 

g = gravitational acceleration, 981 cm/sec2 

AT = freezing point depression O C  

In  Schofield's (1935) paper, errors have apparently occurred in the printing of the equation, 
which is given here correctly. No derivation for the equation is given, but this may be fol- 
lowed in the work of Poynting (1881) and Hudson (1906). 

Schofield and Botelho da Costa (1938) found that the initial freezing points for samples 
with various moisture contents (and hence various suction values) fitted this relationship well. 
The relationship has been plotted on Figs 8 and 9 (AT = T'), and corresponds also to the 
experimentally observed relationship shown there. 

With respect to the present investigations the following should be noted : 
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(1) The various curves determined experimentally in Figs 8 and 9 coincide remarkably 
closely. The relationship cannot be fortuitous, because the soils differ substantially in both 
nature and experimental behaviour. The theoretical curve from equation (3) is also very 
similar, although it differs slightly from the curve that would most nearly approximate all the 
experimentally determined cui-ves. Theoretical values calculated from an equation based on 
the work of Edlefsen and Anderson (1943), on the contrary, deviate significantly from the 
experimentally obtained curves. 

(2) The agreement between the observations and the curve given by equation (3) implies 
that even when large quantities of ice are present for temperatures down to at  least - 1°C 
the pressure on the ice is different from that on the water. Probably, as visualized by 
Schofield, the pressure on the ice approaches atmospheric and that on the water is appropriate 
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Fig. 9. Relationship for soils investigated between suction for a given moisture content, at room 
temperature, and temperature (after correction for dissolved salts) at which a similar amount 
of unfrozen water occurs in the freezing soil. (For descriptions of soils see Fig. 1) 

to the remaining water content, as is shown by the suction-moisture-content characteristics 
of the soil in question. Alternatively, the pressure on the ice may rise somewhat. That on 
the water must then be assumed to rise by approsimately the same amount (i.e. with respect 
to the suction-moisture-content curve, the $I; values must decrease) to give the observed 
relationship.* 

(3) The correspondence between the curve from equation (3) (which was experimentally 
verified by Schofield and Botelho da Costa (1938) as relating initial freezing points of water in 

L A  1 * According to  the usual relationship : A P  = 
(V2 - V l ) T  

A P  = change of pressure, relative to atmospheric 

V1 = spec. vol. of ice 

Vz = spec. vol. of water 

other symbols as in equation ( 3 )  
pressures applied uniformly to  ice and water give a changc in freezing point of 0.0073"C for each 1,000 g/sq. 
cm. If the pressure on ice and water in the soil changes by a uniform amount, the temperatures for each 
unfrozen water content will diffcr from those predicted by equation ( 3 ) .  Pressures of even 10 lrg./sq. cm, 
however, mould producc a temperature change so small as to  be barely significant experimentally. 
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soil to suction a t  various total moisture contents) to the curves derived in the present investi- 
gation leads to an important conclusion : the equilibrium freezing temperature associated with 
a particular (unfrozen) water content is not greatly affected, if a t  all, by the amount of ice 
(formed a t  higher temperatures) already present. 

The observed correspondence thus provides some theoretical justification for the experi- 
mental observations already made (Fig. 4(b), and Williams, 1962 (b)) that the unfrozen water 
content for a soil a t  a given negative temperature is independent of the total (water and ice) 
moisture content (so long, of course, as the total moisture content is not less than the 
appropriate unfrozen water content). 

I t  should be remembered that this statement will not be strictly true if the different total 
moisture contents are associated with different amounts of soluble salts per unit weight of 
dry materials: in such cases AT,, will vary somewhat, causing differences (whose magnitude 
will depend on that of AT,,) in the temperature associated with a given unfrozen moisture 
content. 

(4) Although the agreement between the curves (Figs S and 9) is generally good, it is useful 
to speculate on the causes of the deviations that do occur, because they have significance in 
regard to the discussion in the next section. 

There are margins of error to be expected in the temperature/unfrozei1 water content and 
in the p F  moisture content determinations discussed earlier. Especially where the p F  
increases rapidly with decrease in moisture content (as in Figs 7(a) and 7(b)), a quite small 
error in the curve will result in rather large errors in moisture content values for given pF 
values. The error in moisture content will also be proportionately greater where the soil 
moisture contcnts are always relatively low (as in Figs 7(c) and 7(d)). 

Errors in determination of the freezing point of the extracted solutions (AT,) are important, 
particularly where the moisture contents are always relatively low. They are especially 
important when the decrease in moisture content with increasing pF is rapid. 

Another explanation for part of the deviations lies in the possible pressure changes resulting 
from some confinement of the freezing and expanding sample within the sample holder. The 
sample does not completely fill the holder, but various stresses might be set up in both the ice 
and pore-water that could cause some of the observed deviations. 

There is no obvious explanation for the fact that four of the five soils illustrated in Fig. 8 
lie below the theoretical curve in a consistent manner. I t  may be that with further observa- 
tions on other soils, this pattern will cease to be apparent." 

CONSEQUENCES O F  T H E  OBSERVICD RELATIONSHIP 

Prediction of unfrozen water contents 

The most direct result of the relationship established is that it permits prediction of the 
unfrozen water present in frozen soils at  temperatures from 0 to - l.O°C, and often somewhat 
colder, without the necessity of elaborate calorimetric tests. Although the relationship has 
not been established for temperatures much colder than - 1°C, soil temperatures in seasonally 
frozen layers and in islands of sporadic permafrost (situations of major practical significance) 
most frequently lie within the range 0 to - 1°C. Prediction of unfrozen water content in 
this way requires careful determination by conventional methods (as described in this Paper) 
of the appropriate suction-moisture-content characteristics. The unfrozen moisture contents 
for the temperatures desired are then found by finding the corresponding suction values from 
the relationship as represented by the theoretical curve (of equation (3)) in Figs. 8 and 9. 

* Very recent work, as yet unpublished, indicates tha t  the difference between interfacial energy for 
ice-water, and air-water is partly responsible (see Miller, 1964; Williams, 1964(b)). 
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It is essential that the soil sample be typical for that for which the unfrozen water content 
is to be determined, particularly with respect to  previous freezing and thawing or drying and 
rewetting. For soils with significant amounts of dissolved material, determination of the 
freezing point of the extracted solution is necessary. 

To illustrate the procedure it will be assumed that the unfrozen moisture content of Leda 
clay KNB at  a temperature of - 0.7"C is required. The clay has not been previously frozen. 
The steps involved are : 

(1) The total moisture content of a sample of (unfrozen) soil is found to be 33.4% dry 
weight. 

(2) The suction-moisture-content characteristics are determined for suctions up to 
about $JF 4 (as in Fig. 7(a)). 

(3) A specimen of the soil solution is extracted in a pressure membrane apparatus using 
an air pressure of between 4 and 14 kg/sq. cm. The freezing point AT, of this 
solution is found to be - 0.1O0C (as in Table 1). 

(4) Using the theoretical curve representing equation (3) on the graph (Fig. 8) read off 
the suction appropriate to a temperature T'"C, which should be less than that 
temperature for which the unfrozen water content is required by at least the value 
A T,.  Taking T ' as - 0.5"C, for example, the pF value is 3.8. 

(5) From the suction-moisture-content curve (Fig. 7(a)) read off the moisture content 
corresponding to this suction (in this case 24.5% dry weight). This gives a rough 
value of the unfrozen water content required. 

(6) The freezing point depression AT,, caused by dissolved salts concentrated in the 
amount of unfrozen water found in $ 5 is then calculated as 33.4 x 0.1/24.5 
- - - 0.14"C. 

(7) The quantity of unfrozen water, 24.5% dry weight, is thus that to be expected a t  
temperature of T ' + A  TsZ = - 0.64"C. 

Reference to the curve obtained calorimetrically for this soil shows that 22.7% dry weight 
unfrozen water content occurs a t  -0.64"C, so that agreement is close. 

If the curve of unfrozen water content versus temperature is required (for example, to 
obtain a value for - 0.7"C exactly) a number of poiilts can be obtained in a similar manner. 

If the procedure used to obtain the points in Figs 8 and 9 is followed through, it will be 
seen that when salts are dissolved in a soil solution the curve for that soil will always terminate 
short of - 1.2"C (corresponding to the highest measured p F ' s  for a salt-free soil, according to 
equation (3)). The amount by which the curve falls short of - 1.2"C depends on the value of 
AT,, the suction moisture content relationship, and of course on any errors in the pF  and 
unfrozen water content determinations. 

The experimental data obtained do not a t  first sight verify the relationship for T '  further 
than - 0.5"C for some of the soils, but it is reasonable to assume that they do in fact apply also 
for those soils a t  temperatures of - 1.O0C and even somewhat lower. If, for example, the 
graph (Fig. S) is entered at  - l.O°C, a $F value of 4.09 is obtained (from the Schofield curve). 
Assuming that Winnipeg Clay B is considered, and proceeding from paragraph (5) above, 
an unfrozen moisture content of 36.75% dry weight is found to occur a t  - 1.38"C. As the 
calorimetrically determined value is 34.9% dry weight a t  - l.3S°C, the agreement is again 
close. 

I t  appears that even for soils for which the $JF temperature relationship (Fig. S) deviates 
considerably from that of equation (3) a useful estimate can be obtained. For example, 
for Leda clay KNB that has been previously frozen, a value of 20.75% unfrozen moisture 
content would be predicted at - 1.16"C. According to the calorimetric tests, the value is 
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16.2% unfrozen moisture content a t  that temperature. An approximation accurate to this 
extent is likely to be of more use for the practical purposes outlined below than estimates based 
on grain size analysis or other simple appraisal. This appears especially true if the very large 
variations in unfrozen water contents between different soils are recalled. 

Predictiolz of thermal $roperties 

In  an earlier paper, caloriinetric measurements made during these and otlier tests were 
used to calculate values for actual and apparent specific heats of frozen soils (Williams, 
1964 (a)). Most soils in a range of temperature to several degrees below 0°C have apparent 
specific heats largely composed of latent heat. 

Estimation of these apparent specific heats (if calorimetric tests are not feasible), based on 
visual or grain size tests, is often ilot very satisfactory. The apparent specific heats can be 
calculated with reasonable accuracy if the corresponding unfrozen water contents are calculated 
from determinations of the suction-moisture-content characteristics. The difference in 
unfrozen water content between ally two temperatures gives the latent heat involved in such 
a temperature change. Because the apparent specific heats change very rapidly with tem- 
perature, it is necessary that they be calculated for small increments of temperature change. 
For each such temperature change the latent heat component of the corresponding apparent 
specific heat can be calculated directly froin the change in unfrozen inoisture content. 

To obtain apparent specific heat there must be added the heat involved in changing, by an 
equal amount, the temperature of soil solids, water, and ice present. These heats can be 
estimated with satisfactory accuracy using values for specific heat of dry soil froin for example, 
ICersten (194S), water and ice, if the total moisture content is Bnown. Determination of 
apparent specific heats in field problen~s may involve a number of variables (e.g. externally 
applied stresses, the effects of which are the subject of continuing investigations). 

Strelcgtlz $ro$erties offroze.iz soil 

Relatively few studies of the strength of freezing or thawing ground and its consolidation 
properties have been carried out (Lovell, 1957; Vialov, 1955; Inst. &Ierzlot, 1953-57). Some 
of these are of an entirely empirical nature and the general applicability of the results is 
correspondingly limited. I t  is apparent that the change in proportions of frozen and unfrozen 
water, and especially the effects of loading, are of fundamental significance in this respect. 
The present investigation has shown the thermodynamic equation which relates the unfrozen 
water content of frozen soils to temperature and pressure. A basis is thus provided for studies 
of the effects of load and pore-water pressure 011 the deformation behaviour of frozen soils. 

CONCLUSIONS 

(1) The unfrozen water content of various soils during freezing has been determined 
calorimetrically. The suction-moisture-content characteristics of the soils a t  room tem- 
perature have also been determined. When allowance for experimental error is made and a 

correction applied for depression of the freezing point by dissolved salts, a unique relationship 
is found to exist between the negative temperature a t  which a given unfrozen moisture content 
occurs and the suction corresponding to a similar moisture content at room temperature. 

(2) This relationship is similar to that given by Schofield (1935) and Schofield and Botelho 
da Costa (1938) as existing between the initial freezing temperatures of soils a t  various moisture 
contents and the suctions associated with those moisture contents. 

(3) The correspondence of the observed relationship with that of Schofield provides 
theoretical justification of the earlier observed independence of unfrozen water content, a t  a 
given temperature, from the total moisture content. 
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(4) The observed relationship permits prediction, from the suction-moisture-content 
characteristics, of the unfrozen water content of a given soil a t  various negative temperatures 
down to --l.O°C, and often somewhat lower, without the need for calorimetric studies. 

(5)  Such predictions permit calculation of the apparent specific heats of frozen soils, also 
without calorimetric tests. 

(6) Establishment of the relationship between suction and unfrozen water content provides 
a basis for studies of the effects of pressure as well as temperature, and thus of applied loads, 
on the unfrozen water content of frozen soils. 
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SUCTION A N D  ITS EFFECTS I N  U N F R O Z E N  

WATER O F  F R O Z E N  SOILS 

SYNOPSIS 

An experiment was devised to investigate 
effective stresses that should result from the 
suction (negative pore water pressure) sup- 
posed responsible for the presence of water 
remaining unfrozen in frozen soils. A soil 
sample is frozen while ice formation is pre- 
vented in part of the sample; dry density and 
water content of the part without ice are 
subsequently determined. Several soils were 
tested at various negative temperatures. De- 
crease of water content and consolidation of 
the ice-free part occurred. Since the samples 
remained saturated, the results could be com- 
pared with oedometer tests to indicate the 
magnitude of the effective stresses that were 
developed. The water content of the ice free 
part was equal for a given temperature, to 
that which remained unfrozen in normally 
frozen samples at the same temperature. 

The existence and approximate magnitude 
of negative pore pressures, giving rise to 
effective stresses, in unconfined samples at 
negative temperatures is confirmed. Freezing 
of water in soils appears to take place ac- 
cording to an equation of the type proposed 
by Schofield, and this equation can be 
accepted as giving approximate values for the 
negative pore pressures and effective stresses 
arising, as a result of freezing, in unconfined 
samples. 

On a etabli un moyen de mesurer les pres- 
sions efficaces causees par la succion (pres- 
sion interstitielle negative), supposees res- 
ponsables pour la presence de l'eau non gelCe 
en sols geles. On gCle un Cchantillon de sol 
en Cvitant la formation de glace dans une 
certaine partie de l'tchantillon. Subsequem- 
ment, on dttem~ine la densite skche et la 
teneur en eau de la partie non gel&. Plusieurs 
sols ont ttC examines a des temperatures dif- 
fbrentes. On a obsemt une diminution de la 
teneur en eau et une consolidation de la 
partie non gelte. Cornrne les tchantillons 
demeurent saturts, des essais oedomCtriques 
pourraient indiquer l'amplitude des pressions 
efficaces developptes. La teneur en eau de la 
partie non gel& A une temptrature donnee 
serait tgale a celle qui demeurerait non 0elCe 
dans des sols gelts normalement a cette &me 
temperature. 

On a confirm6 l'existance et l'arnplitude 
approximative de la pression interstitielle 
negative dans la congClation des sols sans 
contraintes. La congelation de l'eau sernblc 
prendre place selon une Cquation du type 
proposb par Schofield. Donc, on peut adoptcr 
cette Cquation cornrne base du calcul approxi- 
rnatif de la succion et, par suite, des pressions 
efficaces rCsultant du gel, dans des Cchantil- 
tons sans contraintes. 

Substantla1 quantities of water remain unfrozen in soils a t  temperatures of several 

degrees below 0" C (pp. 11-26) (Inst. Merzlot, 1953-57; Lovell, 1957; Williams, 1963). 

The proportion of unfrozen water decreases as  the temperature is lowered, but as much 

as  half of the water may exist unfrozen a t  -lo C. This unfrozen water has been attributed 

(p. 22) to the suctions o r  negative pore pressures that develop as a result of ice forma- 

tion in the soil. A negative pore pressure in a saturated soil, in the absence of external 

loading, results in a positive effective stress (a stress acting across the grain-to-grain 

contacts) equal to the negative pore pressure. A n  increase in effective stress causes 

consolidation in compressible soils. 

I t  is therefore of interest to investigate the consolidation that should occur in  a frozen 

soil as a result of negative pore pressures in the unfrozen part of the moisture content. 

Such consolidation would also confirm the existence and, to some extent, the magnitude 

of the negative pore pressures and their relationship to temperature. 
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Fig. 1 .  Sample assembly for freezing experiments. 

FREEZING EXPERIMENTS 

Direct investigation of these effects is difficult because of the irregularly distributed 

ice lenses in a frozen soil which, on the one hand greatly reduce permeability, and on 

the other hand increase the overall soil volume. It is necessary to devise an experiment 

in which lens formation is prevented in a part of the soil large enough for subsequent 

study of degree of consolidation and water content. 

Perspex rings 2,2 cm ID and 0,4 cm in height were made. A ring was filled with a 

soil sample prepared flush to the surface. Pieces of a membrane, previously soaked in 

water, were then placed across the faces of the ring and soil sample and pressed tightly 

against the perspex with a clamp arrangement (Fig. 1). A thin smear of vaseline was 

usually placed on the perspex ring where it came in contact with the membrane. Two 

further pieces of the same, or sometimes different, soil were then pressed against the 

exposed sides of the membranes. 

This assembly was slowly cooled to a chosen negative temperature in the range 0" 

to -3°C. Freezing (with ice lens formation) occurs in the exposed soil, but not in that 

between the membranes because of the absence of an ice nucleus. Spontaneous nucleation 

does not occur - initially because the sample is small and subsequently for reasons 

which will become apparent - and ice growth cannot occur through the membrane. 

The membrane is of the type used in pressure membrane tests (Richards, 1947) and is 

permeable to water. The membrane pores are so small that ice growth only occurs 

within them at temperatures of at least several degrees below 0" C. 

Fig. 2. Pycnometer used for dry density determinations. 
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A modified domestic-type refrigerator was used. A mercury contact thermometer 

switch with a relay system maintained a fairly constant temperature. T o  avoid dessication 

and to ensure uniform temperature the sample assemblies were placed in closed jars, 

together with pieces of ice to start nucleation in the exposed soil. The specimens were 

generally maintained at  the chosen temperature for three days. Tests with thermo- 

couples indicated that the sample attained the chosen temperature from 5 to 10 hours 

after being placed in the refrigerator. 

After removal from the refrigerator, the assembly was immediately dismantled and 

the water content and volume of the inner soil layer (located between the membranes) 

were determined. A specially constructed glass pycnometer (Fig. 2) containing paraffin 

was used to determine the volume. To  obtain sufficient accuracy, considerable attention 

to temperature and other effects was necessary. Further tests were carried out involving 

freezing to various temperatures. 

Many tests involving determination of water content only were also carried out. In all 

cases the water content of the inner layer was found to be substantially less than the 

initial content. Preliminary tests showed that the water content of the inner layers 

became practically constant within three days. It was lower for lower temperatures. 

In any one test similar soil samples placed in different parts of the refrigerator might 

give results differing by 1 to 2 % of dry weight. This was largely due to slight tempera- 

ture differences. Samples of the same soil in one bottle consistently showcd similar 

contents for the inner layer within 0,l to 0,2 % of dry weight. When one sample was 

removed and the temperature then lowered for a further period, samples removed later 

showed lower water content. In all cases the moisture content (ice and water) of the 

outer soil layers (Fig. 1) was increased. 
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VOLUME MEASUREMENTS 

The results of investigations on Leda clay KNB are shown in Fig. 3. From the volume 

determinations the dry density (weight dry material per unit volume of soil in moist 

condition, glcm3) was calculated and plotted (Fig. 3, crosses) as a function of water 

content. Consolidation of the samples from the inner layer of the membrane assembly 

occurred during freezing. This is clearly shown by comparison with results of oedometer 

tests on  similar material (Fig. 3, circles). 
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Fig. 3. Dry density as a function of moisture content. Leda clay KNB. 
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Fig. 4. Equilibrium water contents of inner layers 
(where ice formation did not occur). When two 
or three assemblies with the same soil were 
frozen simultaneously, the average water con- 
tent is shown. Also shown are calorimetrically 
determined curves of (unfrozen) water content 
at various temperatures. In these experiments 
the soils were frozen normally and therefore 
also contained ice, making total moisture con- 
tents as shown. 

If the material is saturated there is a unique relationship between dry density, water 

content, and effective stress, for the observations shown in Fig. 3.  The specific weight 

of the soil particles was found to be 2,78 glcm3, and from volumetric consideration the 

dry density and water content relationship for the saturated state was calculated (Fig. 3, 

dashed line). The relationship of the observed points to this line shows that the soil was 

saturated over the range shown. 
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According to the effective stress equation 

(J'=(J-11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
where 

(1) 

o' effective stress 

a total stress (equals applied load in oedometer) 

u pore water pressure, 

the load applied in the oedometer is equal to the effective stress (which is responsible 

for consolidation) after equilibrium is reached, because the pore water pressure is then 

atmospheric (i. e. zero). The relationship between dry density (and moisture content) 

and effective stress is thus given by the oedometer tests. The figure for effective stress 

shown beside each point in Fig. 3 obtained from the oedometer tests, illustrates this 

relationship. 

The magnitude of effective stresses to which samples from the membrane experiment 

have been subjected is indicated by those stresses that in the oedometer tests produced 

a similar moisture content and dry density. In  the absence of external loading (as in 

the membrane freezing experiment) the effective stress is equal, but of opposite sign, 

to the pore water pressure. The positive effective stress giving rise to consolidation 

arises from, and is numerically equal to, the negative pore pressure developed by 

freezing. 

RELATIONSHIP O F  TEMPERATURE T O  NEGATIVE PORE PRESSURE 

Negative pore pressure as a function of temperature cannot be determined from the 

Few observations in Fig. 3. However, if the water content of the inner layer from the 

membrane experiment was known as a function of temperature with sufficient accuracy, 

it would be possible to combine this with the information in Fig. 3 to obtain values of 

negative pore pressure as a function of temperature. The water content of the inner 

(ice-free) layer, determined in many tests is shown in Fig. 4 (points and circles) as a 

function of temperature. In  general, the water content is as expected less for lower 

temperatures. In addition to the two soils illustrated, tests were also made on an  illitic 

clay from Asrum, Norway, and a bentonite from Winnipeg, Canada. These tests also 

showed decreased water content of the inner layer for lower temperature. From the 

information in Fig. 3, it should be possible to find the negative pore pressure (which is 

numerically equal to the effective stress causing consolidation) corresponding to the 

different water contents of the inner layer (Fig. 4) and thus to temperature. This direct 

procedure, while giving the approximate magnitude of the pore pressures, is not, how- 

ever, entirely satisfactory. The reasons for this apparent from earlier experimental work 

(pp. 11-26) which can however be used to obtain a more accurate approximation of 

the temperature-negative pore pressure relationship. 

Interpretation of observed water contents fro171 cnlorimetric studies of frozen soils 

In  this earlier work, calorimetric methods were used to determine the quantity of 

water remaining unfrozen a t  various negative temperatures. Results of this type can 

be expressed as 

weight of water remaining unfrozen 
- - - - - - - - - - X I 0 0  

dry weight of soil 
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and then shown on Fig. 4. It is seen that at least to about -l°C, the water content of 

the inner (ice-free) layer in the membrane experiments is, within the limits of experi- 

mental error, equal to the water content of 'normally' frozen soil (in which ice, of 

course, is also present). During the freezing process in the membrane experiment, water 

is transferred from the inner layer to the outer layers (where ice is formed) because of 

a pressure gradient in the water. When the water content of the inner layer becomes 

constant, the water in both inner and outer layers would be expected to have the same 

negative pressure. Thus the situation of the inner soil layer, isolated by membranes, 

does not differ fundamentally from parts of the normally frozen soil, in which ice may 

happen to be absent. The inner soil layer has the same (unfrozen) water content under 

the same negative pressure. 

In the calorimetric investigations it was also found that the unfrozen water content 

as a function of temperature has, because of hysteresis, somewhat different values 

depending on whether the soil is in process of freezing or thawing (Fig. 4). In the mem- 

brane experiment, similar small differences in water content are to be expected depending 

on whether the measured temperature of the refrigerator is reached by cooling or slight 

warming. The temperature control of the refrigerator was such that fluctuations of 

f O,l°C might occur and these are largely responsible for the scatter in the points 

shown. In addition, the water content was to some extent dependent on the degree of 

disturbance of the sample. 

This relatively small scatter in the observed points from the membrane experiment 

is sufficient to prevent an accurate calculation of the relationship between temperature 

and effective stress. Fig. 3 shows that small changes in water content are associated with 

very large changes in effective stress, so that it is necessary to know the water content- 

temperature relationship (Fig. 4) for the freezing condition with a high degree of 

accuracy. 

Determination of temperature - negative pore pressure relationship 

Pressure effects are generally accepted as mainly responsible for the presence of 

unfrozen water in frozen soils. Earlier work (pp. 11-26) provided a quantitative 

evaluation of these effects. Suction-moisture content relationships (Croney, Coleman 

and Bridge, 1952) were determined at room temperature for the soils investigated 

calorimetrically. A hypothesis was proposed that as freezing occurred and water was 

transferred into ice lenses, the water remaining in the pores would be under an increasing 

suction (negative pore pressure). This suction could be predicted from the suction- 

moisture content tests and is' probably responsible for the presence of the unfrozen 

water because of its effect on the freezing point of the latter. The suction predicted 

for each unfrozen water content was found to be related to the temperature by an 

equation of the type given by Schofield (1935). 

L 
H=-AT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

where Tg 
(2) 

H suction expressed as height of a column of water, cm 

L latent heat of freezing of water 3,336XlO%rglg 

T temperature OK 

AT negative temperature "C 

g 981 cmlsec2 
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Fig. 5. Theoretical and experimental relationship between temperature and suction 

This relationship could only be determined following a large number of carefully 

controlled tests on various soils for reasons similar to those noted above. Results are 

summarized in Fig. 5 (modified from pp. 11-26). Except for a necessary minor correction 

to allow for the effect of dissolved salts on freezing point, the equation is apparently 

valid for all soils. The equation gives the freezing-point depression of water under 

negative pressure, which is in contact with ice under atmospheric pressure (Edlefsen and 

Anderson, 1943). Although it appears unlikely at first, this situation probably occurs in 

soils where the ice phase is mostly in discrete lenses or masses larger than pore size, 

while the water lies within small pores under the influence of capillary and other effects. 

TEMPERATURE - NEGATIVE PORE PRESSURE: CONCLUSIONS 

Although the earlier work did not show directly the existence of the negative pore 

pressures, the present experiments clearly demonstrate these pressures and also confirm 

that their magnitude is similar to that predicted from equation 2. A thermodynamic 

equation of the type of (2) does therefore correctly describe the temperature-pressure 

relatio~lship for water freezing in soils. On the basis of the detailed observations made 

in the earlier work it can then be concluded that equation 2 gives the best available 

approximation of the relationship between negative temperature and negative pore 

pressure (and thus effective stress) in unconfined samples. 

Applicability o f  equation 2 

There is an  important limitation to the present experiments in proving the range of 

application of Equation 2 which remains to be discussed. This is illustrated by Fig. 6, 

where the water content for samples in oedometer and suction tests is shown as a 

function of effective stress, (equal to the applied load, and applied suction respectively). 

So long as the soil is saturated these tests give, with minor qualification, similar results. 

At 21 % water content the two sets of results diverge. This is the shrinkage limit, and 

desaturation occurs in the suction tests. I n  Fig. 4 this is reached in freezing to about 

-lo C. On freezing to lower temperatures the membrane experiments always gave water 
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contents substantially higher than those determined calorimetrically. This is probably 

because when desaturation occurs, hydraulic flow is substantially reduced. Transference 

in the vapor phase may occur, but even after three weeks at the low temperatures the 

water content remained higher in the membrane experiment. 

The information in Fig. 3 can not be extrapolated to apply beyond the shrinkage 

limit (which in the case of Leda clay KNB is reached at  about -lo C). 

Pressures on the ice phase 

Agreement of the experimental observations with Equation 2 implies that, as noted, 

the pressure on the ice (at least where it is in contact with the water) is always atmo- 

spheric. Most of the ice is in bodies considerably larger than pore size, and might be 

supposed to carry the effective stress, especially at points of 'contact' with soil grains 

(ice and grains may be separated by a bound film of water). The existence in the ice 

of a positive presure greater than atmospheric is in conflict with the evidence in Figs. 

3-5, even when allowance is made for experimental errors. 

Curvatures of the ice surface of small radii should cause increments or decrements of 

pressure locally within the ice (Everett, 1961; Gold, 1957). It is suggested that the ice 

surface will be concave over grains and convex into pores, with radii such that local 

stresses are relieved and the ice is uniformly at  atmospheric pressure. Work now being 

carried out involves freezing tests on samples under various externally applied total- 

stress conditions and may give further information on this point. 

CONCLUSIONS 

Experiments involving freezing of soil samples, with restricted ice lens development 

show that water which remains unfrozen within a freezing soil has a negative pressure. 

This negative pore pressure gives rise to an effective stress which causes consolidation. 

The volume decrease will usually be obscured by ice lens growth. 

Negative pore pressure is greater at  lower temperatures. Unfrozen water in saturated 

soil moves freely along pore pressure gradients. The experiments confirm, for tem- 

peratures down to that at which the moisture content corresponds to shrinkage limit, 

that an equation of the type proposed by Schofield gives approximately the suction 

(negative pore pressure), in unconfined samples, as a function of temperature. 

The effective stress developed, even at  temperatures of -0,8" to -1,O0 C, causes con- 

siderable consolidation in compressible soils. This, together with discontinuities left by 

ice lenses, results in a special structure in soils subjected to a freeze-thaw cycle. 

ACKNOWLEDGMENTS 

I am indebted to my colleagues at the Norwegian Geotechnical Institute, J.  Moum 

and 0. Ihlen Sopp, and to the Director, Dr. L. Bjerrum for assistance and stimulating 

discussion. 

REFERENCES 

Institut merzlotovedeniya (1953-57) Mnterinlny po lnboratornym issledovnniinm merzlykh 
grzcntov. Vol. 1-3. Akademiya nauk, SSSR. Moscow. 

Croney, D., Coleman, J. D. and Bridge, P. M. (1952) The szlction of nzoisture held in soil 
and other porous mnterinls. London. 41 p. (Road Research Laboratory, Harmondsworth. Road 
research technical paper, 24) 



SUCTION IN UNFROZEN WATER OF FROZEN SOIL 

+ observations j 
with oedometer 

L E D A  CLAY KNB 

1 10 

Effective stress 6' In kg/cm2 

Fig. 6. Comparison of observations from suction-moisture content tests 
and from oedometer tests. 

Edlefsen, N. E. and Anderson, A. B. C. (1943) Thernzodyrzamics of soil moisttrre. Hllgardia. 
Vol. 15, NO. 2, p. 31-298. 

Everett, D. H. (1961) The thermodynamics o f  frost damage to porous solids. The Faraday 
Society. Transactions. Vol. 57, Pt. 9, p. 1541-1551. 

Gold, L. W. (1957) A possible force mecl~ar~ism associated with the freczirzg of water irr 
pororrs materials. Highway Research Board, Washington D.C. Bulletin, 168. p. 65-73. (National 
Research Council, Canada. Division of Building Research. Research paper, 66) 

Lovell. C. W. (1957) Temperotrrre effects on phase composition and strength of partially- 
frozen soil. Highway Research Board, Washington D.C. Bulletin. 168. p. 74-95. 

Richards, L. A. (1947) Pressure-membrane upparatus; construction and rrse. Agricultural 
Engineering, Vol. 28, No. 10. p. 451454,460. 

Schofield. R. K. (1935) The pF o f  the water in soil. International Congress of Soil Science, 3. 
Oxford 1935. Transactions. Vol. 2, p. 3748. 

Williams, P. J. (1963) Specific heat and rlnfrozen water cotzterzt o f  frozen soils. Ottawa. 
(National Research Council, Canada. Associate Committee on Soil and Snow Mechanics. 
Technical memorandum, 76, p. 109-126) 

Williams, P. J. (1964) Unfrozen water content of frozen soils and soil moistlrre slrction. 
GBotechnique, Vol. 14, No. 3, p. 231-246. 



UNFROZEN WATER I N  FROZEN SOILS: 
PORE SIZE - FREEZING TEMPERATURE - PRESSURE RELATIONSHIPS 

SYNOPSIS 

Experimental observations relevant to the 
freezing point of water in soils and the pres- 
sure state of liquid water in frozen soils are 
reviewed. By reference to vapour pressures, 
it is first shown as a general example, how 
with a curved intedace between the air (and 
vapour) and water, the system ice-water- 
vapour may be in equilibrium at temperatures 
below 0°C while the pressure on the ice and 
air remains atmospheric. 

The situation in a soil where the pore size 
restricts the size of ice crystals, and thus 
determines the curvature of the ice-water 
interfaces is then considered. An expression 
is derivcd relating freezing point depression 
to pore size and this relationship is shown to 
bc in agreement with the results of carlier 
experimental observations. 

Proceeding from this an equation is ob- 
tained relating freezing temperature and pres- 
sure in the unfrozezn water. It is shown how 
this relationship is also substantially con- 
iirmed by earlier experimental work. 

Finally limitations to the applicability of 
the two relationships are briefly discussed. 

On fait d'abord une revue des observations 
experimentales se rapportant au point de con- 
gelation de I'eau en sols et les conditions de 
pression de l'eau liquide en sols geles. En ce 
qui concerne les pressions de vapeur, on 
montre que le systkme glace-eau-vapeur, avec 
une surface courbee entre l'air (et vapeur) et 
l'eau. peut &tre en tquilibre a des tempera- 
tures sous 0°C. tandis que la pression sur la 
glace et l'air reste atmospherique. 

Puis on examine la situation dans un sol 
ou la dimension des pores limite la dimension 
des cristaux de glace, et determine ainsi la 
courbure de l'interface eau-glace. On arrive 
a une expression mettant en relation la depres- 
sion du point de congelation et la dimension 
dcs pores. On montre que ce rapport s'accorde 
avec des resultats d'observations exphimen- 
tales prkcedentes. 

A partir de ce rapport. on a Ctabli une 
equation entre la temperature de congelation 
et la pression dans l'esu non gel&. I1 est 
montri: quc cettc equation est aussi d'une 
facon pratique confirmte par dcs observations 
precedentes. L'article se terminc par une 
courte discussion des lirnites de l'application 
de ces deux equations. 

INTRODUCTION 

Any theory accounting for the presence of unfrozen water in frozen soils must explain: 

(a) the freezing point depression of such water (b) the fall in pressure in such water 

associated with the freezing process. That  some fall in pressure occurs during freezing 

a t  temperatures near 0" C is of course obvious from the migration of water to the frost 

line, occurring during frost heaving. That the pressure continues to fall with the decreaq- 

ing freezing point of the remaining water is suggested by the relationship betweer1 

unfrozen water content for various negative temperatures and  the suction associated 

with a similar moisture content a t  above-freezing temperatures (Fig. 8, p. 21). I t  is sub- 

stantially proved by observations of the consolidation, associated with increasing negative 

temperatures, produced in clay samples from part of which ice is excluded (pp. 27-35). 

Earlier explanations of the fall in pore pressure have involved the assumption of a n  

unstable supercooling of the soil water (Jaclcson and  Chalmers 1958, Selmer-Olsen 1964), 

or have been based on effects associated with a stable freezing point depression resulting 

from the geometry of the soil particle and  pore system (Miller et nl., 1960, Penner 1958, 

Gold 1957). In  the experiments involving unfrozen water content (pp. 11-26) it was shown 
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that within the limits of experimental error, the amount of unfrozen water present for  

a given temperature was independent of the rate of freezing. This, together with the 

widespread distribution of ice occurring in the frozen soil, indicates that supercooling 

does not occur to a marked extent. I n  the following it is shown that both qualitatively 

and quantitatively the presence of the unfrozen water, and the associated lowered pore 

water pressure with decreasing temperature, may be substantially explained o n  the basis 

of  capillary theory and  the assumption of thermodynamic equilibrium conditions. 

Vapour-pressures, ice and water at negative temperatures 

Under equilibrium conditions a t  a pressure of one atmosphere, ice, water and  vapour 

are  in equilibrium a t  0" C so long as the interfaces gas-liquid, liquid-solid, solid-gas are 

essentially plane. If the temperature is reduced while a uniform one atmosphere pressure 

is maintained o n  all phases equilibrium is disturbed. The  saturated vapour pressure falls 

but is no longer equal for ice and  water. The vapour pressure for  ice a t  temperatures 

below 0°C is lower than that for water and thus there is a transfer f rom the water to  

the ice phase. I t  is well known that when a water-air interface is curved as in a capillary, 

the vapour pressure above the meniscus is reduced in respect to  that of free water. The  

reduction of vapour pressure (given by the Kelvin equation (Thomson, 1871, Defay and 

Prigogine, 1951, p. 176)) is ascribable to  the fall in pressure produced in the water, as  a 

result of the interfacial energy and radius of curvature r,, of the interface. According 

to the well known capillary equation (see e.g. Taylor, 1948): 

where p, = air pressure 

pl = water pressure 

ul, = interfacial energy air-water 

rig = radius of curvature of interface (,-- radius of capillary) 

The  vapour pressure of water in  a capillary may thus be equal to  that of bulk ice 

(i.e., ice with a n  essentially plane surface), if the capillary is small enough, the required 

radius of the capillary depending o n  the temperature of the ice. The  water and  ice are  

again in equilibrium; the water remains unfrozen and  therefore shows a freezing point 

depression. As shown above the pressure of the water is also reduced relative to  the ice 

(which has atmospheric pressure). 

A similar situation exists in frozen soils, except that in this case the water phase is, in 

general, in direct contact with the ice, i.e. the curved interface water-ice must be con- 

sidered.* 

The internal pressure of sn~all crystals 

The internal pressure of a small crystal immersed in its own melt is given by (see e.g. 

Defay and Prigogine, 1951): 

* For an interface contained in a capillary, the right hand term in equations of the type 
of (1) should, strictly speaking, be multiplied by a factor, cos 0, where 0 is the contact angle 
between the liquid and the walls of the capillary. The value of cos 0 is generally considered 
to be close to 1 for water in soils. 
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where ps = internal pressure of crystal 

p, = pressure of liquid 

as( = interfacial energy, solid-liquid 

r,yl = radius of curvature of interface 

(or more precisely, p,-p,=a,, dA/dV, where A = surface area of crystal, V = volume of 

crystal - but we assume here a spherical crystal, or an interface which is hemispherical). 

In the freezing of a soil, the size of ice crystals depends on the size of the pore in 

which they lie. According to equation (2) there will be a difference in pressure between 

the ice in such crystals, and the water in the pore. 

The internal pressure of a crystal in its gas is given by: 

where as, = interfacial energy solid-gas 

p, = pressure of gas 

r,7, = radius of curvature of interface 

RELATIONSHIP O F  FREEZING TEMPERATURE AND PORE SIZE 

For a one component system of gas-solid-liquid to remain in equilibrium when 

pressure or temperature is changed, the Gibbs-Duhem relationship (see e .g .  Guggen- 

heim 1959) must be satisfied: 

-Sf, i jT+V,  ijp,=ijy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (4) 

where S,, SI ,  S, = molar entropies of the three phases 

T = absolute temperature 

V,, V1, V ,  = molar volumes of the three phases 

p,, pl, p, = pressures of the three phases 

u = molar chemical potential 

The existence of curved interfaces will be associated with particular pressures and 

temperature of equilibrium, depending on their radii*. The Gibbs-Duhem relation- 

ships together with equations of the type of (I), (2) and (3) may be used to demonstrate 

how the equilibrium temperature is related to the radius of curvature of the solid-liquid 

interfaces, and therefore for a substance contained in an  inert porous material to the 

size of the pores in which the interfaces lie. 

Subtracting equation (5) from (6) and dividing by VI-V, 

* A detailed study of the influence of curvature on phase equilibria is given by Defay and 
Prigogine (1951). 
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and subtracting equation (4) from (6) and dividing by V,-V, 

adding V'6p's to both sides of equation (7) 
V,-V, 

adding V@ps to both sides of equation (8) 
vq-vs 

2o.s<, 
since (from equations (2) and (3)): and 6ps-6pD=6 

rs, 

and subtracting (10) from (9) 

ignoring V, in relation to V,, and multiplying by (V2-V,s): 

since (S,-Ss)T= Lf,,, 

and (S~-Ss)T=LslLb2 

where Ll,,, = latent heat of fusion 

LsItb2 = latent heat of sublimation 

and integrating (assuming Vz, V, and LfLts to be constant) gives: 

where To is the normal equilibrium temperature. 

Vl -v,s ~f - Lsllb2 is small in relation to Ll,,,: 

v, 

In  the case of the soil samples investigated calorimetrically (see the first two papers 

in this volume), a constant air pressure of one atmosphere occurs. Since the normal 

freezing point of water (i.e. when there is no significant curvature of the interfaces 

between the phases) at  one atmosphere pressure is 273,15" K (0" C), this temperature is 

to be taken for To, in performing the integration from l/rsz = 0 to l/rsl, the suffix ,2 

referring to the ice-water interface. l/rsl = 0 corresponds to the initial state when the 
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Fig. 

saturated soil commences to freeze and both ice and water are under atmospheric pres- 

sure, i.e. rSL = m.* 

In deriving equation (13) the relation 

2fl.7, 
6~ , -6~ , - -6  7- 

S ! j  

was used. In the case of the soil the gas phase does not consist of water vapour alone, 

but also of air. The relationship is still valid, the interfacial energy D,?, not being signi- 

ficantly affected by the total pressure, or the presence of air. 

In the freezing of saturated soils the interface between ice and air is also essentially 

plane (lying at the surface of the sample) and r,, = m. The last term in equation (13) 

is therefore equal to O*, and the equation relating temperature T and the radius of the 

ice-water interfaces, and thus the radius of the smallest pores filled with ice, becomes: 

taking the interfacial energy ice-water cr,sl = 30,5 ergs/cm2 (after Hesstvedt, 1964) and 

Lllls = 6,01X1010 erglmol, values of rSL can be calculated, and are shown in Fig. 1 

(continuous line). I t  may be noted that a rather similar equation, the Thomson equation, 

is often used in meteorology and other applications. An analogous equation, in terms 

of vapour pressures is given by Powers and Brownyard (1947), in their studies of har- 

dened portland cement paste, while equation (14) was given by Kubelka (1932) on the 

basis of somewhat different assumptions. 
-- 

* For this to be strictly true the interfaces must be outside the pores, and therefore it must 
be assumed that some icc can form outside the pores. 
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Experimental confirination of freezing temperature - pore size relationship (equation 14) 

Certain of the experimental observations summarized (fig. 8, p. 21) may be used to 

confirm equation (14). Each experimental point in that figure was obtained by first 

determining the amount of unfrozen water present in a particular frozen soil a t  a 

temperature T. As reasoned above, the ice-water interfaces will have a radius rsl (accord- 

ing to equation 14), and should lie in pores of equivalent size. Considering now only 

those soils which are virtually incompressible, the value rsl can be determined by refer- 

ence to the suction (shown as p F  in fig. 8, p. 21) measured in a suction-moisture content 

test, in the pore water in an  unfrozen sample of the soil when containing exactly the 

same amount of water. I n  the latter situation, menisci should lie in the same pores, but 

would be those for air-water. I t  is generally agreed (e.g. Schofield 1938, Donat 1937) 

that the suction for  a given moisture content in the suction moisture content test is a 

measure of the radius of the menisci and thus of the pores in which they lie according 

to equation (1). 

Fig. 1 shows the results of converting the suction values of the experimental points for 

various temperatures (fig. 8, p. 21) for  the two incompressible soils, Niagara silt and iron 

ore, to pore size by application of equation (1). There is seen to be close agreement 

between the theoretical relationship (of equation 14), and these experimentally deter- 

mined values. The  latter are slightly larger, and the probable reason for this is discussed 

in a later section (p. 46). 

PRESSURE STATE O F  T H E  UNFROZEN WATER 

The  pressure state of the unfrozen water a t  various freezing temperatures may be 

directly calculated by combining equations (14) and (2) to give: 

where p,?-pL = dynlcmz ( X  1,0198 X 10-" kglcmz) 

L,,,, = molar latent heat, ergs (= dyn cm) 

V i  = molar volume of water cm3 

This equation in fact corresponds to that given by Schofield in his paper (1935)* 

concerning initial freezing points of partly dried soils and reproduced in fig. 8, p. 21. 

A similar equation may be derived directly from the Clausius-Clapeyron equation 

(Edlefson and Anderson 1943) but the derivation given above demonstrates explicitly 

the effect of the porous structure of the soil in controlling the freezing process. 

The same condition applies to equation (15) as applies in the derivation of equation 

(14): The  sample is saturated so that the last term in equation (13) is equal to 0. Further, 

if the soil is subjected to one atmosphere air pressure TO = 0" C. If both conditions 

apply, the pressure of the ice ps is necessarily atmospheric, and the difference p,-pi is 

equal to the negative pore water pressure (or suction). If during the freezing of a 

saturated sample the pressure on  the system as a whole was greater than atmospheric 

* It is however interesting to note that in addition to being misprinted, and expressed in 
unusual form, Schofields (1935) equation is apparently incorrect in so far as H, the suction in 
his equation, is considered as that of the water in an unsaturated sample prior to freezing of 
that sample. If such an unsaturated soil is frozen, the ice-air interfaces must be within the 
pores. In this case the condition in the derivation of equations (14) and (IS), rsO= m is not met. 
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then To  would have to be reduced by 0,0073" C per kglcm2 of this pressure which also 

occurs in the ice. The difference would have the same value (i.e. with the menisci 

of the same radius r,72) since the interfacial energy a,, is virtually constant for the tem- 

peratures and pressures of practical interest. Thus the pressure on the water would be 

increased by an equal amount (i.e. the negative pore pressure reduced). 

For a soil which is not saturated, the solid-gas menisci lie within the pores and their 

radius r,, determines the increased pressure of the ice relative to the air pressure. This 

increment of pressure is represented by the last term in equation (13). In the case of 

unsaturated soils therefore this term would also have to be carried into equations (14) 

and (15).* 

One situation of particular significance should be mentioned in connection with the 

use of equation (2) in the derivation of equations (14) and (15). The value of the pore 

water pressure at  the boundary between frozen soil in the ground, and the underlying 

unfrozen soil may be controlled by a variety of factors (e.g. depth to ground water 

table). This pore water pressure when inserted in equation (2) may be such as to give 

a value of rSl which is greater than that of the pore radius of the soil in question, and 

so long as this persists ice cannot form within the pores. Instead freezing gives rise to 

ice lenses larger than pore size (p. 52). 

Experin~ental confirmation of temperature-suction relationship 

The experiments described on pp. 11-26 appeared to confirm that the values p,-pl, 

the difference in pressure between ice and water phases, are substantially those predicted 

by equation (15) (shown in its alternative form, p. 21). Although it was proposed 

there that p,-pl was in fact equal to the negative pore water pressure developed (and 

that the ice accordingly was under atmospheric pressure) this was not proved by these 

experiments. Had some or all of p,-pL found expression as an increased pressure in the 

ice, the temperatures (cf. fig. 8, p. 21) would have differed by an amount (as noted 

above) too small to be experimentally detectable. The occurrence of negative pore 

pressures approximately equal to p,-p,, in samples under one atmosphere pressure, is 

proved clearly however, by the consolidation effects observed in the further experiment 

(pp. 27-35). 

When the derivation of equations (14) and (15) is considered in relation to certain 

well-known soil properties, a fuller theoretical interpretation of the experimental observa- 

tions (summarised in Fig. 8, p. 21) is possible. The causes of certain deviations of the 

experimental points from the theoretical curve in that figure become apparent, and the 

experimental values can then be corrected to give a more precise verification of equa- 

tion (15). 

I t  is necessary to distinguish three categories of soil: incompressible, 'completely' 

compressible, and partly compressible (a similar distinction is considered by Miller, 

1966). 

1ncoi~zpres.sible soils: These soils have a rigid "skeleton" of mineral particles, such that 

removal of water (in the suction-moisture content test) is necessarily associated with 

entry of air into the pores. There is no change in the bulk soil volume. Using similar 

reasoning as above (p. 42), for similar water (liquid water) contents in frozen soil, and 

in soil in the suction-moisture content test, the interfaces (ice-water, air-water respect- 

ively) lie in the same pores. Thus rSl = r,, and by combining equations (I) and (2) it is 

* See however p. 97. 
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apparent that the suction in the case of the frozen soil is smaller by a factor of n,y,lol, = 

0,42. (taking al, as 72,75 dynlcm a t  20°C). I n  Fig. 2 the suction values for the two 

incompressible soils, Niagara silt and  iron ore, (fig. 8, p. 21), have been replotted after 

multiplying by this factor. 

'Co~izple~ely' cor,zpres.rible soils: By contrast, in many soils, the volume of water that 

is lost following the application of even a fairly large suction, is associated with a n  equal 

volume decrease of the bulk soil. The  reason of course, is that the suction gives rise to  

stresses sufficient to compress the soil (see p. 27), while no air (or ice) enters the soil 

pores because all the pores are  smaller than rI, (or rSl) as given by equation (1) or (2). 

For  such soils (i.c. those where pores are  not emptied or filled with ice) there is a 

unique relationship between effective stress (or suction, cf. p. 30) and  water content. 

Therefore equal water (liquid water) contents in the frozen soil and  in the suction- 

moisture content test must also show equal suction. The  suction values shown earlier 

(fig. 8, p. 21) should in this case equal those existing in the unfrozen water in the frozen 

soil, and  are  replotted directly in  fig. 2. 

From equations (1) and (2) it is apparent for these soils that the radii rI, and  rSl, of 

the interfaces, cannot be equal (under the condition of equal water content) in contrast 

to the situation described for  incompressible soils. T h e  menisci d o  not lie in pores, but, 

in the suction-moisture content test remain o n  the surface of the soil, a n d  in frozen soils 

lie o n  the surface of ice lenses (larger than pore size) o n  or  in the soil. 

However, when the suction becomes great enough (according to equation (1) or (2)) 

the radius of the interface becomes small enough to enter the pores. In  the case of Leda 

clay K N B  this is clearly shown to occur in the suction-moisture content test, a t  a suction 

of about 11 kglcm? (fig. 6, p. 34). According to this, ice-water menisci would be expected 

to enter the pores (following the reasoning given in the previous sub-section) at about 

0,42 X 11 = 4,6 kglcm2 suction, corresponding to a temperature of about -0,37" C. This 

is therefore the lowest temperature for  which that soil can be regarded as  'completely' 

compressible. Corresponding information is not available for Leda Clay G C  although 

approximately the same figure probably applies, while for the montmorillonitic Winni- 
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Fig. 2. Relationship between temperature and suction in the liquid water in freezing soils, 
determined experimentally, and as predicted by equation (IS). In the preparation of this 
figure no account has been taken of the possibility of the emptying of 'isolated' pores 
in the suction-moisture content test (see p. 45). If this occurs and were allowed for, the 
majority of the experimental points would lie nearer the theoretical curve. 
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peg Clay B it is reasonable to  suppose that the pores are  smaller and that ice entry into 

the pores does not occur in the range 0 ti1 - l o  C.  

Partly cornpres~ihle soils: Once ice-water interfaces occur within the pores it might 

b2 thought that the considerations valid for incompressible soils would apply. However, 

entry of ice o r  air does not necessarily prevent further compression of the soil. Thus we 

have the final group of soils in which the interfaces lie within the pores, but in which 

a reduction of moisture content occurs partly by advance of the interfaces into smaller 

pores, and partly by compression of the bulk soil. 

Conversion of the suction in a suction-moisture content test, to the suction existing 

for the same liquid water content in the frozen soil, involves in this case a factor between 

1 and 0,42, that is, between the two extreme cases considered in the previous sections. 

The value to be given to this factor, for a particular soil, could only be established by 

detailed observations of the compression behaviour of the soil over a range of suctions. 

However it may be noted that once ice or air has entered the pores in  some quantity, 

it is unlikely that much further compression occurs (Haines, 1923). Thus in the majority 

of cases use of the factor 0,42 (with the assumption that the soils are virtually incom- 

pressible) would probably not involve too great a n  error. However this category of soils 

has not been included in Fig. 2. 

I t  may be noted that most soils will be represented in a t  least two of the three cate- 

gories depending on  the suction occurring in thema. Thus a t  very low suctions, the two 

soils considered as incompressible, Niagara silt and iron ore, may lose water without 

interfaces entering the pores, and thus should be regarded as 'completely' o r  a t  least 

partly compressible for a very narrow range of suction. 

Fig. 2 shows that there is a reasonable correlation between the theoretically and 

experimentally derived relationships of pore pressure (suction) and negative temperature. 

Such deviations as occur may be a t  least in part explained by the following consideration 

of the nature of the processes of ice-entry and air-entry into the pores. 

Effects of air di f f~ls ion in  the suction - rnoistllre content tcst 

In  Fig. 2 it is seen that many of the experimental points indicate somewhat lower 

suctions than would be predicted. This could be due to a difference in the manner in 

which air replaces water in the pores of the soil compared with ice replacing the water. 

A number of pores occur, which are  connected to others only by much smaller open- 

ings. As ice formation takes place in the soil ice entry into such a pore will be delayed 

because of the small size of the openings. Only when the temperature has fallen suffi- 

ciently for stable ice crystals to grow in these openings (as given by equation (14)), will 

ice form in the pore as  a result of nucleation by the crystals advancing through the 

openings**. Spontaneous nucleation of ice in 'isolated' pores of this type is very unlikely 

* On p. 23 it was proposed that the unfrozen water content of soil at various negative 
temperatures could be predicted from the results of suction-moisture content tests and applic- 
ation of the theoretically determined relationship (i.e. of Schofield and equation (15), by 
assuming equal suction corresponded to equal moisture content. It is now apparent that 
while this is the case for 'completely' compressible soils. the suction values from the suction- 
moisture content test should be reduced by a factor of 0.42 for incompressible soils, and by a 
factor between 1 and 0,42 for partly compressible soils. However as will become apparent in 
the next section, for other reasons this factor may be ignored in most practical considerations. 

** This manner of advance of ice through a porous material is also proposed for the case 
of hardened cement paste, by Helmuth, 1962. 
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and in any case would only occur after a considerable period of time. It may be noted 

that the water in such pores is thus slightly supercooled and represents an  exception to 

the near-equilibrium conditions which are otherwise assumed to exist. 

I n  the case of the suction-moisture content test the replacement of water by air in 

such pores is probably not hindered in any comparable manner. Air may pass into the 

pores by diffusion in solution, through the smaller (water-filled) openings, and can come 

out of solution in the pore when the water is saturated with dissolved air. Entrapped 

air bubbles can be enlarged in this way and a corresponding amount of drainage occurs 

(p. 76). Under certain circumstances such bubbles may arise from nucleating sites on  

the soil particles. Although the rate of diffusion might be thought to be small, the 

diffusion paths are short in samples of the size used in the suction-moisture content 

tests, and the time available relatively long. 

It is not immediately possible to determine the size of the correction appropriate for 

the effects of such 'isolated' pores, although an estimate can be made of the amount of 

pore space that would have to be involved to account for deviations of the size shown 

in Figs. 1 and 2. In  extreme cases the experimentally derived suctions (Fig. 2) are about 

one half, and correspondingly the experimentally derived pores sizes (Fig. 1) are about 

twice the theoretical values. Reference to figs. G and 7 pp. 19 and 20, shows that if the 

moisture contents had been greater by up to 10 '76 (of the volume of water) depending 

on  the soil type and water content, the agreement between experiment and theory would 

have been exact. This volume can be assumed to correspond to that of 'isolated' pores, 

water-filled in the freezing tests, but air-filled in the otherwise analogous suction- 

moisture content determinations. 

In Fig. 2 the experimental points for Winnipeg clay B do not lie to the left of the 

thcoretical curve indicating that "isolated" pores which could become air-filled do not 

occur in that soil. This is quite likely since montmorillonitic clays are known to have 

very small pores. Thus over the relevant range of suction all the pores are probably 

too small (according to equation 1) for drainage to occur, whether directly or by 

diffusion of air. 

Taking into account the limits of experimental accuracy of the procedures used to 

obtain the values shown in Figs. 1 and 2 and the limitations discussed in the next section, 

it can be concluded that they provide satisfactory proof of the theoretical relationships 

derived in this paper. 

Litnitations to the applicability o f  equations (14) and (15) 

For the sake of simplicity certain factors bearing on  equations (14) and (15) were 

overlooked in their derivation. In  both equations (2) and (3) the interfaces between the 

phases were regarded as spherical or hemispherical. In  fact, the crystalline form of the 

ice may require that 2oSL/rsl be multiplied by a shape factor o, the value of which is 1 

for a sphere or hemisphere, and lies between 1,l and 1,3 for different crystal forms 

(Hesstvedt 1964). Although the value to be given to o is unknown, it may be noted that 

if it is other than 1, it would result in a displacement of the theoretical curve (Fig. 1) 

toward the experimental points. 

The values osl and L,,,, are also not strictly constant, varying with the curvature of 

the interface (Hesstvedt 1964 and 1960). However over the temperature range of interest 
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(as shown in Fig. 1) the combined effects of these variations would be to increase the 

theoretical values of r S L  by at  most 1 to 2 percent (i.e. at the lower temperatures). cr,! is 

also to be regarded as a mean value in so far as it varies for different crystal faces. 

Throughout this paper, the radius of the interfaces has been assumed to be equivalent 

to the pore radius without this latter quantity being closer defined. The irregular nature 

of the voids in soils of course, cannot be defined by one or many 'pore radii'. By pore 

radius therefore, is to be understood an effective radius of interfaces between phases 

as determined by the internal geometry of the soil. 

I t  is well known that the layer of water immediately adjacent to the mineral particles 

in a soil differs in several important respects from that of 'normal' or 'free' water, 

otherwise present in the pores. The 'thickness' of this layer (the boundary between it 

and the 'free' water being indistinct), is postulated for example as about 7,O X 10-7 cm 

by Anderson and Low (1958), and by Rosenqvist (1965). The terms V I ,  and Lfllh may 

be expected to have substantially different values and to vary in a complex manner 

within these layers. Similarily equations of the type of (I), (2) and (3) will not be directly 

applicable. 

I t  is obvious that for large values of rSI  and rig the presence of these layers may be 

ignored. According to equation (14) at  -l,O°C, r,,z has a value of 4,9S X lo-" and the 

presence of the bound water layers will then mean that the distance between the mineral 

surfaces will be twice this plus about 15 % corresponding to the thickness of the bound 

layer. The bound water may be assumed of course to freeze only at  substantially lower 

temperatures. 

At temperatures below about -35" C, the calculated value refers to less than of 

the actual radius of the pore, and the interpretation of rAl in equation (14) as referring 

to pore size must be modified accordingly. Finally there is the situation in which the 

soil pores are so small that only 'bound' water occurs. The derivation for equation (14) 

given in this paper is then no longer relevant. 

The experimental points do not extend below -lo C, because at  the time the experi- 

ments were carried out apparatus was not available for extending the suction - moisture 

content observations to suctions greater than that corresponding to that temperature. 

I t  is quite likely that the relationship shown between the experimentally determined 

points for various soils, and between these points and the theoretical curve, would in 

fact continue to substantially lower temperatures. This is because both the unfrozen 

water content-temperature relationship, and the suction moisture content-relationship 

are essentially measures of the same quantity, the free energy of the water. The simple 

physical picture used in this paper becomes, however, progressively less satisfactory for 

lower temperatures. 
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PORE PRESSURES AT A PENETRATING FROST LINE AND 
THEIR PREDICTION 

SYNOPSIS 

An apparatus has been constructed for deter- 

mining pore pressures developed immediately 
below a penetrating frost line. Tests have been 

carried out with natural soils, graded fractions, and 

ceramic discs under various confining pressures. 

The ' air-intrusion value ' of the same materials 

has also been measured. It is shown that a relation- 

ship exists between the air-intrusion value for a given 

soil, and the pore pressure developed a t  the pene- 

trating frost line. This can be explained from the 

effects of pore size in determining the radii of ice- 

water and air-water interfaces and the relationship 

suggests a convenient test for determining the sus- 

ceptibility of a soil to  frost heave. 

Un appareil a 6tB fabriquB pour dkterminer les 
pressions d'eau developpees immediatement sous la 
ligne de penetration du gel dans 1'Cchantillon. On a 
effectiv6 des essais avee des sols naturels, particules 
grades et des disques de ciiramique sous diverses 
pressions. 

La valeur d'intrusion de l'air (la pression de l'air 
nkcessaire pour rornpre les mdnisques capillaires) a 
Bgalernent et6 determinee. I1 est demontre qu'il 
existe un rapport entre la valeur d'intrusion de 
l'air pour un sol particulier et la pression de l'eau 
d6veloppke sous la ligne de penetration du gel. 
Cette relation peut etre expliqude par les effets des 
dimensions des pores dans la dktermination des 
rayons d'interfaces (mknisques) glace-eau et air-eau, 
et la rapport propose un essai simple pour la 
determination de la susceptibilit6 d'un sol au 
soulkvement d(l au gel. 

INTRODUCTION 

Frost heaving in soils is the result of an increase in moisture content, as a result of migra- 
tion of water to the freezing layer. This additional moisture appears for the most part in the 
form of discrete lenses or layers in the frozen soil. The migration of water occurs as a result 
of the hydraulic gradient set up by a fall in pore-water at the lower boundary of the 
frozen layer. In  this Paper, this boundary is referred to  as the frost line and when advancing 
downwards as a penetrating frost line. 

According  to^ the well-known Thomson equation very small crystals in their own melt 
have a lowered freezing point and, a t  the same time, the internal pressure of the crystals 
differs from the pressure of the liquid phase. I n  the freezing of porous materials the pores 
themselves limit the size of the ice crystals and similar effects are thus observed in the freezing 
of soils. The pressure difference between the ice and water phases in general finds expression, 
a t  least in part, as a fall in the pore-water pressure, and it is this fall in pressure which is res- 
ponsible for water migration to the freezing soil. The relationship between the pressures of 
the ice and water, freezing temperature and pore size have been discussed earlier (Williams, 
1966 (c)) . 

  he pressure difference established on freezing, between the ice and adjacent water is 
given by 

d(a,wA) P i - P w  = ,, . . . . . . . . (1) 

where 
9, = pressure of ice pw = pressure of water 

A = area of ice-water interface (i.e. surface area of ice crystal(s)) 

V = volume of ice crystal(s) a,, = surface tension ice-water 

* Research Officer, Soil Mechanics Section, Division of Building Research, National Research Council, 
Ottawa, Canada. Research Fellow, Norwegian Geotechnical Institute, Oslo, 1963-1965. 
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If for simplicity, the pores of the soil are considered as cylindrical capillaries and the ice- 
water interface as hemispherical, then when the interface is within a pore (from Eqn (1)) : 

where r,=radius of the curved interface (=radius of the capillary) l. 
These equations have also been derived by Everett (1961) from theoretical considerations 

of the chemical potential of the ice and water phases. The stresses on the soil and the soil 
moisture conditions may be such that (fit-$,) is less than that which follows from Eqn (2). 
This is the situation where an ice lens is forming. A similar equation then applies, but r, is 
replaced by r, the radius of an interface which is too large to occur within the pores. For the 
frost line to penetrate downwards it is required that ice-water interfaces pass through the 
pores. The value of fit-$, must then equal that given by Eqn (2) with r, having a value 
corresponding to the pores of the soil in question. 

The particular value to be understood by r, requires consideration. The pores of a soil 
are not regular capillaries but consist largely of wedge shaped or conical spaces such that 
curved interfaces with a wide range of radii occur. I t  has been shown earlier that the inter- 
faces become progressively more curved (lie in smaller openings) as the temperature is reduced 
(Williams, 1966(c)). Since the temperature at the frost line is the highest occurring in the 
frozen soil, it might be thought that the value of r, to be used in Eqn (2) to describe the situa- 
tion at the frost line should be that corresponding to the largest pores of the soil in question. 
This is apparently not correct because the largest pores are isolated from one another by smaller 
openings or 'neclts'. I t  is probable that the penetration of ice further into the soil occurs 
solely by extension of already existing ice (Williams, 1966(c) and Helmuth, 1962). For ice 
to formin the largest pores, therefore, the temperature and pressure conditions must be such 
as to enable the ice to grow through the openings to these pores. Spontaneous nucleation of 
ice in the pores is very unlikely in view of their small size and the small supercooling involved. 
I t  is therefore the size of the 'necks' which largely determines the value r, which is to be used 
in Eqn (2) to describe the pressure conditions at  the penetrating frost line. More precisely, 
for a penetrating frost line, the radius r, is that of the largest continuous openings (the soil is 
considered to be uniformly packed in this consideration, such that cracks or other discon- 
tinuities are not considered). 

The formation of an ice lens at the frost line represents a pause in the penetration of the 
frost line, brought about because the temperature and/or pressure conditions are not at  once 
appropriate for development of ice-water interfaces with-a radius sufficiently small to pass 
through the underlying pore 'necks'. The continued growth of the ice lens occurs by migra- 
tion of water from the underlying soil; when this takes place sufficiently rapidly or over a 
sufficient length of time, a fall in the pore pressure occurs which is great enough for the ice- 
water interfaces (according to Eqn (2)) to advance further into the soil. 

According to the well-known capillary equation (see e.g. Taylor, 1948) air replaces water in 
a capillary when : 

where 
fi, = pressure of air 

a,, = surface tension air-water 

r, = radius of capillary 

The radius of the interface is slightly less than that of the pore because of the presence of an adsorbed 
(unfrozen) water layer on the walls of the pore. 
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In soil mechanics terminology, the symbol u is normally used for the pore-water pressure. The 
symbols ui and ua will therefore be used henceforth in this Paper for the pressures $,  repre- 
sented by Eqns (2) and (3) respectively, with 7 ,  being defined for porous materials in the man- 
ner explained above. Combining Eqns (2) and (3) : 

so that if u,, and u,, are known, measurements of $,-ua (Eqn 3) should allow prediction of 
$ i - u ,  provided that the air-water and ice-water interfaces in both cases can be assumed to 
lie in the same openings (i.e. that 7 ,  is equal in the two cases). Two well-known types of soil 
test, the suction-moisture content (or pressure membrane) test and those involving measure- 
inents of 'capillarity' (or 'height of capillary rise'), are essentially concerned with the relation- 
ship shown in Eqn (3). However for reasons which are discussed later, neither gives values 
of $,-u, which are suitable for comparison with values of $, -u,  at the penetrating frost line. 
Instead an apparatus incorporating features from both these types of test has been devised for 
obtaining appropriate values of $, -ua. 

FREEZING EXPERIMENTS 

General $rinci$le 

The aim of the freezing experiments was to determine the pore water pressures at the frost 
line when this is penetrating through the soil. These determinations were made on various 
soils and on ceramic filters, and with various total pressures on the sample system. I t  will 
be shown also that under appropriate conditions, the pressure on the ice phase is predictable, 
and thus the quantity $ , - z r ,  may be obtained. 

Measurements of pore pressure changes below a frozen layer have been reported by Beskow 
(1935), Ruckli (1950), Penner (1957, 1958) and others. In general, mercury manometers 
have been used to measure the pore-water pressure at the base of a specimen, or within it 
(Ruckli, 1950). Such manometers cannot be used when the pore pressures are lower than 
about -0.6 to -0.8 kglsq. cm. Furthermore the permeability of many soils is such that 
pore pressures measured at a point some distance from the frozen layer may often be sub- 
stantially different from those at the frost line. 

In the present experiments the specimen was placed on a filter of substantially different 
pore size to that of the specimen; the specimen and filter were saturated with water and the 
water in the filter connected to a pressure measuring device. The sample was frozen from the 
top down, and as the frost line penetrated downwards the observed water pressure fell. The 
permeability of the finer grained samples was such that the observed pressure was initially 
somewhat higher than that at the frost line. An abrupt change in the observed water pressures 
ensued when the frost line reached the base of the specimen and ice-water interfaces entered 
the filter. This was, of course, due to the different pore size of the filter and was in accordance 
with Eqn (2). The water pressure immediately before this abrupt change is taken as that at 
the penetrating frost line; as the frost line is then closely adjacent to the filter there is no 
significant difference between the observed pressure (that in the filter) and that in the soil 
pores adjacent to the frost line. 

I t  was also possible to determine values of $, -u,  for soils when the pore-water pressures 
would have fallen to less than -0.8 kg/sq. cm-the limit to which direct observations could be 
made with the techniques of Beskow, Ruckli and Penner. In such cases the total pressure 
on the soil system was initially raised an appropriate amount above atmospheric pressure by 
raising the gas pressure round the sample. At the same time the pressure on the water in the 
pore-water pressure measuring system was raised by an equal amount (if this were not done 
drainage of the sample, of course, commenced). Even after the fall produced by freezing, the 
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Modified triaxial cell with steel walls, filled with compressed air or nitrogen 

Sample on pedestal, freezing device in cap (see Fig. 2) 

Thermally insulated outer tank with anti-freeze mixture, cooled by coil from external 
refrigeration compressor 

Perspex-walled inner tank with thermostatically controlled anti-freeze mixture 
(+0.l0 C) 

Temperature regulating device for inner tank, with contact thermometer, relays, 
stirrer and heating coil 

System for circulating freezing fluid through sample top cap, with reservoir, pump 
and thermally insulated tubing 

Intake for compressed air or nitrogen with Bourdon gauge (0-12 kg/sq. cm) 

Thermistor and/or thermocouple with connexion to recording instrument 

Connecting tubing to pore-water pressure measuring device 

Fig. 1. Apparatus for measurement of pore-water pressures at penetrating frost line 
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water pressure is still higher than that a t  which the water column in the connexion to the 
measuring device would rupture. 

Apparatus 

The specimen was mounted on the filter on a pedestal in a cell (Figs 1 and 2) constructed 
from a 'triaxial' cell (Andresen et al., 1957) as used in conventional strength tests. Freezing 
was brought about by circulation of an alcohol-glycerol mixture a t  about --g°C, in a coiled chan- 
nel in a perspex and-dural cap placed on top ofthe sample (Fig. 2). In  this way a fairly steady 
cooling occurred, the rate of freezing depending on the rate a t  which the fluid circulated 
through the coil. The circulation was achieved with a 12 V vehicle fuel pump and the rate of 
flow adjusted by a pinch clamp on the nylon connexion tube (Fig. 1). The basal filter usually 
had significantly coarser pores than the sample, care being taken that in the latter case the 
pores were not so coarse as to permit passage of soil particles. In some tests a filter with 
significantly finer pores was used. 

The cell was placed in a bath filled with an alcohol-glycerol mixture, thermostatically 
controlled at +O.l°C +0.05"C. The bath itself was placed in a tank of the same liquid, 
cooled to about - 12"C, and thermostatic control was achieved by an electric heater and con- 
tact thermometer in the bath. The cell was filled with air or nitrogen, the pressure of which 
could be increased from a commercial cylinder. As a safety precaution, the original perspex 
wall of the cell was replaced by one of steel. The small size of the temperature gradients 
occurring between the cell wall and side of the sample, together with the gas-filled space 
between them, effectively minimized lateral heat exchange with the sample. The frost line 
was, accordingly, plane-and horizontal. Temperature changes in the lower part of the 

Coiled channel for freezing fldid 

\ 

Freezing flutd o u t  

Rubber 
- membranes 

Prelrozen 
coarse- pored 

Coarse-pored 
fllter 

Thermocouple - 

' Perspex pedestal \ 

Rmgs cut  from btcycle 
tnner tube  

Thcrm~stor  

-TO pore-pressurc  
mcosurcmcnt system 

Pig. 2. Enlarged view of pedestal assembly for freezing test with Aerox filter. A similar ar- 
rangement was used for tests on soils, except that the rubber rings did not bear on the sample, 
and in general a single thick membrane surrounded the sample 
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specimen, due to external factors, were reduced by replacing the original brass pedestal by one 
of perspex (which has a much lower thermal conductivity). 

Tests were carried out under either 'undrained' conditions, in which no water was allowed 
to enter the sample as the pore pressure changed, or under 'drained' conditions when a small 
quantity of water entered the sample from the measuring system. In the former case, pres- 
sures were measured either with a Bourdon gauge, or with a mercury manometer and, as the 
pressure fell, movement of water into the sample was prevented by repeated adjustment of a 
screw control and observation of a 'no-flow' indicator (see Andresen, et al., 1957). 

When changes of pore pressure were expected to be small, a mercury or water manometer 
was used. Only 'drained' conditions were satisfactory in the case of soils giving a small 
pore pressure change (i.e. (0.2 kglsq. cm) because a sufficiently responsive no-flow indicator 
could not be found. The manometer tube was 4.5 mm in diameter, thus avoiding any signi- 
ficant effects due to adhesion or the presence of the meniscus in the tube. 

The sample was contained in one, or two, rubber membranes of the usual type. Expan- 
sion of the sample was thus permitted, and in most cases any confining pressure exerted by the 
membranes was too small to significantly affect the freezing process. In order to ensure that 
leakage of gas a t  the base of the specimen into the pore pressure measuring system did not 
occur as the water pressure fell during freezing, an arrangement of rubber rings (Fig. 2) was 
necessary. In addition, silicone grease was applied between the membranes, and rings. The 
temperature a t  the side of the basal filter was observed with a thermocouple, or thermistor, 
and could be recorded continuously. Although sensitive to changes of temperature of O.OOl°C 
and possibly less, the thermocouple arrangement was such as to give only an indication (to 
perhaps + 0.05"C) of the absolute temperature of the filter. 

Nature and preparation of specimens 

Natural soils, graded fractions and rigid ceramic filters (Aerox celloton VI, in. thick)2 
were used as specimens. The grain size composition and general characteristics of the natural 
soils are shown in Fig. 3. The graded fractions were prepared by elutriation from the glacio- 
fluvial silt 0 A  (Ostre Alters vei, Oslo). The grain-size limits given were calculated from 
Stoltes' law. Examination of the 1.7 p to 6.4 p fraction under the electron microscope 
showed that a high degree of sorting was achieved. Application of ultrasound to the electron 
microscope specimen resulted in the appearance of a number of clay size particles (about 
0.1 p in 'diameter'). These particles (which represented an extremely small part of the 
fraction) were therefore normally closely attached to the surface of the quartz particles. 

Preliminary tests showed that reproducible results could not be obtained if air was present, 
either free or in solution. Such air (which tends to be accumulated ahead of the frost line) 
affects the observed pore pressures in a variety of ways. Accordingly, in the tests on ceramic 
filters, these were thoroughly boiled before placing on the cell pedestal and basal filters. 

In the case of the graded fractions and the natural soils it is necessary not only to de-air 
them completely, but also to make certain that no sedimentation occurs while, or after, the 
sample is placed on the pedestal. Such sedimentation would, of course, result in somewhat 
larger particles accumulating towards the bottom, and the observed pore pressures might then 
not be typical of the sample as a whole. I t  was found that the most satisfactory procedure 
was to boil the material and place it on the basal filter (the supporting membrane being in 
place already) as a homogeneous slurry. The specimens were 1 to 2 cm in height. The two 
clay soils (Leda clay KNB (remoulded) and Winnipeg clay B) were cut from saturated samples 
and dissolved air could not be removed. The results obtained in these cases are therefore 
approximate. These specimens were about 2.5 cm in height. 

The filters are of the type commonly used in triaxial testing of partly saturated soils. 
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Procedure. I n  all tests the basal filter was first freed of air by boiling, and the pore-water 
pressure measuring system flushed out with boiled water. After placing the sample on the 
pedestal the triaxial cell was closed and placed in the thermostatic bath. When the tempera- 
ture of the sample assembly had fallen to approximately the same temperature as the bath, 
the cell was reopened and a coarse-pored stone filter, previously boiled and then frozen, was 
placed on top of the specimen. The top cap was placed on this, and connesions made to the 
circulation system. The cell was reclosed and replaced in the bath. The use of a prefrozen 
filter in this way was necessary to  ensure nucleation of ice in the specimen. It was helpful to  
have a small quantity of free water on top of the specimen before placing the filter. This 
ensured that ice growth in the pores of the specimen did not start before the pore pressures 
could be observed. The cell gas pressure and pore pressure were then raised (if appropriate) 
and circulation of freezing fluid through the top cap started. 

For samples where a very small pore pressure change was expected on freezing, the cell 
was vented to the atmosphere to avoid errors due to thermal contraction and pressure changes 
of the air in the cell. As freezing progressed the pore pressure was generally noted about every 
three minutes, the gas pressure in the cell (if above atmospheric) being checked a t  the same 
time. In  tests carried out with slow freezing, undrained tests (involving a no-flow indicator) 
were impractical because of the frequent adjustment required, and the level of the mercury 
in the manometer was observed a t  longer intervals. 

0.001 0.002 0.006 0.02 0.06 0.2 0.6 2 

GRAIN SIZE (Equiv. Diam. rnm) 

Fig. 3. Grain size composition and other characteristics of soils investigated: 
WCB Undisturbed, mottled, montmorillonitic clay, Winnipeg 
LC-KNB Remoulded Leda (marine) clay, mainly illite 
SE Silt, mainly quartz and felspar particles thinly coated with iron hydroxides, 

5% dark IIlineral content, mainly hornblende with some magnetic minerals. 
Colour of material 5 Y 612 (R.C.C.C. 1963) 

0 A  Glaciofluvial silt (mainly quartz). Particles 175 p removed by sieving 
64/15-25b Silt, mainly quartz and felspar. 5% dark minerals. Colour of material 6 Y 711 

(R.C.C.C. 1963) 
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After the ice had penetrated through the soil, the cell was reopened to check that freezing 
had taken place in the manner intended. In some cases the ice penetrated to the basal filter 
at night, so that the mercury manometer was first observed the following day when con- 
siderable ice had formed in the basal filter. The expansion on formation of this ice resulted in 
a slight displacement of the mercury for which a small correction could be made to give the 
pore pressure established at the time of ice penetration to the bottom of the specimen. 

I t  may be noted that it was not necessary to make an airtight seal between the top cap and 
supporting membranes, because the fall in pore pressure induced by freezing is never great 
enough to draw air into the pores of the soil. The falling pore pressure also draws the mem- 
branes firmly against the sides of the sample. 

Results of freezing tests 

Observations made during tests with ceramic filters are shown in Figs 4a-c. The gas 
pressure in the cell (9,) and the pore-water pressure are shown as a function of time. The pore 
pressure is seen to fall, as freezing progresses, and then to rise after the value ui is attained, as 
ice advances into the basal filter. Observations from a test on Leda clay are shown in Fig. 
5a, and from a test on the 6.4-23 p silt fraction, using a finer filter below in the sample in Fig. 
5b. In this case the pore-water pressure shows a further fall as the ice penetrates this filter. 
A test on the 73-75 p silt fraction is illustrated in Fig. 5c (this was an undrained test). 

The results of the tests are summarized in Tables 1 and 2, where the pore pressure at the 
penetrating frost line is expressed as a difference from the gas pressure (a 'confining' or 'all- 
round' pressure) on the sample +,. 

The temperature recorded at the side of the basal filter shows a rise associated with the 
commencement of ice growth in the basal filter. The magnitude of the temperature rise is 
related to the difference in pore size of the soil and basal filter and is therefore larger for soils 
with smaller pores, or for coarser filters (see Williams, 1966(c)). 

Time. h r  
3 

g .  ( a ,  b )  (c). Pore pressure (u) at the base of specimen and cell gas pressure ( p g )  measured 
durhg penetration of frost line through Aerox frlters. Also shown is  the temperature recor- 
ded by a thermistor at the side of the basal filter (see Fig. 2) 
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I I I- -0 .3  ' 1 

0 1 T i m e ,  hr: 2 3 

Fig. 5. Pore pressure (u) and cell gas pressure (p,) measured during penetration of frost line. 
(a) Leda clay-the temperature recorded a t  the side of the basal filter i s  also shown. (b) 
6.443 p silt fraction. A second fall in pore pressure occurs when the frost line reaches the 
basal filter, which has finer pores than the specimen. (c) 73-75 p silt fraction 
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Table 1 

Pore-water pressures at a penetrating frost line (u,), expressed as a difference from pressure 
on the ice, pi(=p,+0.02) kg/sq. cm 

I 
Sarnplc I Rate of freezing 

' 
IValer intake 

I ( t in~e required for during freezing in cell p, 
penetration of frost C ~ L .  cllz 

line to base of I 
I specimen) i 

I~rs llliris 
19 
15 (ca.) 

I 2 0 
2 15 

19 p to 73 / L  . . 
. .  I 

20 (ca.) 

.Yc~tirml soils 
I 

Silt E . . . . . . i l5 ( c ~ . )  
Lecla Clav I<NG . . . . 1 2 10 
~ i n n i ~ e i  Clay I3 . . . . i 2 0 
Silt 61/1,i-25b . . . . ' 15 (ca.) 

j 

\Vet sicved through 75 p slcvc. Value used in preparation of Fig. 9. 
Basal filter used of finer porc sizc than samplc. Ice did not pass through clay pores. 

Table 2 

Pore-water pressure at a penetrating frost line. 'Undrained' tests with ceramic filters, type 
Aerox Celloton VI 

Filter Rate of freezing (time talten 
for penetration of frost line 

to  basal filter) I?L~LS 
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I?~terpretation of rest~lts of freezil~g tests 

In the discussion at the beginning of this Paper, it appeared that the parameter of interest 
was pi-zti (i.e. pi -p,, Eqn 2). I t  can be assumed that in many of the tests the pressure on the 
ice was substantially equal to the gas pressure : pi =pg. For example, in the case of tests wit11 
ceramic filters it is obvious that a layer of ice on top of the filter, covering it more or less con- 
tinuously, must be under the gas pressure pg (plus a small amount due to the weight of the top 
cap, viz.  0.02 kg/sq. cm). The incorporation of further water molecules into the ice mass, as 
this extends into the pores, would be expected to occur in such a way as to most nearly 
approach thermodynamic equilibrium, i.e. that the ice in the pores would have the samc 
pressure as that of masses larger than pore size. Theoretical reasons for assuming p,-pg ill 
illany cases are given in Williams, 1966(c), where experimental evidence for this being the case 
also for ice in the pores of a soil is presented. However, under certain conditions of freezing, 
discussed below, it appears that pi#$, for a t  least part of the ice. 

Table 1 shows that in general the observed value of (pg+0.02 -zti) kg/sq. cm increased 
wit11 decreasing grain size (and therefore decreasing pore size of the soil). For two relatively 
coarse materials an apparently wide range of values occurred. I t  is uncertain what signi- 
ficance should be attached to this, because the pressure difference represented by this range is 
in fact so small that were it to occur for finer soils (with higher values of (pg+0.020-u,) 
kg/sq. cm) it would be quite insignificant. However, the low values are found to be those for 
the tests which were carried out quickly and with intake of water, and there are several 
reasons why these might give low values. As noted above no-flow indicators were found not to 
be sufficiently sensitive to the small falls of water pressure occurring in these cases. Pre- 
sumably, changes of pressure are not fully transmitted a t  once along the connecting tubing, 
but are to some extent taken up by friction and viscosity together with effects due to con- 
strictions in the connecting line and no-flow indicator. Although not initially considered, 
similar effects probably occur in the absence of the no-flow indicator and, because of the greater 
flow of water involved, to an even greater extent. 

An alternative explanation is that for these tests 9, is not equal to (pg +0.020) kg/sq. cnl 
but is somewhat greater. The additional volume of ice due to the water taken in by the sample 
requires expansion of the sample (frost heave) which might be resisted by the strength given 
by ice already present. This would result in an increment of pressure, C, on the ice such that : 

9,-ZL, = (pg+0.O20+C-zc,) kglsq. cm 

I t  could further be reasoned that the value of C is substantially reduced if freezing (and 
the associated expansion) occurs slowly. I t  is well known that the resistance to deformation 
of ice and frozen ground is largely dependent on the rate of application of the deforming 
stresses. 

While this component of pressure produced in the ice by its own expansion may be of con- 
siderable importance in broader consideration of frost heave, it appears unlikely that it has 
much significance for the present tests. The increase in volume of ice due to water intake only 
varies between about 0.2 to 1.5 times that associated with the normal expansion on freezing of 
the water already present in the sample. 

A further possible explanation for the observation, that (9, + 0.02 - u,) kg/sq. cm was lower 
for rapid tests with water intake, is that ice penetrated downwards between the membrane and 
sides of the specimen causing premature ice growth in the basal filter. Temperature obser- 
vations showed that under such conditions there was a tendency for the membranes and sides 
of the sample to cool more rapidly than the interior and also for small vertical ice lenses to 
form between the membrane and sample. However, it is doubtful whether heat extractioil 
upwards a t  the sides of the sample would be rapid enough to cause sufficient ice growth in the 
filter to overcome the reduction of pore pressure associated with ice-water interfaces within 
the sample. 
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The temperature observations shown in Figs 4(a) and (b), and Fig. 5(a) are in agree- 
ment, within the limits of experimental accuracy, with those to be expected from theoretical 
considerations. The temperature T a t  an interface between ice and water is given by 
(Williams, 1966(c)) : 

where V, = specific volume of water 

L = latent heat of fusion 

To is the freezing temperature where there is no significant curvature of the interface. I t  is 
therefore 273-18°K (=O°C) if the externally applied pressure were atmospheric. I t  decreases 
by 0.0075"C per kg/sq. cm of additional pressure. The equation above is equivalent to one 
put forward by Schofield (1935). The observed temperature should be at a minimum as the 
frost line reaches the base of the sample. In the case of the test illustrated in Fig. 4(a) the tem- 
perature should then be -0.077"C (calculated using appropriate values in the equation). The 
observed value is in close agreement. On entering the pores of the coarse filter, the ice inter- 
faces are less restricted in size so that the pressure difference $i - u, decreases and the tempera- 
ture starts to rise. Both effects apparently occur only slowly, perhaps because a significant 
quantity of ice must form in the coarse filter before near-equilibrium conditions are re-estab- 
lished. The rise in observed temperature may be limited by the situation of the thermo- 
couple on the cold side of the frost line at this stage. 

A tendency was observed for the temperature rise to commence somewhat before the rise 
in pore pressure. I t  is to be expected that while the rise in temperature would commence as 
soon as any ice forms in the coarse filter, the rise in pore-water pressure would not commence 
until a considerable proportion of the ice-water interfaces had advanced from the sample 
pores into the filter. This effect is marked in the case of the Leda clay (Fig. 5a) and this sup- 
ports the above suggestion that ice may in some cases penetrate to the filter at an early stage 
through a crack or discontinuity in the sample considerably larger than pore size, but this does 
not necessarily prevent attainment of the value u, of the pore pressure. 

The unexpectedly low value of (9, + 0.02 - u,) kg/sq. cm observed for the montmorillonitic 
clay Winnipeg B (in which the pores are extremely small) was found to be due to substantial 
ice penetration to the basal filter along bedding planes (at a slight angle to the filter) not visible 
in the specimen before freezing. Between the small ice layers in these planes, the clay 
remained ice-free. 

In Table 2 the results of a number of tests with ceramic filters are shown and it is apparent 
that ($, + 0.02 - u,) kg/sq. cm is substantially independent of the value of (fig + 0.02) kg/sq. cm. 
This is also shown by a number of tests in Table I where $, was other than atmospheric. The 
relatively large scatter for the results from the tests with ceramic filters is probably due to the 
fact that the extreme importance of de-airing the sample and pore-water pressure system was 
not realized at the time the tests were carried out. Because the freezing process resulted fairly 
frequently in fracture or chipping of the ceramic filter, it was necessary to use three filters from 
the same production batch to complete the tests. 

AIR-INTRUSION VALUE DETERi i INATIONS 

A$$aratzts and $rocedure 

Following determination of $i -zt, (= (9, + 0.02 - u,) kglsq. cm) for the samples, values of 
the quantity 9,-u, were required t s  verify Eqn (4). For the determination of 9,-u, 
(Eqns 3 and 4) the apparatus shown (Fig. 6) was used. The sample, prepared in the same 
manner as for the freezing test, is placed in a perspes ring, and is separated from the underlying 
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filter and water column by a membrane filter.3 The air pressure in the cell is raised by a 
series of increments applied over several minutes. Some drainage from the sample occurs 
due to compression as the air pressure is raised, and then at a certain pressure there is a sharp 
acceleration of drainage. 

This is due to the air-water menisci a t  tlie surface of the soil being overcome, such that air 
spreads throughout the sample displacing water. The membrane serves the same purpose as 
in conventional pressure membrane apparatus in that the pores of the membrane, because of 
their small size, remain waterfilled in the range of air pressurelwater pressure difference 
i n ~ o l v e d . ~  Direct passage of air into the water volume measuring arrangement is thus 
prevented. 

Steel wall of cell 

Clamping screw 

bronze f i l ter 

w 
Fig. 6. Apparatus for determination of air-intrusion values 

The apparatus is quite similar to a conventional pressure membrane apparatus, but with 
the essential difference that the membrane filter has a permeability of 5 x  cm/sec 
(corresponding to a flow rate through the membrane of 3 x  cu. cm/(sq. cmlsec) with a 
pressure drop of 0.010 kglsq. cm through the membranes) * compared with 2 x 10-lo cm/sec 
(a flow rate of 6 x cu. cm/(sq. cm/sec) with a pressure drop of 0.050 kg/sq. cm through 
the membrane) for a dialysis membrane commonly used in pressure membrane apparatus. 
This high permeability means (for the soils for which the test is appropriate) that following 

Membrane Filtergesellschaft GmbH filter series RIF. 

* Preliminary tests with Filter MI? 30, pore diameter 0.3 p, showed that (as would be expected from Eqn 
(3)) air could not be blown through the water saturated pores by air pressures in excess of 2 kglsq. cm. 



Time, min 

Fig. 7. Test observations during measurement of air-intrusion value of silt E 

0  5 10 15 2 0  
T ime ,  m i n  

Fig. 8. Test observations during measurement of air-intrusion value of 6.4 p-23 p fraction 
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each increment of air pressure, the pore-water pressure throughout the specimen assumes an 
approximately uniform pressure in a few minutes at most, the high permeability of the mem- 
brane allowing rapid passage of water from the specimen. 

The difference in pressure between the air and pore-water at which acceleration of drainage 
occurs, p,-zl,, is called the air-intrusion value. The value of u, was given by the level of the 
water in the burette in relation to that of the sample surface, except for a small correction 
which might be necessary to allow for a pressure gradient in the pore water due to permeability 
effects. 

The fact that the air pressure may be raised quite rapidly (while the pore-water pressure 
remains definable) accounts for the well-defined point of air-intrusion (Figs 7 and 8). The 
apparatus as described can be used for soils having air-intrusion values up to about 2.5 
kglsq. cm ; soils having higher air-intrusion values (those containing a high proportion of clay 
size particles) have too low a permeability unless very thin samples are used. 

In pressure membrane tests such a well-defined point of air-intrusion is not found. Because 
of the low permeability of the membrane drainage is slowed down considerably. During the 
time involved, it is suggested that a time-dependent process of bubble formation and enlarge- 
ment occurs in pores which are isolated from others by narrower necks (remaining water 
filled at the value of 9,-u in question). Further drainage ensues on account of this and 
obscures the sudden fall in moisture content associated with achievement of pa-zt, and air 
intrusion through the largest continuous openings. Furthermore the time required for 
pressure membrane tests (where in practice a number of determinations are required for the 
establishment of a particular point on the pressure-moisture content curve) makes them 
unsatisfactory for the present purpose. 

The Statens Vaginstitut capillarimeter, widely used in Scandinavia, measures a basically 
similar air-intrusion value to that obtained with the present apparatus, but suffers from the 
disadvantages that it is only usable for a very limited range of air-intrusion values. I t  also 
suffers from serious inaccuracies resulting from the passage of air through eventual discon- 
tinuities in the specimen and between the specimen and the glass walls of its container (cf. 
Graton and Fraser, 1935). Such air is prevented by the membrane from entering the water 
drainage volume measuring system in the present apparatus. 

Theoretical considerations in the use of the present apparatus are discussed in another 
paper (Williams, 1966(b)) where a form of the apparatus suitable for use in field determinations 
is described. 

In using the apparatus (Fig. 6) it is generally useful to first place a small quantity of free 
water on top of the specimen, and to draw this through the specimen by lowering the burette 
such that the water level in the burette is 10 or 20 cm lower than that of the sample surface. 
The observed rate of passage of water then indicates the rate a t  which the air pressure may be 
raised. I t  is not necessary to wait until drainage ceases after each increment of air pressure. 
So long as the drainage resulting from raising the air pressure does not occur faster than that 
for the 10 or 20 cms water head, then the pressure gradient in the water and associated error in 
the air-intrusion value will not exceed a corresponding amount. Correction can, of course, be 
made for this error. The permeability of the sample may also be calculated from this prelimi- 
nary test (account being taken of the effect of the permeability of the membrane). 

About 0.4 cu. cm of water is drained by compression of the membrane filter onto the bronze 
filter and by compression of the bronze filter onto the pedestal, before the air-intrusion value 
is reached. Some drainage also occurs if the soil is compressible because the air pressure acts 
as an effective stress. Such drainage may be reduced if necessary by a preliminary consoli- 
dation of the sample. For this, a rubber membrane is placed over the sample and held by the 
brass ring (Fig. 6). An air pressure somewhat below that expected for the air-intrusion value 
is then applied. After drainage has occurred, the cell is reopened and the rubber membrane 
cut away carefully. The test is then carried out in the usual manner. 



68 P .  J .  W I L L I A M S  

Results of air-intrusion value tests and their inter$retatio~z 

The results of air-intrusion value tests on the materials used for the freezing tests are 
shown in Table 3. As is to be expected, materials with finer pores (associated-with finer 
particles) show higher air-intrusion values. The temperature at which each test is carried out 
is also noted. The surface tension of water CT,, (cf. Eqn (3)) is only slightly temperature- 
dependent (varying from 72.75 dyneslcm at  20°C to 75.6 dyneslcm a t  0°C) such that the air- 
intrusion values would not be expected to show a marked temperature dependence. The 
permeabilities, however, are more temperature dependent as a consequence of viscosity 
changes. " 

Also included are results obtained with natural soils having a wide range of grain size. 
Although, perhaps, it is not immediately apparent, these soils also show well-defined air-intru- 
sion values (e.g. Fig. 7). The existence of a characteristic size of largest continuous opening 
(as discussed earlier) in such soils may seem surprising but it is understood when the small 
size of soil particles is considered. Even a piece of such soil a few cubic millimetres in volume 
contains many tens of thousands or hundreds of thousands of particles and is thus statistically 
representative of the sample (assuming it to be homogeneous in a macroscopic sense). Cor- 
respondingly there will be a characteristic size of largest continuous opening, repeatedly 
occurring in such a material, and it is this which determines the air-intrusion value. However, 

Table 3 

Air-intrusion values (pa  - un) and permeabilities 

Natuval soils 
Sandy Silt E . . . . 
Silt 64/15-25b . . . . 

Sample 

Leda clay I<NB3 . . . 1 
I 

Air-intrusion value 

(Pa-%) kglsq. cnz 

Ceramic filter, 
Aerox Celloto~l VI . 

Graded fractions: 

7 3  p to 75 pa . . . . 
I 

The values given show variations due to differences in packing of the particles related to the time t h e  
sample was standing before the test. 

Wet sieved through 75 p sieve. 
From suction moisture content test and oedometer test. 

Permeability of 
sample, cmlsec. 

3 x 
3 x 

Temperature 
OC 

20.0 
0.7 

20.0 
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for such soils, the volume of water drained from the sample immediately after the air-intrusion 
value has been reached is less than in some graded fractions. 

The air-intrusion value for the Leda clay KNB is based on an interpretation of a suction- 
moisture content test and an oedometer test, and is taken from Williams (1966(a)). Direct 
measurement of the air-intrusion value was not possible with this material because of its very 
low permeability, and also because the apparatus could probably not be operated without 
leakage at  the high air pressure that would be involved. 

DISCUSSION 

Comparison of Pave pvessztre at the pefietrating frost l ine, and air-i%trusiolz valz~e 

As discussed above, it appears that for freezing tests carried out slowly, or under undrained 
conditions, 

(p ,  + 0.02 -,tt,) kg/sq. cm = pi - z ~ , .  

Using the values of ( p , - u , )  from such freezing tests, and the observed air-intrusion values, 
(pa--zt,), for the same materials, the experimental observations have been plotted in Fig. 9 ,  

0.01 0.1 1 10 
(pi-ui) kg/crn2 

Fig. 9. Relationship between air-intrusion value (pa-u,) and pore pressure (expressed as pi -u,) 
at a penetrating frost line. One or more tests were carried out on each sample to give 
average values shown 
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where (9,-u,) is multiplied by the factor oiW/aaw. A value of 30.5 dynes/cnl was used for 
a,, (after Hesstvedt, 1964), and 75.6 dynes/cm or 72.75 dynes/cm for a,,, depending on whether 
the air-intrusion value test was carried out a t  + 0-7°C or 20°C. 

It is apparent that the experimental evidence substantially confirms Eqns (2) and (4). 
The fact that (pi -ui) is independent of 9, in the freezing tests is further confirmation that 
Eqn (2) correctly describes the freezing process. According to that equation the only effect 
of changing 9, (and thus 9,) could be through its effect on the interfacial energy a,, and the 
value of this is practically independent of pressure in the range of pressure here represented. 

Use of air-intrusiofz value as a criterion of susceptibility to frost heave 

The establishment of the relationship between air-intrusion value and pore pressure at the 
penetrating frost line suggests the use of air-intrusion value tests as a guide to the suscepti- 
bility of a given material to frost heave. 

Frost heave as generally understood by highway engineers, is the volumetric increase of 
the soil which occurs as the result of uptake of water (which generally appears as ice lenses) by 
the freezing soil. The espansion associated with the freezing of in-situ moisture is generally 
of relatively little significance. It may be important under certain specific conditions but it is 
not considered here. The uptake of water occurs as a result of a hydraulic gradient through the 
unfrozen soil towards the frost line, established by a reduction of pore pressure at the frost line. 
I t  is this reduction in pore pressure which can be predicted by the air-intrusion value test. 

For small samples of negligible thickness, the pore pressure at the penetrating frost line 
]nay be predicted from the product of the air-intrusion value and the factor u,,/u,, ( = 0 4  
approx.) according to Eqn (4) as illustrated in Fig. 9. 

Under field conditions the pore pressures at the penetratiilg frost line will also depend on 
the overburden pressure. Thus whether or not the material will show frost heaving will depend 
on the overburden pressure, and also on the pore-water pressures in the underlying unfrozen 
layers. This fact, that the susceptibility to frost heaving is not alone a property of the material 
per se but also of the situation under which it occurs, is often overlooked in the use of, for 
example, grain size distribution as a criterion. Frost susceptibility criteria are reviewed by 
Townsend and Csathy (1963(a)) and the same authors (1963(b)) have also discussed the possible 
significance of pore size characteristics in relation to observed frost damage to highways. 

The situation is best illustrated by an example. We assume that a silty material is avail- 
able and suggested as being satisfactory for use as highway sub-grade which must not be sub- 
ject to frost heave. The air-intrusion value (at 20°C), is determined to be 0.34 kg/sq. cm. The 
pore-water pressure 24, at the penetrating frost line is then given by 

If p, were atmospheric pressure (0 kglsq. cm accordiilg to conventioilal soil mechanics termi- 
nology), then ZL, would be -0.14 kglsq. cm. If frost heave occurs the ice, as explained earlier, 
must bear the pressure due to the weight of overburden y. x, where y = bulk density, and x = 

depth. y. %=pi,  the pressure on the ice.5 Taking the bulk density of the frozen soil as 
0.002 kg/cu. cm for a penetrating frost line at depth ,2: cm, then at that depth pi=0.002x 
kg/sq, cm, and the pore pressure uix is given by: 

z t i x  = (0.002x -0.14) kg/sq. cm . . . . . . . (6) 

T1e pore pressure at the penetrating frost line in this material is thus defined as a function 
of depth. \Vhether or not frost heave actually occurs will depend on whether or not higher 

"The rate of freezi~ig in the grouild is such that  additional stresses \vould not in general be expected in the 
ice. Ilowever, under certain conditions (for example on sloping ground) they may occur and have an effect: 
equivalent to  an  increased overblirden pressure. 
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pressures occur in the neighbourhood of the frost line such that a hydraulic gradient is estab- 
lished towards it. 

Information as to the pore pressures to be expected in the soil before freezing is therefore 
required. For the present example, we assume that a free water table occurs at 100 cm 
depth. The pore pressure (before freezing) as a function of depth x is : 

2 1 ,  = ( -  100 +x) cms of water = kg/sq. crn 
1000. 

where zhx = pore-water pressure before freezing at depth x cm. Water migration to the frost 
line occurs when : 

u x  > ut, 

i.e. the maximuill depth n,, to which frost heave can occur is that at which the pore pressure 
llxm = 74x = uix. From Eqns (6) and (7) : 

-1oo+x, 
0 . 0 0 2 ~ ~  - 0.14 = 

1000 
kg/sq. cm 

or 
X ,  = 40 cm. 

This material is therefore only satisfactory for use at greater depths than this. This simple 
example is included here to illustrate the manner in which the field conditions of pore-water 
pressure and overburden pressure, together with the pore size characteristics (characterized 
by the air-intrusion value) determine whether or not frost heave will occur for a given material. 

In practice, some additional considerations are likely to be necessary. Calculation of the 
initial pore-water pressure u, at various depths from considerations of hydrostatic equilibrium 
and depth to the water table only is not fully justified in many cases, because of transient 
effects due to weather, the freezing process itself, etc. Secondly, while the agreement between 
the two sets of experimental results as a whole is good, in individual cases there are discrepan- 
cies which would leave room for significant variation in the predicted value of x,. These 
discrepancies may in fact be mainly due to the experimental observations in the relative diffi- 
cult freezing tests being of poorer quality than in air-intrusion value determinations. Further 
studies of the latter (Williams, 19GG(b)) indicate that it is relatively easy to obtain quite 
closely reproducible results for the air-intrusion value. I t  seems likely that under field con- 
ditions as well the pore pressures developed at the frost line may to some extent be influenced 
by several barely predictable factors. The natural variability of soils over quite small dis- 
tances must be remembered. The procedure outlined above is somewhat conservative in so 
far as frost heave will often be so slight as to have no importance at  a depth somewhat less than 
that at  which utx = u,. If utx is only slightly less than u, then the water migration to the frost 

line will often be so small that very little heave occurs. 
I t  appears that the air-intrusion value gives a quantitative and clearly definable evalua- 

tion, both theoretically and experimentally justifiable, of the susceptibility to frost heaving of 
a given soil material. I t  thus appears to have considerable advantages over conventional 
methods of appraisal. The extent to which it may be necessary to use some safety factor to 
allow for uncertainties of the type outlined will depend on the degree of frost heave which could 
be tolerated, economic factors, experience gained in its use and other factors. 

CONCLUSION 

(1) The relationship has been established between the pore-water pressure at a penetrating 
frost line, in a given soil, and the pressure (the 'air-intrusion value') a t  which air will enter and 
spread through the pores of the same soil, displacing water from it. 

(2) I t  is probable that the air-intrusion value depends on the size (radius) of the largest 
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continuous opeilings through the pore structure of the soil, and that it is this size which deter- 
mines the pore pressure at a penetrating frost line in a given soil. 

(3) Measurement of the air-intrusion value of a soil is performed relatively easily and 
quickly, and thus provides a convenient method of predicting the pore-water pressures that 
will be developed at the penetrating frost line. 

(4) I t  has been shown how the occurrence of frost heave depends on this pore pressure and 
also on depth and ground water conditions. 
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REPLACEMENT O F  WATER BY AIR 

I N  S O I L  PORES 

SYNOPSIS 

Soils composed of minerals having the same 

refractive index as water are translucent when 

saturated. Any air in the pores is fully visible. 

Such soils have been used to observe the man- 

ner in which air may replace water in soil 

pores. Where the external air and water pres- 

sures are established such as to cause rapid 

drainage of water, the air suddenly spreads 

through the pore structure at a certain air/ 

water pressure difference. Where drainage 

occurs more slowly, a progressive diffusion 

On peut preparer en laboratoire des sols 
dont les minCraux ont le m6me indice de 
rCfraction que l'eau et sont translucides lors- 
que satures. On peut facilement voir l'air 
occlu dans les espaces interstitiels. On s'est 
donc servi de ces sols pour Ctudier le rem- 
placement de l'eau par l'air dans les intersti- 
ces. 

Pour certaines differences entre la pression 
de l'air ambiant et celle de l'eau, il est pos- 
sible d'Ctablir un Ctat tel que l'bvacuation de 
l'eau et la propagation de l'air sont rapides. 
Toutefois, si les conditions sont telles que le 
taux d'evacuation de l'eau est r6duit. il se - - 

of air in solution occurs, giving enlargement produit une diffusion progressive de l'air dans 

of bubbles, as well as a progressive break- la solution, avec comme resultat une expan- 
sion des bulles d'air et une modification con- 

down of menisci not easily explainable from tinue des m~nisoues clue 190n ne saurait 

capillary theory. expliquer aux termes de-la thkorie capillaire. 

When a soil is not completely saturated, the interfaces between the air and  water in 

the soil are  confined by the soil pores. Because of capillarity, a pressure difference then 

exists between the water and the air; this is represented by the capillary equation: 

where 

= interfacial energy 

r = the radius of curvature of the interface. 

I n  the case of water and  soil minerals the contact angle 0 is generally assumed to be Oo, 
and the radius of curvature r is equivalent to  the radius of the pore in which the interface 

lies. The  lower the moisture content of the soil the greater is the difference p,-pl0, 

because the interfaces then lie in smaller pores and constructions of pores. This con- 

stitutes the well-known suction - moisture content relationship. 

This relationship can be determined in pressure membrane apparatus consisting of a 

cell with a drainage outlet covered by a membrane. The  soil sample is placed o n  the 

membrane and the air pressure, p,, in the cell raised. The membrane has pores so small 

that they remain water-filled a t  all values of p, in question and the air cannot pass 

through it. Water, however, drains out  of the soil until the water pressure, p,,, in the soil 

* Soil Mechanics Section, Division of Building Research, National Research Council, Ottawa, 
Canada. 
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Fig. 1. Suction - moisture content relationships obtained for a silt containing some clay, by a 
conventional pressure membrane test, and by an air-intrusion value test in which each air 
pressure increment was applied as soon as perceptible drainage had ceased. 

Fig. 2. Pressure-membrane cell used 
for tests with low microscope 
magnification. 

A - Port for compressed air. 
B - Part of sample viewed under 

microscope. 
C - Base of sample. 
D- Membrane. 
E - Bronze filter. 
F - Drainage (to burette). 
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is in equilibrium with the atmospheric pressure. The moisture content of the sample is 

then determined. The test is repeated for a number of different values of p,. 

Several days are required for the moisture content of even small samples to attain 

equilibrium. The low permeability of the membrane and of the soil itself (as the moisture 

content is reduced) is generally thought to be the main cause. In  recent years membranes 

have become available which have substantially greater permeability. When using these 

membranes with quite permeable soils it would be expected that drainage should be 

completed in a few minutes or hours, i.e., that the water would assume a uniform pres- 

sure throughout the sample within that time. 

In tests using such membranes it was found that the dramage occurring after the 

application of an  air pressure increment rapidly decreased, becoming imperceptible after 

a few minutes. A suction - moisture content relationship could be obtained on the basis 

of a series of pressure increments applied over, for example. one hour. The relationship 

so obtained differed, however, from that obtained by conventional procedures (Fig. 1); 

in particular there was a marked inflection, due to the release of a considerable quantity 

of water at  a certain value of p,-pZ,;, (Williams, 1966 (a) ). For a range of values of 

pa-p,,,, the water content was lower in the conventional test, implying that some drainage 

continued over a long period of time. The presence of the inflection in the rapid test can 

be more easily explained than can its absence in the slow test. 

The pore system of a soil consists of interconnected openings of various sizes, giving a 

network of channels with innumerable variations of diameter. Consider a soil homo- 

geneous in a microscopic sense and initially saturated. For relatively low values of 

pi,-p,,, only a few large pores, either opening directly to the surface or in direct con- 

nection with the external air channels no'where narrower than of radius I-, will be emptied 

of water. As p,-p,, is increased somewhat, the radius r is decreased. Strings of inter- 

connected air-filled pores extend a little deeper into the sample, but their penetration is 

limited by occurrence of constrictions smaller than I-. When the value of p,,-p,,, is such, 

however, that these strings extend through perhaps ten to 100 pores (representing a layer 

perhaps 0 . 5  mm thick) it becomes likely to the point of certainty that there will always 

be additional openings of appropriate radius, through which the air may advance further. 

There is, therefore, a critical pressure difference, p,-pZi7, at which air-filled channels, 

instead of being confined to a thin surface layer, can spread through the sample. This 

value of pcL-pt0 is referred to as the air-intrusion value and is associated with a sub- 

stantial drainage of water. The corresponding value of r equals r,., which is the radius of 

the largest continuous opening through a soil sample big enough to contain a statistically 

representative assemblage of particles. 

The term air-entry value has been used (Bishop and Henkel, 1962) to describe the 

air-water pressure difference at which air can be forced through initially-saturated fine- 

pored filters used in soil strength testing. Broolts and Corey (1964), in a theoretical treat- 

ment, refer to a similar quantity, "bubbling pressure . . . a measure of the maximum 

pore size forming a continuous network of flow channels within the medium". Topp, 

Klute and Peters (1966) have made observations on the influence of duration of test 

and other factors on the form of suction - moisture content curves. 

The explanation of the air-intrusion value already given leaves open the question of 

why this kind of suction - moisture content curve differs from that obtained by the slower 

conventional test procedure. Several authors believe that the form of the curve obtained 

by the latter procedure is a measure of pore-size distribution (Donat, 1938; Schofield, 
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Fig. 3. Pressure-membrane cell uscd for tests under high microscope magnification 
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Fig. 4. Air-intrusion test on chiolite, 74y-250bl particlc diameter fraction. The drainage and 

applied air pressure (= pcl-pL( . )  are shown as a function of time. Also shown are the 

times a t  which the photographs in Fig. 5, were taken. 



REPLACEMENT O F  WATER BY AIR IN SOIL PORES 79 

1938) and that for any value of p,-p,, the remaining water content is situated only in 

pores of equal or smaller radius than that given by equation (1). This would require 

nucleation and enlargement of air bubbles in pores of this size but which are totally 

isolated by smaller pores. Powers (1962) believes a process of this type to occur in 

cement. 

Fig. 5. Photographs of air intrusion (compare fig. 4) in plrt of sample. 



Experiments are now reported that enabled direct observations of the manner of 

water replacement by air under various test conditions. 

EXPERTMENTAL WORK 

Soils were prepared by crushing the minerals chiolite (5 NaF.3AIF3) or cryolite 

(Na,lAIF,). These translucent, smoky-white minerals have a refractive index similar to 

that of water (in which they are substantially insoluble). The crushed material is white 

and opaque, but when mixed with water it is transparent in thin layers. Air within the 

pores is then fully visible. 

Small pressure membrane cells were constructed of Perspex, such that the sample in 

the cell could be viewed through a microscope. Depending on the magnification desired 

and the grain-size composition of the sample, the microscope could be focused on a plane 

up to about 2 mm within the sample. One type of cell is shown in Fig. 2 and another in 

Fig. 3. The cells were so designed that there is a sufficient ratio of membrane area to 

sample height and volume for drainage from the sample to lead to hydrostatic equi- 

librium throughout the water in the sample in a short time. In addition, the dimensions 

of thc cell are determined by the working distances of the microscope at the magnific- 

ations desired. 

The following are examples of the four kinds of test carried out: 

Observations of drainage from pores during rapid test 

A sample of chiolite consisting of a 74L1-250y particle diameter fraction was prepared 

as a slurry, boiled, cooled, and placed in the apparatus (Fig. 2). A preliminary test 

showed that the permeability of the sample with the membrane in the cell was such that 

a 20-cm head between the top and bottom of the sample gave a flow of 1.8 cm31min. 

The drainage was measured in a pipette and is shown as a function of time in Fig. 4 . 

(it could also be shown on a similar plot to that in Fig. 1). Photomicrographs taken at 

the times shown by the arrows in Fig. 4 are reproduced in Fig. 5. Incident lighting was 

used and the saturated sample appears dark. In the first two photographs air is visible 

TIME, M I N  

$ Fig. 
2 

6. Air-intrusion test on cryolite, 

composed of equal parts of <44y, 

44-74p 74-149y: and 149-250y 

fractions. The dramage and applied 
air pressure (= pn -plL,) are shown 
as a function of time. Also shown 

are the times at which the photo- 
graphs in Fig. 7 were taken. 
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only in a thin surface layer, while slight compression of the sample and membrane 

assembly gives a small amount of drainage. In  the third photograph the air has spread 

substantially, and in the next taken only ten seconds later, when the air pressure was 

0.055 kglcm?, the air has spread throughout the sample. This pressure, therefore, repre- 

sents the air-intrusion value. 

A second test of the same type is illustrated in Figs. G and 7. The sample consisted of 

equal parts of 250 p-149 p, 149 p-74 p, 74 1144 11, and <44 11 fractions. The sample was 

mixed to a slurry and not boiled. Entrapped air bubbles are visible and the presence of 

the finer grain-size fractions also reduces the transparency of the material. The intrusion 

of air gave a somewhat different pattern of air-filled regions in this test. 

In  some experiments with fine-grained and relatively compressible material, the paths 

taken preferentially through the soil by the air were in fact observed to be fully-devel- 

oped cracks. As the air entered down these paths the soil separated, the crack finally 

having a width perhaps ten times the radius of the air-water interfaces. Associated with 

such cracking is an increment of drainage, which is distinct from that due to intrusion 

of air into pores. 

Intrusion of air apparently took place only by continuous extension of the air-filled 

regions: in the boiled samples no new isolated air bubbles arose and in the unboiled 

samples no significant enlargement of isolated bubbles already present was observed. 

In  Fig. 10 a string of air-filled pores is seen (in transmitted light) after air-intrusion in 

a sample consisting of equal parts of <44 p, 44 p-74 ~ , 7 4  p-149 p fractions, and part 

of 149 y-250 v. The dark regions are shadows of air-filled pores. Air-intrusion occurred 

in jumps, in which strings of perhaps twenty or even fifty or more pores empty appar- 

ently simultaneously. At the height of the air-intrusion process these jumps occur at  

short intervals of time or simultaneously, in various parts of the sample. 

Fig. 7. Air intrusion (compare fig. 6) in part of fine-grained sample. 



Observations of slow enlargenzent o f  entrapped bubbles 

In these tests the value of p,-plo was raised to just below tile air-intrusion value, 

which had been determined previously. Bubbles trapped some millimetres in from the 

sample surface, following its preparation as a slurry, were then observed. In Fig. 8(a) 

bubbles arc shown about twenty minutes after the application of the air pressure, in this 

case 0.22 kglcmvthe air-intrusion value was 0.25 kg1cmVor this material which was 

similar to that described in the previous paragraph). By this time volume changes of the 

bubble associated with transient pressure changes in the water were complete. The 

bubbles enlarged slowly during the next two or three days, and in Fig. 8(b) the same 

bubbles are seen after twenty-six hours. Because of poor control the air pressure varied 

slowly by up to + 5 OJc in this case. Other tests showed that this has no significance for 

the observation. 

Attenzpts to observe nuclentiorz of air bubbled 

A third series of tests also involved samples where p,l-p,o was raised to a value just 

below the air-intrusion value. The highest value of po-pill used was 0 .3  kg/cm"sing a 

<44 y fraction with more than 80 % by weight medium and coarse silt, and with an  

air-intrusion value of 0.35 kglcm?. p,-p,, was established both by raising the air pres- 

sure, and in other tests by lowering of the water pressure. The sample was repeatedly 

examined by traversing with the ~nicroscope to ascertain whether new air bubbles arose 

during a period of days. In some cases photographs were taken repeatedly. In no cases 

were bubbles observed to have formed. 

Changes at air-water interfaces during tests of long dl~ration 

I t  was noticed that although no new bubbles were formed when the value of p,-p,, 

was maintained for long periods somewhat below the air-intrusion value, there was a 

progressive extension in the amount of air-filled regions of the sample. Observations 

were therefore made under high magnification, over periods of days, of interfaces 

between the soil water and external air. The progressive advance of such interfaces into 

the soil is seen in Fig. 9. In this example p,-pll, was established at  0.30 kglcm?, using 

the material described above having an  air-intrusion value of 0.35 kgicm2. 

DISCUSSION 

The experiments show that there are at  least three distinct processes by which air may 

replace the water in the soil pores. The simplest process is demonstrated by experiments 

of the first type and is sufficiently described by equation (1). Air-water interfaces retreat 

inwards from the soil surface until they are confined by pores such that their radius is 

that given by equation (I), for the appropriate pressure conditions p,-p,,, When p,-pul 

is equal to or greater than a certain critical value - the air intrusion value - there are 

interconnected air-filled pores through the sample. Fig. 10 is a projection, but it is 

possible to make an estimate of the radius of the interfaces as 5 y-15 y. In this case the 

value of p,-p,, was 0.24 kglcmz, and the value of 6 11 is, therefore, predicted by 

equation (1). 

Fig. 5 shows that in a soil composed of material in a narrow grain size range, and 

which is not susceptible to significant compression, the spreading of air occurs rather 

uniformly at  the air-intrusion value. The somewhat banded appearance is due to some 

sorting (sedimentation) that appears to be inevitable when samples are placed. The 

slurry has to be inserted in small quantities through the air port or base of the cell; 
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tapping the cell is necessary to ensure filling of the space above the membrane. 

The second material, illustrated in Fig. 7, was somewhat compressible in bulk and 

tended to decrease slightly in volume under the raising of the air pressure. This com- 

pressibility is largely responsible for the tendency for air-intrusion to occur preferent- 

ially along certain paths (incipient cracks) or along the sides of the pressure membrane 

cell. The air-intrusion value is also well-defined, however, for this material. 

The formation of true cracks, observed in some tests with compressible materials, 

is not to be regarded as a replacement of water in pores by air. I t  is a consolidation 

due to the effective stress set up in the soil skeleton by the establishment of the air-water 

pressure difference. This cracking commonly occurs for values of 

i.e., before the air-intrusion value is reached. The drainage associated with this volume 

change must not be confused with that occurring as air replaces water in the pores. 

A second process involving replacement of water in pores by air, demontrated by 

experiments of the second type, occurs much more slowly. I t  depends on the rate of 

diffusion of air through the water to bubbles. This occurs if the interface radius of 

entrapped bubbles is greater than that of the interfaces to the external air. The solubility 

of air in water depends on the pressure of the air (according to Henry's Law the mass 

of dissolved gas in a definite mass of the liquid at a given temperature is very nearly 

proportional to the (partial) pressure of the gas). If the pressure of the water is uniform, 

then the air pressure will be lower where the interface radius is greater, according to 

equation (1). There is thus a concentration gradient for air in solution from the vicinity 

of small interfaces towards larger interfaces. Diffusion occurring along this gradient 

Fig. 8. Enlargement of entrapped air bubbles: (a) bubbles 20 min after establishment of 
pa - pzU = 0,22 kglcmz; (b) 26 hr later. 



results in air coming out of solution, when the saturation concentration for the air 

pressure a t  the larger interface is exceeded. Entrapped bubbles can thus increase in size. 

As bubbles grow they will tend to penetrate smaller pores until the interfaces have a 

radius equal to that of the interfaces to  the external air. 

The  general equation for diffusion between two locations is: 

where 

dQ 
= rate of diffusion, cm"/si') 

d t  
K = diffusion coefficient, cmys. 

dc  = difference in concentration between the two locations, cm"cm" 

rlx = distance between the locations, cm. 

rly d z  = cross-sectional area for diffusion, cm" and the volumes of air, cm3, are  

reduced to S.T.P.*). 

Fig. 9. Progressive advance 01: 

air into soil by break- 
down 01: nicnisci under 

constalit p,, - p,,; 01: 0,30 

kglcm? (a) after 24 hr; 
(b) after 12 days; (c) after 
14 days: (d) after 19 

days. 

* For dimensional conformity, the mass of air dissolved in a givcn mass of water is here 
converted to the volume at S.T.P. dissolved in  unit volume. 
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The diffusion coefficient of air in water is 2.10-5 cmys (Liebermann, 1958). The geo- 

metry of the system under consideration is complicated but insertion of appropriate 

values into equation (2) indicates that the observed rate of growth of the bubbles is 

compatible with that to be expected. The third process of drainage observed in the 

experiments of the fourth type described above, occurs very slowly. There is no immed- 

iate explanation for the gradual advance of interfaces through the soil. This occurred in 

the test illustrated (Fig. 9) with p,,-p,,  about 14 2, less than the air-intrusion value for 

the material in question. It  implies that the right-hand term in equation (1) is lower by 

this amount than in the case of the "rapid" procedr~rc under which the air-intrusion 

value is measured. 

It  is possible that the radius of the pore openings is changed by local particle re- 

arrangement, especially in the neighbourhood of the air-water interfaces. Because of 

the irregular shapes of particles the local stresses arising from interfacial energy effects 

are  complex (such stresses due to ice-water interfaces are  discussed by Everett and 

Haynes, 1965), and might result in such particle movements. The consolidation process 

described above also presumably involves particle reorientation. 

The contact angle of the air-water interface to the particle surface has been assumed 

to be 0 and has been ignored in equation (1). In  fact there may be a small contact 

angle 0 such that the right-hand term must be increased by a factor cos 0.  T h e  contact 

angle might vary with time. Topp  (1966) investigated the effect on the interfacial energy 

air-water of the proximity of various materials. In the present apparatus the Perspex 

could be responsible for a decrease of perhaps 3 %. This appears insufficient to account 

for  the breakdown of the menisci. 

An alternative possibility is that there must be a certain minimum hydraulic gradient 

("threshold" gradient) in  the pore water for drainage to continue steadily to completion. 

The  last, very small increments of drainage to establish equilibrium might only occur 

sporadically a t  lone intervals because the gradient is then less than the threshold gradient. 



The  capillary equation, equation (I) ,  may be insufficient to explain the process by 

which a slow breakdown of menisci occurs. The equation does not take into account, 

for example, the presence of properties of the adsorbed water layers surrounding the 

particles. Slow movement of water may take place in these layers and there may be 

changes in contact angle o r  air-water interface radius in connection with this. 

The  formation of new bubbles apparently did not occur in the pressure range covered 

by the experiments. If a new bubble were to arise it would have to have a certain mini- 

mum size to persist. The  radius would have to be such that the pressure of the air in the 

bubble was in equilibrium with the concentration of dissolved air in the vicinity of the 

bubble. For a sample in which interfaces already present have assumed a uniform 

radius r as given by equation (I), then a new bubble must have the same or  greater 

radius. An exception to this would be bubbles occurring in association with hydro- 

phobic sites (discussed below), although such bubbles were not observed in the present 

experiments. I t  is probable that the concentration of dissolved air was insufficient to 

allow the necessarily nearly instantaneous formation of such a bubble. 

Fig. 11. Results of air-intrusion 
tests on four soils. (a) Air 
intrusion occurred at an 
air pressure of 0,04 kg1 
cmz; (b) Air-intrusion at 
0,15 kglcmz; (c) Air-intru- 
sion occurred at 0,52 kg1 
cmz. Cracking occurred at 
about 0,4 kgicm'; (d) Air- 
intrusion at 1,95 kglcm?. 
The exact air-intrusion 
values are obtained after 
small corrections as out- 

1 2 3 4 5 

TIME.  M I N  

lined in the text. TIME,  M I N  
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The formation of vapour bubbles would not be expected in the present experiments. 

Vapour in such bubbles would have to have a pressure as low as the vapour pressure 

of water at the temperature in question, about 0.024 kg/cm%bsolute (i.e., -0.976 kgIcm2 

when atmospheric pressure is taken as 0). From equation (I), substituting pti, the pres- 

sure of the vapour, for pa, it is apparent that the pore water pressure, p?,;, would then 

have to be lower than this by an amount depending on the bubble radius r .  

Although the formation of new air bubbles was not observed in the cryolite soil, it is 

possible this occurs in soils of other minerals (especially quartz). Liebermann (1957) has 

shown that bubble nuclei of extremely small size occur on chemically-cleaned glass. 

These nuclei are believed to be air attached to a hydrophobic site; the air-water interface 

at such a site would be convex towards the air and the pressure of the air therefore 

sufficiently low that there would be no tendency for the minute bubble to dissolve. 

They would increase in size when the appropriate concentration of dissolved air occurs. 
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DETERMINATION O F  AIR-INTRUSION VALUE 

The air-intrusion value, the difference in pressure between soil air and water a t  which 

the air becomes continuous through the soil, is a single-valued characteristic of a soil's 

pore structure. It  is of significance in the study of partially-saturated soils, for both 

geotechnical and agronomic purposes. Knowledge of the air-intrusion value of a soil 

permits evaluation of susceptibility to frost heave (Williams, 1966 (a) ). The intrusion of  

ice into a soil on freezing is in many respects analogous to  the intrusion of air. 

An  apparatus (now available commercially*) has been designed and constructed, and  

a procedure developed to facilitate determination of the air-intrusion value of natural 

soils. More than fifty different soils, other than more or less pure clays, have been 

tested and in all cases it has been possible to measure a n  air-intrusion value. Because of  

their extremely low permeability, clays require special consideration and have not been 

investigated in detail. I n  developing a procedure for  the test which would have general 

application, regard was paid to various factors varying from soil to soil, and which 

might influence the results obtained. 

The procedure for the test has been described in detail (Geonor, 1966). The factors 

considered and the design of the instr~lment are  outlined here. The  apparatus consists 

basically of a pressure membrane cell which is rapidly assembled. The sample completely 

covers the membrane which is of the permeable type, and is contained in a Perspex ring. 

The sample is 1 cm to 2 cm high and 20 cm' in cross-sectional area. The  proportion of 

the surface area of the sample in contact with the Perspex containing-ring is small. The  

small height of the sample in relation to its volume results in short flow paths for the 

water draining from the sample, and equalization of pore-water pressure occurs relatively 

quickly after each increment of air pressure. Drainage is observed in a burette. 

In the case of substantially compressible samples, it is desirable to consolidate the 

sample after placing it in the Perspex containing-ring, before carrying out  the air- 

intrusion test. Drainage due to consolidation during the course of the test may otherwise 

be so substantial as  to obscure drainage due to air intrusion. T o  allow such preliminary 

consolidation, there is provision, for placing a rubber membrane directly over the sample. 

The  consolidating load is applied by raising the air pressure, causing the rubber mem- 

brane to bear o n  the sample with the same pressure. After drainage has ceased, the cell 

is opened and the rubber membrane removed. The  test is then carried out  in the usual 

way. 

I n  carrying out  the test, the sample is generally prepared as a slurry. Tests can also 

be carried out, with some modification, on undisturbed samples. After the slurry is 

placed, a small quantity of water is added on top of the sample and a measurement of 

the permeability of the sample and membrane made by lowering the drainage burette 

and observing the flow. 

The permeability measurement can be used to determine the appropriate rate of 

application and size of air pressure increments. For  the apparatus in question the 

relationship between observed permeability, and appropriate manner of application of 

air pressure, was determined by analysis of a large number of trials on different soils. 

In plotting the results of a test (drainage as  a function of time), it is necessary to  choose 

scales for the axes which reveal clearly the acceleration of drainage associated with 

intrusion of air. The  amount and rate of drainage vary substantially with soil type. The 

* Geonor AIS, Oslo, Norway. 
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permeability observation is also used as  a general guide to the choice of axis scales. 

Drainage must necessarily involve a slight difference in water pressure p,, from the 

top to the base of the sample. Any correction necessary o n  this account can also be 

determined from comparison of the permeability measurement and the rate of drainage 

a t  the moment of air intrusion. 

In  relatively coarse-grained soils the point of air intrusion is usually very clearly 

defined. For  finer-grained soils, it is often less conspicuous and more care is necessary 

in selecting the rate of increase of air pressure and appropriate scales for plotting of 

results. Fig. 11 (a to d) shows typical examples of tests carried out on  various soils. 

As in the case of the experiments described earlier, cracking of the sample may occur 

giving a smaller preliminary period of accelerated drainage. This has been investigated 

by tests in which the sample was visible through a window in the cell. If cracking 

occurs it is prior to, or possibly simultaneous with, air intrusion. The  acelerated drainage 

as a result of cracking is always less than that occurring in association with air intrusion. 

CONCLUSIONS 

There are  three distinct processes by which air may replace water in the pores of a 

soil when a difference in pressure p,-p,,. is established between the air and water: 

(a) A process explained by the normal "capillary" equation. equation (1): 

and the radius r of the air-water interfaces. If this process alone occurs it gives a curve 

of moisture content versus pll-p,,, in which there is a conspicuous air-intrusion value of 

p,-p,,., corresponding to an interface radius r,. equal to that of the largest continuous 

openings through the soil. 

(b) A process which occurs more slowly, involving diffusion of air (from air external 

to the sample) to entrapped air bubbles, with a resulting enlargement of these. 

(c) A process of slow advance of interfaces into the soil, possibly due to a change 

with time, of interfacial energy, contact angle or interface radius, or to  a process not 

explained by the capillary equation. equation (1). This occurs under constant pll-p,,. 

Additional drainage may occur because of consolidation due to the stresses on the soil 

skeleton, arising from the air-water pressure difference. This drainage may occur sud- 

denly with the development of cracks in the soil. 

Under appropriate experimental conditions the air-intrusion value may be measured 

for all soils in a homogeneous state, with the possible exception of those largely com- 

posed of clay particles. 
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T H E  NATURE O F  F R E E Z I N G  S O I L  

AND ITS F I E L D  BEHAVIOUR* 

INTRODUCTION 

In the preceding six papers experiments have been described in detail which show the 

relationships existing between the temperature of freezing soil, and the stresses or pres- 

sures in the water and ice phases, and in the soil skeleton itself. These relationships 

explain many of the characteristic properties and behaviour of freezing soil; the purpose 

of this final article is to present as simply as possible, the picture of the soil freezing 

process presented by the experimental and theoretical work as a whole. It is shown how 

a few basic equations, the relevance of which has been established by the experimental 

work, may be used to give a quantitative analysis of many of the phenomena observed 

in the field by engineers, geologists and other field workers concerned with freezing soil. 

Even this picture must include certain concepts with which those largely involved in 

field studies of frost action may be unfamiliar. These concepts belong in the general 

fields of physics, chemistry or thermodynamics: They will be described in the simplest 

terms in this Introduction, as an approach to their utilization in the following pages to 

describe the behaviour of freezing soils. 

General role o f  interfacial tension. 

Small bubbles in water are spherical because of surface tension. This can be ascribed 

to attractive forces which occur between the molecules at a surface or interface. The 

surface tension causes the bubble to assume the most compact form - sphere - and also 

causes the gas in the bubble to have a higher pressure than the water. 

If an open-ended glass capillary tube is placed vertically with its lower end in water, 

water rises ('is sucked') up the tube to a certain height, the 'height of capillary rise', and 

remains there. The interface (the meniscus) between the air and the water in the tube 

is curved, because of surface tension. Attractive forces between the glass and thc water 

cause the water surface immediately adjacent to the wall to lie parallel to it (there is 

a 'contact angle' of 0") .  At a point in the centre of the tube the water surface is level, 

and because of surface tension the interface as a whole accordingly has a form which 

approaches hemispherical for tubes of small diameter. As in the case of the bubble 

there is an associated difference in pressure between the air and water at  the interface, 

the water having a lower pressure relative to that of the air which causes the water to 

rise up the tube, until the weight of the water column is just equivalent to the lowered 

pressure. The difference in pressure is greater, the greater the curvature. Hence water 

rises higher up capillary tubes of smaller diameter. A soil is a collection of, albeit very 

irregular, capillaries. Suction and other capillary effects due to air-water interfaces 

confined in the pores are familiar. 

* Contents List, see p. 90. 



92 P. I. WILLIAMS 

The phenomenon of a pressure difference across a small interface is by no means 

limited to combinations of a gas (e.g. air) and a liquid (e.g. water). The idea of a pressure 

difference between for example, a solid and a liquid, necessarily occuring if their inter- 

face is small, may seem strange. It has been well known to physicists and chemists for 

many years. 

In the case of freezing soils, one is largely concerned with interfaces between ice and 

water, which are small because they occur within the soil porous system. Ice is a crystal- 

line material and for precision in the following pages is frequently referred to as 'ice 

crystals'. However, to a substantial extent the term 'ice' would be sufficient - the ice 

behaving in a similar manner to an  amorphous material. The different pressures of 

the ice and water associated with their curved interface is of fundamental importance 

when considering the mechanical and other properties of frozen soil. 

Insofar as one is considering a solid (ice) and liquid (water), and to a degree a gas 

(which is water vapour with air), which are all the same compound, water, there is an 

added complication of basic significance. Liquid water and ice can normally only co-exist 

(without a change in their relative amounts) at a certain temperature, the melting (or 

freezing) point of water. It is only a 'point' in a limited sense, because as is well-known, 

if the pressure on the ice and water is changed there is a change in the temperature 

at which they can co-exist. However, the 'normal' equation (familiar from elementary 

texts) relating freezing point of water and pressure often does not apply in the case of 

water in soils. The 'normal' equation essentially applies only to ice and water subjected 

to a uniform pressure change. Because ice-water interfaces in soil are generally small, 

the pressure of the two phases differs. The variation of freezing point with interface 

size (associated with these pressures) has been established (pp. 39-42). Because interfaces 

can have a wide range of size in any soil (there being a wide range of pore size), 

freezing and thawing of a soil occurs over a range of temperatures. 

All these phenomenaare considered in the following pages. 

I. FUNDAMENTAL CONSIDERATIONS 

1.1 Pressure rela~ion.~ for snlall crystals 

Small crystals in their own melt have, because of surface tension and their large 

surface to volume relationship, a pressure higher than that of the melt (see for example 

Adamson 1960). If the crystal is represented by a sphere of radius r, then the pressure 

difference between the two phases in the case of ice and water, is given by: 

where pi = pressure of ice 

p7, = pressure of water 

ui,, = surface tension ice-water 

ri,, = radius of interface 

This equation also applies with minor qualifications, to ice developing inside a capillary 

tube. In such a case the ice is polycrystalline and may have a considerable length; the 

interface between the ice and remaining water is curved (due to the surface tension), 

and when as is usually assumed the contact angle with the walls of the tube is Oo, it 

has a radius approximately that of the tube. 
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A similar phenomenon is the rise of water up a capillary tube, which is a result of 

the lower pressure of the water immediately below the curved meniscus compared to 

that of the air above it. 

The pores of soils can be regarded as a series of interconnected capillaries, and give 

rise on freezing to effects of the kind described by eqn. (1). 

1.2 Depression of freezing point 

The pressure relationships described above also influence the freezing point which 

falls as the pressure difference (eqn. 1) increases, that is, as the size of a crystal, or the 

radius of the ice-water interface decreases. The equation applicable to soils, describing 

freezing point as a function of the radius r is (p. 41): 

which may be written in the finite difference form: 

where T = freezing point " K 
To  = normal freezing point (i.e. when the pressure is uniform on the two phases) 

V l  = specific volume of water 

L =. latent heat of fusion 

To  has the value 273,15" K (0" C) if the pressure on the ice phase is atmospheric. This 

is approximately the case for initially saturated soils not subject to confining pressures, 

but in many field situations the pressure on the ice is greater than atmospheric, and the 

value of To  must be modified (section 1.6 below)*. 

Equations (1) and (2) provide the basis for interpreting a wide variety of phenomena 

characteristic of soils undergoing freezing. 

1.3 Progres.rive extension of ice with falling fe~nperatltre 

When a soil is uniformly cooled below 0" C ice formation generally commences on 

the surface and at  a temperature close to 0" C (provided that the sample is saturated 

or nearly so). Substantial supercooling may occur if the soil as for example in laboratory 

tests, is shielded from ice nuclei. In such cases, once nucleation has occurred the tem- 

perature rises rapidly to just below 0" C. Under natural conditions it is unlikely that 

nucleation is delayed to any comparable extent, such that little supercooling occurs. 

In  accordance with equation (2) ice growth first occurs in large pores or openings - 

these being able to freeze at  the highest temperatures. As the temperature falls ice is 

able to penetrate into smaller openings, and spread through the soil. Subsequently the 

soil ice mass can be regarded as having a honeycomb structure, possibly with some 

layers of ice, the 'holes' being occupied by mineral particles and by water in spaces too 

small for ice-water interfaces to exist in them at the temperature in question. Many 

pores remain water-filled because all the openings to the pore are too small to allow 

the interfaces to grow through them. Such water is supercooled but to such a slight 

* If salts occur in solution in the pore water, these will also give a small component of 
freezing point depression Cpp. 16-17). 



extent that spontaneous nucleation of the ice will not occur. During thawing there is 

usually somewhat less unfrozen water present (Williams 1963) than during freezing, 

presumably because all frozen pores thaw at  the equilibrium temperature predicted 

by eqn. (2). 

Thus the process of freezing of the water in a soil is a gradual one, occurring over 

a range of temperature. The amount of water remaining unfrozen decreases with falling 

temperature, but varies greatly from soil to soil because of the different distribution of 

pore sizes in different soils. Many examples have been given (pp. 15, 18). 

The progressive freezing of the soil water as the temperature is lowered involves the 

liberation of the latent heat of fusion. Over a range of temperatures the heat to be 

removed to cool the soil by a further increment of temperature, consists not only of 

the specific heats of the substances present, but also of some heat of fusion. The resulting 

apparent specific heats have been determined, as a function of temperature for various 

soils (pp. 4-9). 

1.4 Changes in pore water pressure caused b y  freezing 

The progressive extension of the ice with falling temperature into smaller and smaller 

openings, must result in the development of smaller ice-water interfaces, and in accord- 

ance with equation (1) an increasing pressure difference between the ice and water is 

established. Equations ( I )  and (2) may be combined to give this difference in pressure 

as a function of temperature: 

(T-T,)L 
pi-p,= -- -- - . . . . . . . 

ToV, 
. (3) 

Equation (3) is valid for all soils (see p. 42). For situations where the ice phase 

is substantially under atmospheric pressure (i.e. a gauge pressure of 0) the pore water 

must have a negative pressure, or 'suction' of the magnitude given by this equation. 

Where the pressure OR the ice is other than atmospheric, the value to be taken for To is 

slightly different (see section I.6), and the pressure on the water modified accordingly. 

1.5 Conditiorzs at the frost line: formation of ice lenses 

In  the foregoing sections, the basic equations describing the freezing of soils have 

been considered, as well as the manner in which the quantity of ice present in a soil is 

gradually increased as the temperature is progressively lowered. Of special significance 

is the freezing occurring at  the frost line, that is, the boundary between frozen, and 

ice-free soil. 

Frost heaving is caused by the development of layers or lenses of more or less pure 

ice, much larger than pore size, by migration of water to the frost line, and its accumula- 

tion there as ice. The expansion of water on freezing is only about 10 % and the mag- 

nitude of observed frost heaves shows that this expansion alone cannot be responsible. 

The migration of water to the frost line occurs as a result of a fall in pore water pressure 

in the vicinity of the ice-water interfaces. 

If the frost line is to advance through the pores of the soil, the ice-water interfaces 

must have a size r, sufficiently small to do so. The pressure on the ice pi and water p, 

are then related by (following eqn. 1): 
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The value r, for a given soil is an important characteristic; it determines the pore 

pressure relative to that of the ice, occurring at the ice-water interfaces a t  the penetrating 

frost line. Its determination is described in section 11.6. 

The pressure on the ice is generally equal to the total or confining pressure (see 

section 1.6). When pi is known, the maximum water pressure pi, that may occur at the 

interfaces when the frost line is penetrating downwards through the pores can be deter- 

mined from eqn. (4). Depending on the ground water conditions the pore water pressure 

may already have this or  a lower value. On the other hand it will frequently be greater 

such that: 
2uizo 

P~-P,"<- - . . . . . . . . . . (5) 
rc 

While this is the case, the radius rilr of the ice-water interfaces is somewhat greater 

than r, and the ice is unable to penetrate through the soil pores. Instead freezing results 

in growth of an ice lens. The migration of water to the lens (occurring as a result of 

the water pressure at the interface of radius ri,,), results in a fall in pore water pressure 

such that the conditions of eqn. (4) are approached. As soon as they are achieved, the 

ice lens ceases to grow, the ice advancing through the pores instead. 

However, the pore pressure will then usually start to rise again (since the removal of 

water to the ice lens has ceased) so that the condition for development of an  ice lens 

will again arise. I t  is for this reason that frost heaved soil normally consists of alternate 

layers of frozen ground and ice in lenses. Furthermore, variations in thickness and 

frequency of the lenses would appear to be explainable in terms of the permeability 

of the soil, and the rate of heat extraction (i.e. the rate a t  which water can be transferred 

to lenses). Very thick lenses are known to be associated with a low rate of freezing and 

relatively high permeability - conditions where the tendency for lens formation to lower 

the pore water pressure in the underlying layer would be a t  a minimum (see also sec- 

tion 111.1). 

In the case of clay soils the concept of r, as a radius determined by the size of con- 

tinuous pore openings, apparently requires some modification. In such soils it appears 

that the ice a t  the penetrating frost line does not advance so uniformly through the soil 

but advances preferentially through scattered paths (probably cracks or other discon- 

tinuities) which are for example some cm apart (see p. 64). Ice lenses arise periodically 

as described above, and between the lenses will be layers or pockets of clay which are 

substantially free of ice. The existence of these still plastic layers in frozen clays at 

temperatures near 0" C has often been observed (see e.g. Beskow 1935, p. 31). As the 

temperature falls further, ice will enter the pores also in these layers, which will become 

rigid. 

1.6 Pressure of the ice, pi; absolute values of porewater pressure, p, 

Equations (I), (3) and (4), express the pressure on the water in the soil as a difference 

from the pressure on the ice. T o  establish the absolute value of the water pressure, as 

a function of the temperature T, or interface radius ri,,, requires a knowledge of the ice 

pressure. 

If the pressure of the ice at the ice-water interfaces changed as the interfaces advanced 

and chansed in size, this would result in closely adjacent parts of the ice being under 

different pressures. Such a situation is unlikely to occur as it would represent a change 

away from thermodynamic equilibrium. In the case of water, changes in pressure initiated 



at the interfaces are immediately spread through the water in the vicinity by fluid flow, 

so that comparable pressure discontinuities do not occur (see also Haynes 1964). 

It is therefore to be expected that all the ice would have the same pressure as that 

initially formed, at  least for samples subject to uniform confining stresses. In the case 

of a saturated sample at atmospheric pressure the ice would be expected to be sub- 

stantially at atmospheric pressure (p. 42). Experiments measuring the consolidation of 

clay layers between ice lenses (pp. 27-35), demonstrated this to be so. The experiments 

showed that the pore water pressures developed on freezing to various temperatures, 

were negative and equal to the expression on the right in eqn. (3). It follows that the 

pressure on the ice remained atmospheric. 

If the sample were under a confining pressure other than atmospheric, then the ice 

would have that pressure. The value of To  in eqns. (2) and (3) would then be less by 

0,0073" C per kg/cm%f confining pressure (see p. 22). For soils freezing at some depth 

in the ground, the overburden pressure represents such a confining pressure. That the 

ice in the lenses (which are much larger than pore size) will have a pressure equal to 

the overburden is immediately obvious, and the reasoning given above leads to the 

conclusion that also the ice in the pores, at that depth, will have the same pressure. I t  

should be noted that the occurrence of frost heave results in an increase in confining 

pressure (the 'heaving preszur6', see sections 1.5, and 11.7). 

1.7 Effect of air in soils 

In the foregoing sections it was implicit that the soil was saturated. Under natural 

conditions however, soils frequently contain significant quantities of air, and this must 

be taken into account in discussing properties of such soils when frozen. There is a 

further important reason for studying phenomena associated with the two phases air 

and water in porous systems: The behaviour of the two phases ice and water in such 

systems, is in many important respects analogous. In both cases the dimensions of the 

interfaces between the two phases, as imposed by the size of pores, and the associated 

stresses and pressures, are of basic importance. Several experimental procedures involv- 

ing displacement of water by air in soil allow an analogical approach to the behaviour 

of the same soil undergoing freezing. 

When the water content of a soil is reduced below saturation, air enters the pores 

such that the size of the interfaces between air and water is determined by the pores. 

As the quantity of air present in the soil increases, the interfaces come to lie in progress- 

ively smaller pores. At water contents near saturation, the air is localized in a few large 

pores, or even merely in such large pores as open directly to the soil surface, but a t  

lower water contents a mass of interconnected air-filled pores extends throughout 

the soil. 

The existence of a small interface as in a pore, results in the water having a lower 

pressure than the air according to the equation: 

' a w  
where p, = pressure of air 

p, = pressure of water 

craw = surface tension air-water (= 72,75 dynlcm at  20" C. Hdbk. Phys. Chem. 

1965) 

r,,, = radius of interface 
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This equation, which is a form of the well-known 'capillary' equation (giving for 

example, the height of rise of water in a capillary tube), is analogous to eqn. (1). 

The progressively lower pressure on the water phase (relative to the air pressure) 

associated with decreasing water content constitutes the well-lcnown 'suction-moisture 

content' relationship (Croney, Coleman and Bridge 1952) for the soil in question. 

Considering now the freezing of unsaturated soils, it is apparent that when freezing 

commences, the water is already under a reduced pressure. Reference to equation (3) 

indicates that freezing can only commence a t  some temperature T below 0" C, T being 

lower when the moisture content is lower. Application of eqn. (3) to unsaturated soils 

requires further consideration of the pressure on the ice, pi. Unlike the situation with a 

saturated sample under atmospheric pressure, where pi is essentially atmospheric, in a 

partly saturated soil the first-formed ice crystals lie within pores or  pore openings. An 

interface between the ice and air which is restricted in size implies a raised pressure in 

the ice. relative to the air: 

where a,, = surface tension ice-air (= 107,2 dynlcm, Hesstvedt, 1964) 

ria = radius of ice-air interface (==: radius of pore) 

However the partial pressure of the water vapour in the air adjacent to the interface 

would also be increased (according to the Kelvin equation, see r.g. Defay and Prigogine, 

1951, p. 197) and would be higher than that in equilibrium with the water. Unless ice 

crystals of larger radius than the air-water interfaces are in some way introduced, it is 

therefore more probable that the first ice occurs within the water and with the largest 

possible radius, i.e. ri,,,%r,,,,. From equations (6) and (1) the ice will then have a pressure 

lower than that of the air by an amount Ap,. Accordingly, To in equation (3) should be 

increased by Api - 0,0073" C ,  if Ap ,  is given in kglcm2 (the equation, p. 22, being appro- 

priate since Ap,  for a given r , , ,  equals the lowered pressure of the water relative to the 

air). As cooling of an unsaturated soil is continued to lower temperatures ice will spread 

into smaller and smaller pores in a similar manner as for saturated soils. The unfrozen 

water content curve (compare pp. 15-18 and section IV.3) may be displaced with respect 

to temperature by the small amount discussed, but in either case the effect is probably 

too small to be of practical significance. 

Whether or not a given unsaturated soil shows frost-heaving will depend on the 

amount of air in the soil. There are two effects to be considered. Firstly the permea- 

bility of the soil and thus the ability of water to migrate to the frost line will be reduced 

to the extent that voids are air-filled. The magnitude of frost heaving can thus be 

sharply reduced. 

Secondly, the existence initially of a low water pressure must reduce the magnitude 

of, or  prevent the establishment of, a hydraulic gradient towards a frost line. The 

lowered pressure in the water may be such that the conditions of eqn. (4) are fulfilled 

immediately when ice forms. In this case ice growth progresses only through the pores 

and migration of water to produce ice lenses would not be expected. The situation is 

expressed by: 

where P=-P,(, = suction occurring in pore water 



2u;," 
and - - - ~ ~ - p , ~  = difference in pressure between ice and water (as described in Sec- 

r~ tion 1.5). 

The term Ap; represents the increment of pressure by which the ice pressure differs 

from that of the air, due to the curvature of the ice interfaces. Even the development of 

a very small ice lens would result in the ice having a pressure equal or greater than that 

of the air, pn .  

Finally it may be noted that if the air has demonstrably spread widely through the 

the porous structure of the soil, then normal frost-heaving with development of ice 

lenses cannot occur. Quite apart from the limited water permeability that the soil has, 

the porewater pressure is then: 

The continuous openings of radius rc are already empty of water and the condition 

for ice lens development (equation 10, below) cannot be met. 

Although frost heaving would not generally be expected in such unsaturated soils, 

some change of the soil structure may occur on freezing together with certain pressure 

effects (see Sections 111.3, 111.4). In addition, Dirksen and Miller (1966) give detailed 

evidence for migration of water into the frozen layer in unsaturated soil. The accumula- 

tion of ice (including in some cases, lenses) occurs at  some distance from the frost line. 

This is not fully understood, and its practical significance unknown. Beskow (1953) 

reports an expansion of an unsaturated soil on freezing, that was apparently due to 

separation of the soil particles by the manner of growth of the ice (see fig. 1). This 

expansion could be prevented by application of a light pressure. 

Fig. 1. Diagram (after Beskow 1935), showing suggested mechanism to explain 'heaving' of 
an unsaturated sand. (a) before freezing, (b) after freezing (the hatched areas represent 
ice, in the form of needle-ice crystals). 

In contrast, certain soils, when unsaturated, undergo shrinkage on freezing (Hamilton 

1966). I t  is suggested by Hamilton as being due to a process first proposed by Powers 

and Helmut (1953) for concrete containing air-filled voids. On freezing ice crystals 

develop in (but probably do not fill) these voids, where their growth is not hindered as 
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it is in the smaller capillary pores of the matrix. The crystals grow by diffusion of vapour 

from the water in the latter (which has a much reduced freezing point) through the air 

around the crystal. The loss of water from the matrix pores results in contraction of the 

material. 

11. LIMITING CONDITIONS FOR FROST HEAVE I N  FIELD SITUATIONS 

11.1 General case 

Ice lenses develop when: 

where pi, p,,., and 2ai,,lr, refer to conditions at the frost line. The pressure on the ice pi, 

is generally equal to the total pressure represented by the overburden yx, where y = bulk 

density, x = depth. I t  may be increased somewhat if expansion of the ice lens is resisted 

by the strength of the soil, but this increment of pressure will be ignored. 

The water pressure p,,, in the vicinity of the frost line is determined by several factors 

including, if heaving occurs, the freezing process itself. In predicting whether or not 

heaving is likely to occur, the latter factor can be ignored. The simplest case is that 

where (in the absence of freezing effects) hydrostatic conditions may be assumed to 

exist, such that the porewater pressure p,,, is given by the depth to the water table. The 

water pressure a t  depth x is then given by x-z where z = depth of water table from 

ground surface. 

The condition for ice lens formation, substituting these values for pi and pic into 

eqn. (10) is: 

where y = glcm3 

Q IU 
= density of water, 1 glcm" 

X = cm 

Z = cm 

a;.1,, = 30,s dynlcm (Hesstvedt 1964) 

1,0198 . 10-3 = conversion factor 

Insertion of appropriate values into this equation shows for the soil and situation in 

question whether or not frost heaving (ice lensing) can be expected, and if so the maxi- 

mum depth to which it is liable to occur (see fig. 2). If heaving does occur, the ice 

lensing process will tend to lower the porewater pressures from the hydrostatic condition. 

This only means that there will be a tendency for the maximum depth a t  which heaving 

occurs to be somewhat less than calculated. The value 2ai,,lr, for a given soil can be 

determined as described in section 11.6. A numerical example of the use of equation (1 1) 

to determine susceptibility to heaving is given on pp. 70-71 .* 

* The value pw is in the example denoted by the symbol ti  in accordance with soil mechan- 
ics terminology. 
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Fig. 2. Diagram illustrating hydraulic gradients in association with frost line during frost heav- 
ing. Associated with the growth of an ice lens at depth x is a fall in pore water pressure, 

giving a changing hydraulic gradient represented by the dotted lines, 1, 2, and 3. When 
the fall in pore pressure at the ice lens is sufficient that pi-p,, = 2ait,,/rc the ice lens 

ceases to grow and the frost line advances through the pores to a depth x + Ax. During 
this time the hydraulic gradient changes from 3 to 4. and the pore water pressure again 

becomes such that pl-p!, < 2ai,ulrc. The next lens therefore commences to develop. 

Also shown is the maximum depth to which frost heaving occurs. Below this there will 

be no hydraulic gradient developed towards the frost line. 

Equation (1 1) describes the conditions for frost heave for  the simplest situations which 

may be assumed to occur in the ground. In  the following sections various field situations 

influencing frost heave (see e.g. Highway Research Board 1963) are  discussed in more 

detail. 

11.2 Deprh of frosf line 

Equation (11) demonstrates clearly the effect of depth in determining whether o r  not 

ice lens formation will occur. As the depth x of the frost line increases, the first term in 

eqn. ( l l ) ,  yx, increases faster than the second, Q,,,(x-z), since the soil bulk density y is 

greater than that of water, Q,,;. At  a certain value of x equation (1 1 )  will cease to be 

true, and ice lens formation ceases. Thus, for  all soils it is apparent that there is a maxi- 

mum depth to which lensing can occur. This depth is considerably greater than that of 

the annual frost penetration in fine-grained soils where the value r,. is large, but is of 

practical importance especially where 'borderline' soils, with a relatively low value of 

r,, are being considered. Some examples are  shown in table I of soils which are  not 

susceptible to frost heave provided that they are  not used in immediately sub-surface 

layers. 
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Table I. This table illustrates the pressure difference pi-p,, that must occur, between thc ice 
and water phases for various soils at the frost line when this is penetrating the soil. 

The pressure of the ice and of the water also depend on other factors such as over- 

burden and ground water level. 
The difference pi-p10 shows the relative magnitude of the freezing effect for different 

soils. If there is no overburden or other pressure except atmospheric acting on the 

ice, then pi-p7" is equal to the negative pore water at the frost line. If the pore water 
pressure wcre atmospheric then pi-pl0 would be equal to the maximum heaving pres- 

sure at the frost line. 
Note that because the grain size composition is not related in a simple manner to the 

value rC, the figures given should be regarded as illustrations only. 

Generrrl soil type 

Coarse sands, or coarser material only . . . . . . . . . . . . . . . . . . . .  
Medium and fine sands, or coarse silty sands . . . . . . . . . . . . .  
Medium silts, or mixed soils with small amounts <0,006 mm 

particle diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Largely fine silts, or silts with some clays . . . . . . . . . . . . . . .  
Silty clays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Clays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The depth to which ice lensing may occur in fine-grained soils is of importance in 

regions of permafrost, where the total thickness of frozen ground may be hundreds of 

metres. Where the soil and porewater pressure conditions were quite uniform with 

depth prior to  freezing (i.e. hydrostatic conditions prevailed), it is to  be expected that 

the permafrost will usually be divided into a n  upper, ice-rich layer containing ice lenses, 

and a lower part free of lenses. This distribution may be modified by the variations in 

soil type that are  likely within a layer of the thickness of the permafrost. There may 

also be deviations from the hydrostatic water pressure conditions a t  certain depths. Few 

observations of the distribution of ice with depth in permafrost have been made, but 

results of a n  analysis of samples from a borehole in the Canadian Arctic (Williams 1968) 

appears in agreement with the principles outlined here. The lower part of the perma- 

frost contained no visible ice lenses, but higher in the profile ice lenses occurred a t  

intervals, their size and frequency tending to increase towards the surface. 

11.3 Applied loads 

Beskow (1935), and many others have pointed out that frost heave may be prevented 

by the application of a load. The  effect of applying a load to the ground surface is of 

course similar to that of increasing the depth x, in that the pressure on the ice phase 

is raised by the amount of the load. If the application of the load occurs in such a way 

that the porewater pressures remain unaltered, then the load necessary to prevent frost 

heaving is that which satisfies eqn. (4), see also figure 3. The effect of load in reducing 

the maximum depth to which frost heave occurs is easily calculated from the equations 

pp. 70-71. 

Application of a load may also cause a change in the value appropriate for the pore- 

water pressure term (eqns. (4) and ( l l ) ) ,  if time is not allowed for dissipation of excess 

pore pressure by consolidation. 



11.4 Drainage 

The value of drainage as  a means of preventing frost heave has also been known for 

many years. Drainage reduces the pore water pressure the effect of which is also clearly 

illustrated by eqns. (4) and (1 1). If the effect of the drainage is to lower the water table 

by a determinable amount (cf. fig. 3), with hydrostatic conditions subsequently pre- 

0 

2 7 

4 0 

67 

Fig. 3. Diagram illustrating maximum depths, 27, 40, and 67 cm, to which frost heaving will 
occur for alternative depths of water table, 75 cm and 100 cm, with and without a load 
of 0,04 kglcm2 applied to the ground surface. The maximum depth to which ice lensing 

occurs is given by pi-p?" = 2uiwlrc, assumed in this example to be 0,14 kglcm2 (as might 
be the case for a coarse silty soil). In the case of the water table at 100 cm depth and 

the applied load oi 0,04 kglcm2, pi-p?" = 0,14 kglcmz at the original ground surfece 

and there is no heaving. 

vailing, then the amount necessary to prevent heave is easily calculated (eqn. (11) and 

pp. 70-71). I n  practice provision is normally provided for drainage, because of adjacent 

water courses and associated high ground water levels, or  where specially unfavourable 

conditions may arise, for example, in association with autumn rainfall. Interpretation 

of the porewater pressure in terms of depth to water table may not then be suitable. 

11.5 As.resstnent of pore water pressures p, ,  where hydrostatic equilibriutn conditions 

cannot be assutned 

Rainstorms, snow meltwater, evaporation from the ground surface and other effects 

produce porewater pressures in the ground which do not change uniformly with depth 

and cannot be determined on  the basis of observations of level of ground water. This 

will be especially true for relatively impermeable soils, where moisture movement to 

restore near-equilibrium conditions is slow. Even for relatively permeable soils observ- 

ations of ground water table level are only satisfactory if made a t  a time comparable to 

the period of interest. Pore pressure variations a t  depths of 1-2 m, equivalent to several 

metres of water column (1 m water column = 0,l kg/cm2) are to be expected through 

the course of a year (see e.g. Croney, Coleman and Black, 1958), where the ground 

surface is subject to infiltration o r  evaporation. Under a substantially impermeable 

surface (such as  road pavement) near hydrostatic conditions may prevail for most of 

the year (Russam 1965). 
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The most precise procedure appears to be direct measurement of the pore pressures. 

Because the near surface layers which are of main concern in most questions of frost 

heaving, usually have pore water pressures less than atmospheric, tensiometers (Croney 

et al. 1958 op. cit.) with provision for exclusion of air are commonly required. Alterna- 

tively observations of water content can be made, and by comparing these with the 

suction-moisture characteristics of the soil in question a value for pore pressure arrived 

at. The suction-moisture content characteristics (the variation of suction with moisture 

content) may be determined in suction plate or pressure membrane tests (Croney, Cole- 

man and Bridge 1952). Although each test requires several days, a number of tests may 

be run simultaneously. I t  should be noted that the measured suction is equal to the 

negative pore pressure that occurs when the soil is under atmospheric pressure. If the 

soil experiences an  overburden pressure, the pore pressure for the observed moisture 

content is obtainable from the equation (according to Croney, Coleman and Black 1958): 

where LI = pore pressure 

s = suction (from suction-moisture content test) 

u = a factor between 0 and 1 

p = applied pressure (or overburden pressure) 

Examples of value of u for various soils are given by Croney et al. (1958 op. cit.) and 

Kassiff and Globinsky (1966). a depends on the compressibility of the soil. For an  ideal 

incompressible soil it is 0. For a compressible soil such as a saturated clay they give 

the value 1. This is the maximum CI can have, and represents the case where the entire 

applied pressure is carried by the pore water. Whichever method is used to estimate 

porewater pressures in the ground under non-hydrostatic conditions, substantial errors 

may be introduced if due regard is not given to changes which may occur between the 

time of observation, and the onset of freezing. 

One situation of particular importance occurs following a temporary warm spell in 

the winter. A surface layer a few centimeters thick thaws, but is unable to drain freely 

because of the presence of frozen ground beneath. The thawed layer then has a very 

high water content (and pore pressures approaching atmospheric or even, locally, greater) 

which may be further increased by snow meltwater or rain. It is generally believed that 

this situation is responsible for many cases of damage to highway surfaces, either at  the 

time of the thaw, or after refreezing and subsequent thawing. It is clear from equation 

(5) that when the overburden pressure is very small so that the pressure on the eventual 

ice lenses is approximately atmospheric, and the water pressure is also approaching 

atmospheric, that also soils with a very small value of 2o,,,.lr;. are likely to show ice lens 

formation. Even fine-sandy materials may thus be unsatisfactory for near surface layers. 

11.6 Dctcrrnination of the value 2oi,,/rc, by tneasllretnent of air-intrusion value 

The value r ,  represents the size of the largest continuous openings through the soil 

pore system. It is not the size of the largest individual pores because these are invariably 

isolated from the rest of the pore system by smaller openings ('pore necks'). It  is the 

maximum radius which an  ice-water interface can have if the interface is to advance 

through the pore system, and is therefore the size of the interfaces at  the acivancing 

frost line. 



Although the value 2oi,,ir, can be obtained from equation (4) following freezing tests, 

in which the pressure on the water p,, immediately adjacent to the frost line, and on the 

ice pi, are observed, such freezing tests are relatively difficult and time-consuming. A test 

based on an  analogous process, the displacement of water from the soil sample by air, 

is rapid and convenient (see p. 64). A saturated sample is subjected to an increasing 

air pressure, over a period of some minutes, while one surface of the sample is in contact 

with a drainage tube containing water a t  atmospheric pressure. The  water within the 

soil is therefore also a t  atmospheric pressure. At a certain pressure, the 'air-intrusion 

value', a rapid acceleration of drainage occurs, and air spreads generally through the 

soil. The  difference between the air pressure p,, and water pressure pllJ in the pores, has 

become such that the air-water interfaces can advance through the soil and (Eqn. 9): 

where o,ll, = surface tension air-water 

As the water pressure is atmospheric (i.e. 0) the applied air pressure (i.e. the air- 

intrusion value = 2o,,,./r,), on multiplying by oi,,/o,,l, (= 0,42 approx.), gives directly the 

difference pi-p?,. that will be established a t  a penetrating frost line in the soil in question. 

The  value 2o,,,/r, varies from virtually nothing for coarse sand, to several kgIcm2 for 

clays (table 1). Silty soils often lie in the range 0,05 to 0,3 kgIcm2; the value is not easily 

estimated from observation of grain size. 

11.7 Expansive pressures associated with frost heaving 

The  expansive pressures associated with the freezing of frost-heaving soils are of two 

main types: Those associated with the 'normal' expansion of water on freezing (ice 

having a volume about 9 % greater than the water from which it is formed), and those 

associated with increase of water content (i.e. as  ice) in soils subject to frost heaving. 

Only the latter is regarded as  'heaving' pressure. Both types of pressure are important 

in some problems of soil engineering, but the former less frequently so. 

The  heaving pressure is obtained from Eqn. (4), the pressure of the ice being equal 

to the heaving pressure: 

Heaving occurs only so long as ice is forming outside the pores in ice lenses. The  

maximum heaving pressure is of course equivalent to the load necessary to just prevent 

heaving (see Section 11.3). 

The  special significance of heaving pressure is that it is not relieved by small deform- 

ations of the confining body. Thus soil heaving against a foundation, lifting foundation 

walls or piles, or  disrupting a semi-rigid road surface continues to exert heaving pressure 

up to the maximum value, for as long as the freezing conditions are appropriate. Sub- 

stantial displacements may occur. Pressure caused by the expansion of water freezing 

to ice, on the other hand, is relieved by deformations corresponding to this small expan- 

sion; these deformations are sufficiently small to  be unimportant in many situations. 

Table 1 illustrates typical heaving pressures for various soil types. The  value of the 

heaving pressure in a particular situation will depend on  the pore water pressure, p,, in 
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the region of the frost line. Assessment of pl,, must be made in a manner similar to that 

described in sections (11.1, 11.5). p, ,  itself may be modified by the development of heav- 

ing pressures. Uniform vertical heaving involves development of heaving pressures 

which are  essentially equal to the overburden pressure, and there is thus no increase 

in pressure felt by the underlying unfrozen layers. Where heaving occurs irregularly 

and to s o x e  extent laterally against rigid structures, the heaving pressure may be trans- 

mitted back to the unfrozen soil. This may result in a significant rise in pore water 

pressure p,,, especially in little-permeable and compressible soils where it would not be 

quickly dissipated, and in turn leads to heaving pressures higher by a n  equal amount, 

since Eqn. (14) must still apply. 

The  term heaving pressure is not entirely satisfactory because heaving is oriented. 

The direction of the heaving is largely that of least resistance. However heaving occurs 

perpendicularly to the ice lenses and their orientation is also affected by the direction 

of heat flow during freezing; they tend to be oriented perpendicular to the heat flow. 

Ice lens orientation is also affected by stratification of the soil to which they tend to be 

aligned parallel. The various factors therefore, which may influence the heaving pressure 

in a given direction are  not fully elucidated. F o r  most practical considerations it seems 

appropriate to allow for  the possible development of heaving pressures as  great as  those 

given by Eqn. (14), above*. 

Pressures associated with the volume increase of water freezing to ice, are  developed 

where the soil is confined in a manner such that this small volume increase is hindered. 

Such situations are similar to the cracking of a water-filled, stoppered glass bottle on  

freezing. The pressure Api developed depends on  the temperature below freezing, and. 

according to the usual relationship (p. 22) Api = 110,0073 = 137 kg1cm"er -" C. 

There is a maximum possible pressure of about 2000 kglcm2 (developed a t  tempera- 

tures of about -22" C). This is the highest pressure a t  which the normal type of ice, ice 1, 

forms, and a t  higher pressures a type of ice is formed which does not have a greater 

specific volume than water (Dorsey, 1940 p. 397). 

Pressures of this kind also arise in the freezing of porous materials such as bricks 

and building stones, with a rigid structure unable to accommodate the volume change 

where water freezes within pores already closed by ice. Destruction of such materials 

by frost action seems to be due largely to the expansion associated with the freezing of 

in situ water (Butterworth 1964). The permeability may be sufficiently low that the water 

itself resists the expansion (Powers 1945). Less high pressures tend to occur if some air is 

entrapped in the pores, the easily compressed air allowing ice expansion and water 

displacement. Damage due to freezing is thus reduced. This is utilised in the air-entrain- 

ment technique for improving resistance of concrete to  damage by frost. 

A detailed analysis by Everett and Haynes (1965) has also shown the rnanner in which 

differential stresses may be set up within particles and a t  interparticles contacts, as  a 

result of the irregular shape of the interfaces between ice and water, particles and water, 

and ice and particles. The  localised differential stresses also appear to  be substantially 

independent of the large-scale migration of water and  associated ice lens formation. 

* Hoekstra (1966) gives evidence for heaving pressures substantially greater than would be 
predicted by Eqn. (14). The associated heaving is probably occurring within the frozen layer 
where temperatures are lower and the interfaces of smaller radius than rc. The m~gnitude of 

such heaving would probably be much less than that initiated at the frost line, and the practical 
significance of the higher pressure is not known. 



They probably play a significant role in the breakdown by frost action of rigid porous 

bodies. 

Small deformations and displacements of the type producing failure in building stones 

do not produce such immediately obvious effects in soils. However displacement of 

individual particles occurs (Corte 1963) and produces soil structural changes, and thus 

changes in the strength of the soil after thawing (see Section 111.4). 

111. ICE FORMATIONS; STRUCTURE OF FROZEN AND 

NEWLY-THAWED SOIL; STRENGTH AND DEFORMATION O F  FROZEN SOIL 

111.1 Distribution and fort71 of ice lenses; magnitude of frost heave 

Two important aspects of the soil freezing process are the manner of distribution of 

ice and ice lenses, and the total heave of the ground surface produced in a given time. 

The former is important especially with regard to the strengths of the frozen and thaw- 

ing soil, while the latter is significant in engineeering applications (e.g. railways where 

displacement of the ground surface cannot be tolerated). 

Ice lenses are normally aligned roughly parallel to the ground surface, but may be 

arranged quite irregularly and even vertically; the lenses may be simply irregular chunks 

of ice, or thin and hair like (see illustrations in Beskow 1935), and closely or widely 

spaced. To some extent the positioning of ice lenses is determined by soil layering or 

cracks. 

The alternation of lens formation and associated depletion of moisture from the 

immediately underlying soil, with periods of advance of the ice through the soil pores 

while the water pressure is at a minimum, was described briefly in Section 1.5. If the 

heat flow from the frost line is very small, ice will form slowly. The flow of water to 

the lenses may be such that the fall of pressure necessary before the ice will advance 

through the pores occurs only after a considerable period of time. Furthermore, when 

the lens ceases to grow the water content of the adjacent unfrozen soil will be rapidly 

replenished, giving conditions for formation of the next lens in close proximity with 

the former one. The ice lenses will tend to be large and closely spaced. It is often 

observed that the presence of a snow cover (reducing the rate of cooling of the ground), 

results in a higher ice content of the frozen soil. 

The permeability of the soil may limit the size andlor frequency of ice lenses even 

when the rate of cooling is slow. When permeability is low (as in clays), the pore pres- 

sure falls rapidly as an ice lens grows, since the replenishment of water to the adjacent 

moisture-depleted layers is then slow. Similarly, the hydraulic gradient towards the 

frost line may be limiting. I t  depends on the characteristic r, of the soil, its permeability, 

the depth in the ground, the ground water conditions, and also on the rate of freezing 

and whether or not an ice lens is in process of formation. When frost heaving is occur- 

ring, the hydraulic gradient in the vicinity of the frost line is usually not linear, and 

changes constantly. The manner in which this gradient is presumed to vary with depth 

is illustrated in fig. 2. 

Prediction of the thickness and spacing of ice lenses, even assuming that the limiting 

factors are correctly interpreted would require a detailed knowledge of the soil, and 

the in situ thermal and moisture conditions. Even where these factors are evaluated 

the mathematical analysis required would be of considerable complexity. However, the 

relationships outlined provide a qualitative picture of the ice lens size- and frequency- 
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o r  even prevented. I 

T h e  n ingn i t r~ t lc  o f  frost hcnvin!: ( the elevat ion o f  t l ic  ~ : rour i t l  \l.rrf:~ce) i~ govcrr~ccl  

suhst:tntinlly I ry the \:!me factor\ ,  except t l l :~t  t l ic  c f f cc t  o f  111:: r : ~ t c  o l  f rcczinc rriu\t I):: . 
con\iclcrctl fro111 :I son:tt\h:tt ( i i f f c rc r i t  poir i t  o f  vicyv. 7T'lic :~ r r io r r :~ t  o f  Ilc:tvc o c c u r r i n ~  

w i l l  a l w  dcpcrit l  o n  the lengt l i  o f  t in ie  t lur i r ig \vl i icl l  f rccr i r lg  is occurr ing.  The: l icnvc 

is due t o  a ce r t ;~ in  exctsz o f  \vatcr (nc ice) w l i i c l i  ni; ly 11: ~ l i \ t ~ r r l ~ c c l  i n  n th ick  o r  t h i n  

layer  o f  soil. '1-lie ! ~ c s \ e  therefore does n o t  r l i rcct ly tlcp:rlcl (111 t l ~ c  crcc\s water pcSr r i t r i t  

vo l r r t t~c  o f  <oi l .  

F o r  a n  in i t ia l l y  ca turs t rd  coil, the heave is given b y  ( fo ! lo \ \ ing  R~rc l \ l i .  1'150): 

h=KJ 1.09 ~ \ t  . . . . . . . . - (15) 

w l ic re  h = hcnv ing i n  t in ie ( \ t  

K - coeff ic ient  o f  p c r n i c a l ~ i l i t y  

J .= I i yc l rau l l i  gradient to  f ros t  l i r ic  

1.09 = factor fo r  volur l ic  incre:~ce o n  freezing o f  w;ltcr. 

. 
I f  the under ly ing  <oi l  layers arc  coniprcs<i l l le t l ie I lc:~vc rii;ty I l c  rcc!rrcccl sornc\\! lat 

t i ~ ~ e  l o  sclt lcrncrit ns<cciatccl \vit l t  t l ic  n~o is t r r rc  n i ig r ;~ t io r l  f ror i i  t!ic\c Inycrs. U n f o r t r ~ n -  

ately the v a l r ~ c  o f  J, 1::s 1lytir:rulic gradient, as n f u r~c t i o r l  o f  t i n ~ c  I, nir15t be clcfinccl 

be fore  a predict ior i  o f  the amour i t  o f  heave c;\n he nintlc. Thi.; i\ t l i f f i cu l t  ezpccinlly 

bcc;iuse J \.;~rics nq t l ic  f r o \ t  l i ne  proccccls clcl\v~i\vnrcls, as ilIu\tr:ltcel b y  Ti:. 2 .  

Consider;il>lc :~!tcrlt ion I i r ~ c  bccri ~ i v c n  to t l ie possible c f fcc t  o f  r:lt,: o f  freezing (i.c. 

ra te  o f  heat estr-;rctic\ri) o n  t l ic  an loun t  o f I ~ e a \ ~ c ,  b y  J\csko\v (lO.;5) u:!io sl lo\ved t!i:it 

hcnve \vac inclcpcriclcrlt of freezing rate, D i i c k e r  (1930). 1'cnric.r (1950) - \v11o slio\vi.rl 

t1i;it Iiea\.e incrc:~sctl s i t h  freezirlg rate, a n d  otl icrs. Tl~iz c1ivc.r;;c.nc.c u f  c rpcr icnce niust  

he  clue Lo t l l c  c l i f icrznt  e rpc r i r i ~e r l t ; ~ l  a r rnngcr~ lcn ts  rnc t l  a n d  t l lc i r  ci;,riificnrice \\.it11 

respccl  to  t l lc  v:~ri;tticrn o f  I. 1ncrc:lre i n  I i t nvc  riirrst no t  I)c c ~ > n l u \ c c l  \\it11 incrc;~cc o f  

icc corltcnt per r ~ r i i t  \.o!unle: also J'crirlcr's esperi iucrits s l~owcc l  !I::,: ice content pc.r rrttit 

rvo l r r t t r~~ \vat g r c i ~ t c r  f o r  lo\rp ratcs o f  frcezin;, n l t l iouy , l~  t l ~ c  Iica\,c r;itc \vnz grcntcqt for  

l i iglr rates-of  f r c c y i n ~ .  

1 1  1.2 Sottrc .spc*c.iril covc.t of icc I(ryc,r.\: g1trcicr.c.. pitr~1o.s 

l ' h e r e  are  scvcr;~l  ~ t . on io rp l i o l og i ca l  f c n t ~ ~ r c s  \vl i icl i  i n  n s i r~ i l> lc  v i ew  consist o f  a th ick  

layer  o f  ice l y i r i ~  o n  3 bed o f  soil. \ .V l lc r~cver . t l i c rc  is n f lo \v  o f  I icat  :l\vay f r o n i  t l ic  

i r i tcr f :~cc hct\vccn ice anc! soil aricl the soi l  ic u l i f rozci i ,  t l ~ c  I j : ~ \ i c  t1 i~rr~ioclyn: l r l i ic  con-  

sidcrntioris o f  section 1 b e ~ c n l c  rclcvarlt. 

l ' l i c  nlo5t \viclc;l>rcnt! 3 n d  u l>v ions cs;~ri l l>lc is tI1:1t o f  g1;lcic.r.;. 11 ~1;:cicr bed i s  often 

soil r i la lc r i ;~ l  (poxsil>ly L ~ r ! ~ i ~ i : l ~ i r i y ,  :I r cs r~ l t  o f  g l :~c ic r  : lct iori). : ~ r i ( l  c ! ~ ~ i > c r ~ ~ I i n ~  o n  c!ir~r:ltic 

ant! to  a Ics\cr c r tc r i t  orher i:iclors. t l lc I>cd is c l i~ i tc  frccl!~crit ly uriI'ro/cri: 

O n l y  n fc\v specific <itr!;~tionc \v i l l  I)c coriritlcrccl I ~ c r c .  -1l1c.y i r~c ! i i : ~ t c  tli:1t t l ic  p:ic- . 

norlieria diisu.;.;ccl i n  r l ~ i s  art ic le rii:ly he i r i i l>or l :~nt  i n  cor l r i cc t i~ ln  \ \ i t \ \  fu r  c\;irii;llc., t l lc  

sliclillg o f  n glncicr o\.cr i:.; bccl (\.Vccrtni:~n 106-1, K ; ~ n i l l '   rid I.;:('!I.I~~L,~!L. !064). :lie 

t i y t I r ; ~ ~ ~ I i c  J>rC'i\;IIICi (p,>rc'\\;ltcr psesst~r-CS) i n  t l ic  soi l  i n  t l ic  r i c i ~ l i l ~ ~ ~ : ! r l i ~ ~ ~ ~ ~ l  cf tlic. icc. 



\\illlirl the ice. tllc I ran jpor l ing o l  soil rn;~tcrinls, t l ~ c i r  deformation ant l  cc,n\oli- 

d;~tion, f l ~ c  qrlc$tion o f  the ex ten~ ion  o f  pcrrl lnfrosl I?clo\v atlvancing glaciers, ant! o f  [he 

tl lcrrl i;~l rcgir~le as ;I \ t t ~ o l c  o f  the gl:~cicr n r ~ t l  i~ r l t l e r l y i r~g  rl l:~tcrinl. 

A tcnlpcr;1tc gl;~cicr is orlc c lc f i r~r t l  (A~I~III:IIIII 10-IS, p..G6) ;IS I l i ~ v i n g  ;I tcrnper;~turc at 

dcl>t11 eclu;~l to it's 'prcsYurc n ~ c l l i r ~ g  poinl'. 'l'liis lcr~l l !crat i~re i s  given hy  the i ~ t u a l  

c:111;1liorl (see p. 7 7 )  for cl~;lngc o f  rilelting point \ \ , l~erc pressilre is applietl eqirnlly on 

holl l ice nrltl \ \alcr ~>l~ascs.  Thc  tenlpcraturc \\,ill I l ierc@ore depend on tlcptli f ron i  the 

gl;~cicr surface: 

T,-0,1C~i.,~.0,0073"C * . . . . . . a (16) 
I 

\\here T ,  -- t e r ~ ~ p c r a t t ~ r e .  -" C, n l  t lcplh s nielres 

Pi = s lxc i f ic  tvt. o f  ice ~ / c n i "  

O,lpi..r = prcssrrrc on ice, kg,'cr~~' at depl l l  s 

0.1 = c o r ~ v c r s i o ~ ~  f;lclc,r 

0,0073 = c l ~ a r ~ g c  o f  r ~ ~ c l l i ~ ~ g  point \\8illi pressurc,~" C per kg lcn~?  

(this ecl11:11ion only  a p l ~ r o s i ~ r ~ n l c l y  describes l l ~ e  situnliorl in  so far :IS there may also 

b:: otllcr stresses on l l ~ c  icc r l~ ; ln  1l1c vc~.tic;ll one nsocia led w i th  over l ) i~r t lc r~) .  

Ice c;tn on ly  pcnt,tralc 1I1e soil i ~ ~ ~ l l ~ c t l i : ~ l c l y  hclow the glacier provitlctl a ccrtnin pres- 

sllrc tl iffCr-cr~ct: ns g i \ *cr~ hy  ec111. (-1) exists I ) c l \ \ , cc~~  l l lc  pore water nncl 111c hasal ice, and 

a\\osi:~tcd \ \ . i t l ~  this prcssilrc cliffcrcncc i s  ;i lo\\,cr freezing point (cclr~. 3). As a f i r d  

c u r ~ c l i ~ r i o n  l l ~ c ~ . e f o r e  soil i r i~ r~ lc t l i :~ tc l y  I>clo\v a glacier at i ls prcssilrc n l c l ~ i n g  point ns 

clefinril hy A l ~ l n i n n n ,  cn~ l r lo l  II;I\.~ ice i n  its pores. Wcre strcll ice to occur, in  a stable 

s ~ ; ~ l c ,  t l ~ i s  \ \ c > i ~ l t l  i r ~ ~ ! i l y  n Ien~l>cr;~tur.c tl iscorit ir~uity bel\vecn the base o f  t l ~ e  ice and !he 

atlj;~ccnt soil \ v l ~ i c l ~  \vol11tl hc i l~~ l>o$s ih lc .  T t ~ e  only  \vny i n  which ice caulcl occur i n  1l1e 

soil beti \\oulcl bc fo r  i t  l o  1)c loc;ltctl i n  cracl;s o r  openings consitler:tbly larger than pore 

s i x .  

I f  t l ~ c r c  is a coo l i r~g  o f  l l ~ e  1crnper;~le glacier (such as \voultl I)c cs\;l)cctecl to  occur 

as n rcsult o f  clir-r~nlic c l l ;~ r~gc)  the soil I )cnc;~ l l~  \\.ill riot i r ~ ~ l ~ ~ c d i n t c l y  fl-ccze. I n  order for  

1l1c ice to dc\,elop \ v i ~ l l i r ~  t l ~ c  soil pores tllc r~eccssary cliffcrerlcc hct\vccr~ t l ~ c  hnsal ice 

prc\\tlrc, nncl soil \v;~lcr pl.cssltrc, /J ,  p, , .  (ccl11. 4) n ~ u s t  bc cstnblisl~ctl. This tl iffcrencc mny 

suor~ occur, but or1 I l ic  o t l ~ c r  I l :~nt l  i n  Iilariy c;~scs tl lc grountf walcr cor~t l i l ions wi l l  be 

s11s11 111:11 1110 porc\\,i l le~. I)I.esstIrc'; \vill 1)e r ~ ~ ; ~ i n l a i l l c d  at a higllcr \-;~luc for  n pro lo l~ged 

pcriocl. D u r i n g  this tirnc, ice \\.ill a c c ~ ~ r i ~ u l ; ~ t e  on  the base o f  the glacier, b y  r l ~ i g r a ~ i o n  

of \vatcr u p  f l l roug l~  tllc soil. 

. l ' l~c r~ l ;~gr~ i tudc  o f  p i ~ ~ . c \ v ; ~ l c r  I)rc.;<trrc\ i r ~  unfro;.cn soil hclo\v glaciers h;~s recci\.ed 

l i r ~ ~ i ~ r t l  n t ~ c n t i o n  ( I ~ . s .  h l : ~ ~ l ~ c \ v s  :III~I h l ; ~ c k ; ~ y  1060, h l n t l ~ c w s  lOh4). 11 appcal.s possihle 

thnl u11tlc.r ccr l :~ in  circurnsl:~r~ccs l l lcy  c:ln ap l> ro ;~c l~  a n ~ a x i n i u n l  v;l l i~c eclunl to l l ~ c  

u c i g l ~ t  o f  the ice itself. h 'o r . r~~ ;~ l l y  tl lcy \\'ill he sornc\vll:~t less, the weigllt o f  the ice hcins 

hornc i n  p:lrt by  l l ~ c  soil s!iclcto~!. T l ~ c r c  is l ikely l o  bc a rcl ;~t ivcly slc:~tly antl corl~l>lc ' l r  

. r c p l c ~ i i ~ l i r n r r ~ t  o f  \\.;~tcr 10 tile suhgI:~ci;~l I;lycr (hearing ill niirlt l tI i:~t tllc ; ~ c c u n ~ u l ; ~ ~ i i r n  

o f  t ) .~ \ :~ l  ice \ \ou l t l  ill :my c;~\c  occur cl t~i tc slo\vly. I>ccn~r\c o f  t l ~ c  slo\i' r : ~ t c  o f  I1c:1t lass 

t l l roug l~  1110 gl:~cicr III:I~\). l l r ~ t l c r  t l lcw c i r c ~ l r ~ ~ \ l ; ~ r i c c s  l l ~ c  ice II,;IY only pcnclralc l l ~ e  

p ~ r r s  o f  I I lc soil ( i f  t l ~ c  pores arc k t i r l y  sn~a l l )  after l l ~ c r c  I i :~s  hccn n corisidcrxt~le 

incrc:~\c i r ~  thickness o f  1l1c g l i~c icr  ice, i n  ort lcr l o  give l l lc  necessary tl iffcrcncc i r l  prz.;- 

sllrr. /],.~/~,,, af I l le t):~$c o f  1I1r g l ;~c i r r ,  i n  ;~ccorcI;~r~ce \ v i l l ~  et111. (4). t ! l~ t i I  t t ~ c  :~ppropr i :~ lc  

t l~ickr lc\s i\ r c : ~ c l ~ c d  111c1c \\.ill I)c a rt~i::r;~lior~ o f  w:tlcr fro111 t l ~ e  soil l o  111c h;lsc o f  [he 



glacier. Conclit ions fo r  n .;~rtist;~nti;il ' l r ; i \ ; i l  ;~ccr~r i i i t l ; r l ion '  o f  l l i c  ice c:ln t l i r l \  nr i \c.  I t  

\voulcl he par t icu lar ly  l ikely \ t I lcrc c l ; ~c i c r  ;!cl\;~ricc c?\.cr r~r!Tro/cn \ o i l  ( ; . I . .  \ \ i t l io l r t  pcrr \ i ;~-  

f rost)  occrrrrctl i n  as\c.!ci;triorl \v i l l i  a ccr(~liril: ( i f  [ l ~ c  cl irt i ; l lc. 

A.; n n  exnni l l lc  cor i \ i t lcr  :I f ine 5i!!y \o i l ,  \ v i t l ~ ' : i  valcrc ,rllrlr, \~ICII I h ; ~ t  ((-.([n. 4) 

pi-p,,. = 0.5 kgicrl i?. I C  t l ~ i s  soi l  jr1iti:illy ~rr?clcrlic.; ;r-r~i:i\s o f  ice, ;!rid t l ~ c  pcircv.;~tcr h:~s 

a pressure a t ) o l ~ t  cclu;~l  tc! ( l int o f  t l ic  ice (i.c*. its \\.ciy,!!l), t11c.n t l i c  ice f l i i cknc \c  \ \ , o~~ !c l  
I 

have to  i n c r c n c  l ~ y  a t  1c;irt i\.r I-- O,f;lp, ( \ \ l l c rc  11, :.- t!cri\ i ty or ice. 0.00:!0 k;'cni7). tli;tt 

ic ,  550 cr l i  o r  5.6 rnclrcs I l c fo rc  frccxinl: o f  ~ l i c  \ o i l  c'cctrr\. I f  t l ~ c  pclrc\v:~lcr prcc.\urc 

tcntlccl to riw ns ( l ie  ice tliickrlcss irrcrc:~\ctl. t l i c r~  :~ i r *c \cn  y,rc;rtcr ; ~n l c i~ r r l t  o f  ice \voult l  
I 

be atlt lct l  be fore  t l ic  ice c o ~ r l t l  pcnc(r:\tc t l ~ c  \ o i l  pore$. ' 

Pnr1 ic~ l l ; i r l y  \\.itll. f ine-gr:~ir lct l  soils. unt lcr  ccr-t;~in c i r c ~ r r ~ l \ t ; ~ n c c s  i t  is concciv:~l) lc 1Ii:it 

ice cou ld  [)cnctr;\tc c!o\\.llw;~rtls l11rot1:ll cracks o r  r t r l ) t~ r rc  p1;~ric.s. I \ o l ; ~ t c t l  block\ o f  

t ~ n f r ~ i ; l c n  soi l  r i i ig l l t  t l lus I)ccoriie irlcc)rl)oratcc! i n to  l l i c  riiovirl': I?.r\c o f  tlrc ~ I : ~ c i c r .  I ? c i n ~ .  

u r ) f r t > ~ c ~ l  t l ~ e y  n l i g l l t  l>c s ~ ~ l > j c c t  to  str!>st:inIi;il ~ ! c i o r ~ r ~ ~ : ~ ! i ~ r i .  -1 !IC ril:lrir1cr i r i  \\!r icI i  f r c c ~ i n g  

occtrrs a t  t I ~ e  h;isc o f  t l ic  ~ l i ~ c i c r  ~ I I ~ I S  II:I~ i r i~]>urI;~ncc. i n  corirlcc!iciri \ \ i l l 1  l );~\nl t r :~n \ [>or t  

a n d  r lc for r l i ; l t io~ i  of  scclirilcr\t;~ry ni; i tcri;~l. 

P i t ~ g o :  Pingo5 ;ire. t yp i c ;~ l l y ,  cor lspicuor~z corl ic;~l r l i c i r r r l t l $ ,  t!t;:l ril:!y I>c 30 n i  o r  r l lo r r  

i n  l l c i y l ~ t ,  o c c l ~ r r i r l g  i n  colt! c l i ~ ~ ~ ; i t c s .  Gc t>y r :~p l i i c ;~ l l y  tlrcy ;lppc:rr l i ~ r ! ~ l e ( l  to  ccrl:!in 

rcgioris (L*.X. N ~ r t l i c n s t  Grcc~ i l ; ln t l ,  hlnckcrl/. ic 1)clt;l i r l  S . \ V .  C';rrl:r~l;~. p: \ r t \  o f  A rc t i c  

T<l~\sin talc.) \\,llcre l l rc ~x r r i l n f ro ' i t  tlocs ilc!t cxtcrlt l  p: \ r t ic t r ! ;~r ly t lccl). 111 t l ~ c  ccn l rc  o f  

t l ic p i l lgo  is :I corc  o f  ice, o f te l l  (ens o f  r i~ctl.cs thick. 

-T'l~cy 11:1vc nttr;rctetl t l ic  : ~ t t c r l t i o ~ l  o f  ~ i l ; i f l y  csp lorcr \  ;\!it1 o ~ l i c r s .  . I . \ \ (>  i111port:lrit p;~pcrs.  

b l i i l l c r  1059, ;rr i t I  h l ; ~ ~ l i : ~ y  1062, ascribe t l ~c i r .  fc~rr i l : r t ion 10 t!rc frcc/iriy, t l f  \ ~ r h t c r r : ~ n c ; ~ n  

w;ilcr, : ~ c c u r ~ i n l ; ~ t i r l g  \rnc!cr n I l i c l ~  cllou;,ll jlrc\sLrrc l o  r;ii\c a \irrfici;!l f rozen I:lycr. I r l  

,,(. o f  t l lc  N.IJ. Grccr l l ;~ r l t l  pirlgoc, l l l c  nl.tc\i;rrl pr.c\srlrc is I>clic\,ctl l ~ y  h l i i l l c r  to hc 

~ I r r c  to  \v;~tcr r ~ i v v i n g  tIo\\,r~ l i c t \ \ ~ c c ~ i  i r i ~ ~ ~ c r r ~ ~ c ~ ~ l ~ l c  l;iycrs ( f ro /c r i  rr<1111l:l o r  rock) f ro : l i  

higl lcl. elc\.ation5. 

h lackny  I?clicvcs t l l :~t, in t l ic  bl;rcl<cnzic l )c l [ ;~ ,  I >c r i c ;~ t !~  c:icll piri;,o t l icrc i\ ;I cc~lrrriirr o r  

b u l b  o f  u r i i r o i k n  grour ld  being stcatl i ly rctl:~cctl i n  si/c 1)y frcc/.ir,g f r t ~ : i ~  tlrc Titles nnt l  

to SOIIIC estcrit fr-or11 I.clo\v (the gror r r i~ l  t l i c r r i l :~ l  c o r ~ ~ ! i ! i o : i \  :rrc sttell t l ~ ; i t  t! ie cxi \ lcncc 

o f  t l i c w  co l~ l r l l l l s  i.; l i l ic ly) .  7'1iis cr~cro;rc l~nicr i t  t l ~ c  f:.c)ic11 rcy ion,  X!;!ck;\y llclic\.c.;. 

catr\cs ;\ conccnt r ;~ t ion  o f  \\';~lcr ir l  t l ~ c  coIr!nir i  :rntl r i \ ir~; \:;l!cr I)l.c.;strrcs. -1hc c \ i \ tcncc  

o f  \v;ilcr prcwtrrcs o f  t l i i \  type appc;\rs to  1)c \ \e l l  ~ I ~ ~ c ~ r ~ ~ i c : i t c c l  ill l< i r \ \ i : \n I i tcr : \ t~rrc 

(S l l t~n isk i i ,  106-1 l ip. 223--229); \>cil ig ;\rtcsi:ln prc\\trrcs 111c.y ;\re 1iI;cly to  l i f t  ;in i r ~ ~ p : r n ~ c -  

able I;rycr Iii!:llcr i n  tile profile. T l ~ c  surfici;rl f ro /c r l  layer rcprc\crlts s t rc l~  nn i r l lpcrrl lc- 

nh lc  Inycr.  

Tjoth k l i i l l c r  a n d  h1ack:ry di \count the role o f  t!lc f ro\ !  hc:!\.ir~g procc\s i n  t l lc  clcvc- 

l o p m c n l  o f  pirlgos. I f  t l lc  ice core lies Lrpon trr i i rozcn \oi l ,  I io \ \c \ ' c r .  i l l i s  r ~ l t ~ < t  con\t i tutc '  

one o f  t l lc  sitrrntions rcfcrrccl to i n  t l ~ c  open ing p:~r;rgr-:lpli or t l i is scctit;n. \ \here t l ic  

dcl~crlclcncc o f  pi---p, , ,  or1 r,  c:innot be ignor-ctl. 'l ' l lc ri:![tlrc c>f [ l ie  .;nil i n  t l lc  \ ' i c i r i i ~ y  o f  

t l ic  undcrsit lc ol t l ic  p ingo icc corc  is  no t  ;\cctrr;~tcly kna\vrl. Oul i n  t l ~ c  c:r\c of t!ir: Circcn- 

Ian t l  pi~lg,c>$, si l ty, s;~ri( ly ;rr i( I  c l :~ycy  soi l \  oL.ctrr ill [IIC ; r r e , ;~ .  St\ lor ig :\s [ l ie  \clil i i  r iot \ ~ . r y  

co: \ rsc-gr;~i~lc l l .  fr-cc;li~lg \v i l l . c :~~~. ;c  ice to  for111 c)ul\;(lc t l ic  \ l o ~ c i .  i.t.. ns ;\ Icrl.; o r  IcII\~.;. 

o r  pirlg" core, ~ ~ r i t i l  n prcsstrrc cliffcr,crlcc /I,-- I),,. exists 1~ct!vcc5ri t l ~ c  ic.c :\rlc! \ \ . ~ t c r  :\icc>rc!. . 

i ng  to  eqn. (4). A silty-c1;1y soil f o r  c.x;rrl~pIe r ~ : i y  l i :~vc ;I v;~!t!c 11, pCr ;I[ t lw  f r t l \ t  l ine  

0.5 kg.'cnl':. I r l  t l ic  c;\se o f  sucli a soil, tlrc Iirc';\Lrl'c i n  t l ic  I\.\\c {TI' t l lc  corc  ice \ \ i ! l  ,..I~,.,.,/ 

tlrc ~ x ) r c \ v ; ~ t c r  ~ l r c s s ~ f r c  by l l i is  ; I~II~LIII~ Iicl'orc t l lc  core c.c;~\i:\ l c l  ;!rt\u. 'I lit fsa\t Iic.\\.ini: 



~ I O L C ~ ~  is t l l c rc f '~ ) rc  r c~pc )~ l s i l ) l c ,  i n  t l i is ex;krilple, f o r  a n  increnient o f  u p l i f t  pressure 

\ i l ~ i c I \  correbponcls to  tlit: \ \c igIr t  o f  n m o r e  I l l an  5 metres t l l i ck  Inycr o f  ice. 

I r l  t l lc  c;l\e o f  c.o;c~.~c.;r:ii~iccf soil t l lcrc w i l l  be cinly n n  in ig r l i f i c : ln t ,  o r  n o  sue11 incre- 

ni tnt .  I'irlsos o c c u r r i r i ~  ill \uc l l  a situ:\rion r l iu \ t  t l i c~ .c for t :  t)c nscrihccl to tlrc \vater 

prrb\urc ef icclb ;\lone, as clcscril)ccl I>y h l i r l l r r  a n d  h1nck:ly. I n  the case o f  f ine-grair led . . 
\o11\, I l o \ \ c \ c r ,  t l lc  f r o \ [  I lc:~vini: process \\'ill t lc tcrnl ine t l lc  n i ax in ium l ic ig l l t  to  \vhich 

tlic p inso c:111 g ~ o \ v .  I n  cases \ \here  the pore\\,ater prcsstlre b y  i tsel f  is n o t  suf f ic icr l t  to  

l i f t  tllc ove r l y i ng  rii:ltcri;il, the increri lerit o f  pressure i n  tilt: i c c  (i .e.  p i -p , , , )  m a y  be 

erirircly r c ~ ! ) ~ ) ~ i \ i l l l e  f o r  t l lc  csistencc o f  t l lc p ingu.  

1'0 sonic cs1r'ri( the g r o w t l l  o f  ;I pi1120 \vo~ l lc l  a!)pcar tc be self-pcrpctlr;rtirig. A s  t l ~ c  

t l~i~knc.\. i  o f  t l lc  ice core  iricl-c;~scs, sorl ic f u r t l l c r  rise i r i  t l ic  pore\v;\tcr Ilressirre i n  t i le 

undcrlyir lg Ia),crs \ \ c ~ ~ l c I  be esl)ccted 211cl th is i n  t u rn  \ i fou ld  lend to  a greater value o f  

tile ice Iircssure hefore  scgrrg; \ t iun o f  [ l ie  ice ceases. 

I 
i 111.7 Cr~~r.vol i t l i i / io,r  i.ffc,ct 

I n  ;iccordance \v i l l i  t l l s  ef fect ive strcss e q l u t i o n  (see Skcr l ip ton 1961): 
1 

I o'=n-~r . . . . . . . . . . (17) 

I 
I ivllcrc 0' '-; cf fcc t i \ ,c  stress 

I 0 = tot:il strcsr 

rr =- porc \ \ a t c r  pressure 
I 

I a cllanyc o f  posc \ \n le r  pr-cssurc r cs t~ l t s  i n  a cl inrigc o f  ef fect ive stress. Upon t l ie lat ter ,  
I 

for  ~ ; i t ~ ~ r ; l t e ~ l  i i n f~ :o rc r l  soils. clcpc~lcls t l ic  cunsul i t lat ion ;~ritI slicar strengt l i  o f  [ l ie soil. 

. '1111. ~ ~ r c < \ i r v c  11, o n  [!I:: ice o f  a I'l.or.cri soil, equi\ ls [ l ie to ta l  strcss 0. T h e  prcssurc 

d i l f c r c r ~ i c  pi- . i~, ,  e,t:tl>li\lictl o n  fr.cczing (cclrls. (1) "k ((3)) is a n  e f fcc t ivc  strcss accort l i r lg 

l o  v q n .  ( 1  7). F1- I1~~e  is t l ~ c r e f o r ~  ;1 c o r i s ~ l i t l ; i t i o ~ i  e f fec t  nssocintctl i v i t l i  fscezin;. 

lr l lr l lc<li;\ lcly I i c lo iv  t l lc  f rost  liric. i n  t l ie ~ ln f r ' ozcn  soil, t l ierc is 21 layer subject to  a n  

tffcctivc str.c\x ;ll)l)vo:\cl1ing tl1:~t rc ' l ) rc\cr i tc~l  h y  i~,-p,,, = ?ni,,,lr,. (cqn. (4 ) ) .  T h i s  harcl. 
I 

:ori\olitl:ttc-tl I)\rt i ce- f lee  Inyer is c)frcll olrscrvctl in horc l io lcs  nr l t l  esc:iv:\tiolls i n  c l ; \y-r ic l i  

i . ~ .  ct)r l i l i rc~>i l ) !c)  hoils. I t s  tliicl;ness \\'ill clcl>critl or) [ l ie  ra te  a t  w l l i c l ~  i rcezir lg occurs, 

.c \o i l  pc.rnlc;il)ilily ctc.  

1.Af1cr the pcrlc.tl.;~tion o i  ice ~ I r l - n ~ ~ ~ I i  t l ~ c  soi l  Ir;\s occurrct l ,  a ~)rc)grcssivcly I1igllc.r 

' i cc~ i \ .c  slre\s is clcvclnl,ccl as t l lc  tc11lpcr;~ture f;\lls (eclri. 3). I n  soils \v l i ic l l  are pre-  

~ r ~ l i l l . r n t l y  s i l ly ,  ice t l lcr l  f i l ls  t l ~ c  purcs f a i r l y  i ~ n i f o r r i l l y  ar i t l  a n y  coriso1id:ltion occur -  

I; a o ~ r l ~ l  :Ippc;lr to  be l i l l l i t c t l  t u  local, r l i i c ros t ruc tur ;~ l  agr;\tl;\tious i n  w l ~ i c l ~  srl lal l  

. J L I ~ \  o f  par l ic lcs,  scl>:lratecl o n l y  by sm;lll volunlcs o f  un f rozen  water,  a re  d r a w n  

~ w r  tozct l lcr .  

111 t l ic  c;\\c. o f  c l ay  soils, the irrlfl-oxen cl:\y I;\ycrs 111-cscnt bct\vccn ice lenses a t  re lat ively 

.'I t c~~ l l )? r : r t i r rcs  (\cctic)n 1.5). are su!,st:l~lti;llly curlsolicl:~tccl ( t l ic  ef fect ive stress rench- 

: \cvcr ;~ l  I,s'~I;I" Oefurc t l lc  ice pcnctr;ltcs the porks o f  tlicsc layers (see p p .  27-35). 

.n ; i i tcr  th is occurs, str~rct i r r ; \ l  ch :~r~gcs occur  \\ ' i t l i ir l  t l i c  clay. Acco rd ing  to  rcccnt 

:\fi::.~tiorl\ 1)). / \ r ~ ~ I c r ~ c ~ ~ i  :111tl I IO~!,SII-A (1966). \t3:\tcr is r e r i~ove t l  f r o n i  t l ic  i r i te r l :~ r i~e I la r  

. L \  o f  t l lc  cI;\y r11i11c1.1l p;~rt ic lcs at tcni l>cr; \ t~ l rcs o f  - 5 "  C ar id lower .  

i i c r  r l l c  ~ 1 3 ) .  I):\\ ~ l l ; ~ \ i c ~ I ,  ( l ie  \v;itcr t I r ; ~ i~ i s  l r o r i l  tile soil w i t l i ou t  beco r i i i ~ i g  rc;\ssoci:\tccl 

~ l i c  p . t r r i i l c \  i r i  r l ~ c  origin:i l  ril;inrlcr.'.l.l\c v o i d  ra t i o  o f  t l le c lay  arlcl i ts  s;\tur;\tion 

I l l rc  cciritclit a r c  t!ccrc:\sctl. : ~ r l t l  t l ic  frcczirl: ~ ) ioccss  is t l i i ls  t o  he rcs:\rdcd ns a 



f o r m  o f  p recon\o l i t l ;~ t ion .  7'hc prc\cncc o f  vo id \  rcprc\crl!irl:: \ i lcz o f  ice Icn \c \  con i -  

n i o n l y  prot luccs n h i g l ~ c r  h r ~ l k  vo i t l  r; l t io I i u t  [ l l iz  c'rcct i \  tcnij>,\!:rrv ( \cc \ c c ~ i o n  ill..:). 

Stuar t  (106.1) !:ivcz c s ; ~ ~ ~ i p l c \  o f  z c t t l c ~ ~ ~ c r ~ ! ~  o r  cl. ly \ o i l \  : I ~ !~~ !> I I ICC~  t o  :l f r c c / c . t l i ; ~ ~ v  

cycle cxpcr icncct l  I)y c l : ~y  ncvcr  p r c v i o ~ l \ l y  frci/cri.  71' l~c rcportccl cor i l r ;~c ! io r~  o f  un \ ; t t ~ l r -  

atct l  c lays ( I  l ;~ r r l i l ton  1966) o n  frcc/.iri!; \ l ~ o l r l t l  :II\o 1)c r ~ o l c t l  <\cc \cc!ic~n 1.7). 
*, 

?'he soi l  s t ruct t l ra l  cl inngcs n\zoci;ltctl wit11 1111'; ! ) r .ccon\ol i t ! ;~ l ion arc  no t  cx :~c t ly  con i -  

parab le  wit11 t l io \c  occt l r r i r ig unclcr no rn i ; ~ l  lu;iclirig. Scvc r t l ~c . l c \ \ ,  n iacro\copic; t l ly  t l ic  

volun,e cl~;lngcz o f  cl;~ys are  o f  siriiil:lr r~ ingn i t t l t l c ,  i n  rc l ; i t ion t o  t l lc  c f f cc t i v c  %trc\ \cz 

t levclol>ctl. As s l ~ o \ v n  h y  ccln. ( 3 )  xn t l  o n  1,. 4-1, t l ic  c f f cc t i v c  \ I re \ \  c!cvc!opccl 1'5' frc.c/ing 

even t o  n tcn i l>cr : l t~ l rc  o f  - 0,s" C' i\ large ( ;~ l )out  6?il:'cr~~" ; ~ n t l  t l ~ c  r c \ t ~ l l i n g  con\ol ic ! ;~t ion 

co r r cspo r l t l i r i ~ l y  si2nif ic: lnt. 

7 '11~ we l l -kno\vn  'clryir ig' o r  ' \vent l ier ing cru.;t'. ;I I : ~ y c r  rip t o  \c\,cr:t! niclrc,; t l ~ i c k  

immet l i ; l tc ly I)c!o\v t l ie grotlncl s i l r f :~cc i n  c lay  $oil.;, is O ~ I C I I  !~I(>II:'II! LIIIC t o  t l tc c i i ~ c t i \ . c  

stresses clc\,clopccl t l~lr ink: d r y i n g  o f  tlre soil.  Alter.n:tt ivc!y prc)cl:\\c\ o i  c l )cn i i c :~ l  \ .cat ! icr-  

i n g  n i ay  strcngl l icn t l ~ e  soil.  I t  apl)cars t l ~ a t  i n  colt1 c l i r ~ i ; ~ t c s .  ! I I~ .  c r r t j t  r i i ig l i t  ; ~ l zo  he a 

result o f  w in ter  ircc/. ing o f  the soil.  A close sttrt ly of  t l ~ c  r c !a t i \ c  in ipc~r t ;~ncc  o f  t l ry i r ig  . 
i ~ n t l  f reezing i n  t l ~ i s  respect \\ 'uult l  appc;lr t lcziral) lc. I n  rcy,it)ri\ \ \ l t i c l l  at some tir i ic i n  

the  past h;tvc c x ~ ~ c r i c n c c t l  pcr l l i ;~ i ros t ,  prect)n.;c)lict~!im o i  c l ; ~ y  I;tycrs t o  consic!cr.lblc 

t l cp f l i  is t o  I,e cspcctccl, t l ie  t lcgrcc o f  prcconsoli[l;itic,n ;I( c:!ch t lcpt l t  tlcpcnc!ing o n  

t l ~ e  lo\r.est tcrnpcr;~ture r cac l~c t l .  

111 aclclition to the c i fcc ts  o i  t l ~ c  clcvclopc[l strc\sc\ t lczcri l lct l  i n  t l ~ c  prev ious  scction, 

soi l  s t r r lc ture i s  :~ f i cc tcc l  i n  several b y  ircc/.in:. 

h~lacroscc~picnl ly ,  f reezing o f  n p r c v i o t ~ \ l y  r t l ~ f r o - / cn  c l ; ~y - r i ch  \ o i l  r c z~ l l t s  i n  t lcvclop- 

n icr l t  o f  n cl inr :~ctcr ist ic  sl inly. o r  fl:tky. s t r u c t ~ ~ r c .  - l ' l ic  I'lakcs rcpl.c\cnt the c l ~ y  1:lycrs 

w l i i c l i  lay  t)cl\vccn ice Icnscc, \ v l ~ i l c  the c l i \ con t i n~~ i t i c s  I lc t \ \ .ccn t l lcrn reprczcllt  separ;l- 

l ions  t luc t o  l l tc  f o r r ~ i c r  p r c w n c c  o i  the ice Ic r~ \c~ ; .  1rnnicc!i:rtcry ni!cr t l i :~\ i in l ;  f ros t  

I ~ c ; ~ v c t l  ';oil\ u l ;~r ;~l ly  h;ive n I1igll vo i t l  r a t i o  and n~c) i \ ! r~ rc  carltc!tt t)cc:~t~sc o i  t l ic  voit ls 

l c f l  b y  t l i ; i \ \ , ing ice Icr~scs. T h e i r  st rength is t l ~ c n  s!~l)\t:rn!i;rlly rcc '~ lcc t l  (c i .  \.Villinr:is 1 0 9 ) .  

S ~ r l w c l u c n t l y  t l l c jc  voicls clozc I I ~ ,  at a ra te  I;~r;:cly t lcl>cnt!cri l  o n  n v c r l ? ~ ~ r t l c n  prc.;zurc. 

Stolies ;i~icl I ~ o ~ I I ~ I ~ I ~ s  arc  t>f tc l i  1~11zl1etl t o  t11c r , r o ~ ~ r i t l  \trrf:tcc (.\'il)t>rs 1955, C'ortc li)61) 

ant1 111;iy I)c ;~ r . l . :~~~gct l  i n  v:lric>~ls i o r n i s  o i  1):lttcrnccl !;rcr~~ric! (\.\';l\!il~arn 1056). / l l [ ! ~ o ~ ~ ; l i  

rn:iny proccsscs arc  invo lvc t l .  t l i i i c rcn t i : i l  f r o \ [  I ~ c : ~ v c ,  :!hsociatccl i n  p a r t  \v i l l i  t l ~ c  ( I i i l c r cn t  

cont luct i \ , i t icz o f  j t o r ~ c  ant1 soi l  is o f  ba \ ic  i n ~ p o r t i l n c c .  

tvl icroscupically. the t lcvelopnicnt  o f  ice Icnscz :il>l>c:1rz 10  r c \ ~ r l t  i n  s o r i i ~  dcgrcc o f  

separ:~t ion o f  f ine ~>; i r t ic lcc f r o m  a coarser n i a t r i s  (Cor tc  1'163). -1 l i is  zcl~:~r: l t ian i z  rcl:itc.cl . 
t o  d i f f c r cn t i ; ~ l  \ t r c \ ~ c s  ar is ing i n  :issocl;ltion \v i t l i  i n t c r i : ~ c i : ~ l  clicr?!, c i fcc ts  on  p:~r t i c lcs  

o f  d i f f e ren t  \ i /c  nricl \li:lpc (I 'verctt ant1 ' t l ;~yncs. 1065). Ch;tn;cs i n   rain si7c co r i i po i i t i on  

f o l l ow ing  frcc1.c-t11:1w cycles rnny occur  i f  th,c grains a1.c t l i cn~\c ! \ .c \  j)orc)Lls. 

Rcccnt \vorl;\ (i*.g. Tsy tov i c l i  1 0 9 ,  \'i:ilov 1050, S:ln:cr a r id  1<;1[)!:1r 1065) pi l i l r t  ~)11t  

t hc  c o m p l c \  rhcc)lol:ic:~l bchnv iou r  o i  i r o / c n  \o i l \ .  .I \vo I)~ICI~L)IIICII;I c ) i  \ ~ ) ~ . c i : ~ l  \ i : ,r\ i t ' i i : \ l i~~' 

arc t l lc  clhscrvctl lcrnl)cr;1tllrc t lc l )c l i t lcr~cc o f  t l lc  \ t r c l : g t l ~  o f  fr.t>/c.ri i t l i l .  ; ~ r r t l  [!I' ~!~. l \ :n i l .  

ence o i  st rc l igth cln t l ic  du ra t i on  o i  al>l)I ic: l t iun o i  \ I re \ \ .  . l ' l ~ c  rczi\!.lricc (1' I'rc)/cn ~ r o 1 1 n 1 I  



to c!cforrli:~tion I3y apl-rliccl Io;ctl> tlccrc:r.;c.; wit11 t ime to pcrhaps 10 o r  20 C;, of its initial 

vnltlc. Ic:iilin; to tllc concept of 'initi:i19 strcngtll and the r n ~ ~ c l i  lower 'continuous' 

strt.rigll1. 

I'rocc\\cs i i ~ v o l v c ~ l  in dcforri~ntiori of fro-lcn grountl irrclude: an  in\tant;~ncolls,  el:istic 

and re\-cr5il)lt. tlcf(~rrii:llion, n pl:~htic tlcTorriiariori ascribshle to plastic propertics of 

(Ice incluilctl ice 2nd po.;\ibly o r  otllcr soil conlponcrllc. and deforniatior~s in conrlection 

\ \ i t \ ]  ~ I I : I I I : ~ S  of s t r u c t ~ ~ r e  nritl conipc>sitic)n a\sociatcd u i th  the freezing ancl th;r\ring of 
I 

ice ant1 \vntcr. T h e  \rorl; clcscril~ctl ill t l ~ i s  v o l ~ f n l e ,  relating ice a n d  \itatcr prcscurcs, ant1 

tcriilx*r;llure, is relc\*arit in tlic latter rc\l>:cl. 

I f  a lontl ii :11>l)lictl t o  ;I frozcrl aoil. \\.llilc tllc tcnl1)cratprc remain.; con\ tant ,  tllcre is 

a c l~nnge  in the propor-tior~r of ice ;cr~tl \vater; associafed' \ t i th this a re  cliangrs in t l ~ c  

prc\\urc of both ice arld \rater pllaws. Such effects cllnngi. the  rcsistnncc of tile soil 

to I o ~ d .  In  so  far  as cl~:)ngc$ of I,rc\rurc in Ilic \lfater phase occur, 11ytlr;lrrlic g r ~ ~ d i c n t s  

a r c  likely to be set 1.11) I)ct\vecn t l ~ c  stres\ccl ;lncl un~ t rc s scd  areas of tlic soil. A n i i g r ~ ~ t i o n  

of \vntcr, a t  n rate clctcriiiiriecl by tlie ~)crnic;il)ility of tile frozcn soil, \\.ill also occur. 
' 

S ~ r c l ~  r ~ ~ i g r ; ~ t i o n s  tI~cr~l.;clvc.; ;ire o r ~ c  of tllc nlecl~nni\nis- bg \r l i icl~ a tinie-Jcpcn<lcnt 

c l c lo rn~ :~ t in~ i  (creep) occ~r r s .  Iri tliis section tllesc cori\idcrntiorls \\,ill be illu\trated by 

nr,nly\i.; of ;I sl)cc.ific ex;lniplc. 

C'ori\illcr ;L fine silty soil, nt n tcll~l)cr.:~tur-c o f  -0.5" C', and  contair~ing ice Icnres, a n d  

nl.;c\ icc \vitliirl t l ~ c  soil pore.;. l ' l ~ c  soil is i11iti;tlly not sllbjcct to ; \ I \  o\,erhurtlcn prcssurc 

and  t11e ice tliercforc 11:ix n pressure ccllr:cl to atnlc)sj>lieric. I l i c  water I>rcy\lrre pl,, is 

1t)wcr tIl;ln tllc ice j)r.c\strre 11,. I>y :lri a ~ n t > l r ~ l t  p i - p , , ,  = 5.97 kg'cni2, ae given by eclr1. (3) 

I 7 =: O. iUC' ,  (7_77_,hG 1;) :11111 .-: 0' C: (27.3,1° I(). I f  n 1o;\c1 of for csnriil)lc 1 kg,'cri12, 

is IIO\\.  ;ll)plictl ~rniforll i ly o \ v r  a give11 p i ~ r t  of the surface ( lo r  csnni1)lc hy a circular 

~ i ln t c )  t l ~ i . ;  lo:~tl is initi:\lly c:~rrictl I)y tlic untlcrlying soil :rnd tllc ice Icnws \vllicli it 

contains (if tllc soil is s;llur;itctl tlic pr-cssurc of tlic \v;rtcr \\ill nlxo i~l i t i ;~ l ly  incrci~se by 

a n  eclunl aniount).  It is n \ s ~ ~ r n c t l  tIc;ir tlrc pressure exj>cric.ncrtl by the ice lenscs, is a l ~ o  

exl)cricr~cccI hy the ice \ritl\iri ~ lo rcs .  I t '  t l ~ c  tcru[>erntlrl.c rc'r;l:\irlc uncl~;~rlgctl ,  will1 tllc 

new values of pi arid pl,, the corlclilions of ccln. (3) a rc  not tati\fietl. F o r  t l ~ c  lontlctl con- 

(lition, t l ~ c  value to I3c t ; ~ h c n  for ?',, is a s  ~,ointccl oirt in section (1.6), loirer I)y ari amoun t  

.\I), . O.(I07?' C. 'I'lie valuc  ~ , - - I J , , .  fo r  cquilihri~rril (cclrl. 3) at  -0.5" C for  tllc lo:~dcil cori- 

tlition is tllcri 5.88 kg:cri12. hlcltiriz of s o r l ~ c  ice therefore o:curs. at tlie ice \ ra ter  iritcr- 

f;ccc\. \ \ i l l 1  lllc r-cjult tllat f l ~ c y  ccirnc to lie in pores of sli;litly larger r;ctli~rs r .  l ' l ~ c  

incrt.;c\c in r'lclius of the iritcrf;~ccs soon gives, follou,i~ig eqn.  ( I ) ,  the equilibrium valuc 

of 1 1 , -  /I,, = 5,88 !ig,'c~ii'~. l'lic valuc of tile \ \ , i~ tcr  pressure p,: is then -5.8s -1- I = -4,S8 

!i 'c m'. 

O~rt \ i t lc  the lontlctl region [l ie w;ltcr pressure still has I l l ?  value -S,97 ky!cni', ant1 a 

si~:r~ifjcant h \~t l ra~r l ic  gr-atlicnt tI1~1s cuists. I ' l ~ e  pcrriie;~hility cf fro7cn ground is sm;~l l  but 

flow \ r i l l  occur slowly urltil this g r ; ~ ~ l i c n t  i~ clirnirintccl. I n  the non-loadctl regio~i  t l ~ i s  

flc)\:, will rcrult in n rise i l l  I),,.. s ~ r c l ~  tI1;it pi-./),,. <5,97 kgcni? l ~ l i e  eq~rilil>r.ilrnl con-  

di[io11\ or cq~r:~tii~ri  (3) :cr-e tli.;ttrr~betl I ~ L I ~  iri l l ~ i s  c ; ~ s c  f~rr t l i r r  irewirig \ \ i l l  occ l~r>. i r l  S L I C I I  

;I \ \ny :I\ t o  tcriti t o  I C \ ~ L ) I C  (lie c q ~ ~ i l i I ~ r . i ~ r ~ l i  v ~ l u c  of 1 1 , - p  . 1:urthcr ice \rill l ~ c  :~iltlc(l 

to t l ~ c  icc already present in tllc 11tr11-lo;~tlcil ~ c ~ i o r ~ ,  cori\ti:uting n forni of frtl\t licicvc 

o f  t I ~ c  alrc:~tly-fr.c~/cn soil. 'I l ~ i s  ~)r.occ\\ of tr;~nsScrcricc of i ~ r .  by nielting ant1 rcfrcezir~g, 

frorli t l ~ c  lo:~t!ccl t o  tlic riorl-l~);~clctl rrgioll of the soil \ \ t i l l  continue until tllc \r;itcr prcs- 

sure% : ~ r c  cLlu:~li\cil. I)ct;~ilc(l cor~\itlcr:ilit)n of cqn .  (3) Ic:~ck t ~ )  rllc conclu~ior i  r l ~ ; ~ t  t l~ i s  

\\,ill ~>roh:lbIy only occur \ r l~er l  tllc ice in tlic In:~tlccl region h:ii cc:~sed to cnrry any part  



o f  t l ic  lo;\d. 1.1iis 5~1gr,c\ts t l i : ~ t  ;ill 11ic ice l c r ~ \ c \  ( \ \ l i i c ! i  c; lrry 111s: Io;I(!? r i i ~ ~ \ t  di\;tppc;tr, 

t l i z i r  s ~ ~ l ~ \ t ; ~ r i c c  I?cili!: t r : ~ r i s f c r r v~ l  t o  t l l c  r i ( ~ r ~ . I o ; ~ ( ! c ( !  rc!* , i t~t i .  'I 1 1 . 1 1  i n  f ; ~ c t  \LIL!~ ;I pr ( icc \ \  

occur.; i 5  ~1111str; i tv~I 1)y I<u\si:iri c x p c r i ~ ~ i ~ : ~ i t s  ( L ' i ; ~ l ov  105')) ill w ! l i c I ~  ice li.:r~\c\ I?~:lo\v a 

c i r c ~ ~ l ; \ r  l o ; ~ d i ~ i g  p l ; ~ l c  \vcrc 5l1o\rn t o  c l i \ :~ppc;~r \\it11 t i r ~ ~ c .  

A l t l i o u g l l  n o  w o r k  nppc;lr.; t o  be  r c lmr t c t l  n l i c r c  r l lc  capcr i rncnt :~ l  ol.\trvatioric o f  

behav iour  o f  f rozcn grouncl unclcr Ioa( l  I i ; ~ v c  hccn :in:ily\ccl i n  t lc t :~ i l  \tit11 rccpcct t o  
x 

the  icc-water t r ~ ~ n s i t i o n s  invo lved,  i t  is c lear t l i ; ~ t  ;!t Ica\ t  i r i  t l ic  range 0 ti1 . 7 ' C  jucl-1 

t ransi t ions arc, togctlicl'r w i t h  o t l i c r  procc\\c.; n o t  c i> r i \ i c lc . r~ t l  hcrc.  o f  fun~l ; l rntnt : ! l  

in ipor tancc .  A t  lo iyc r  tc r i ipc r ;~ t~ l rcs  t l i c  q u ; ~ n t i l y  *if  \v;llcr prc\cr i t ,  a t  Ic:r\t in other t i i ; tn 

f ine-grninccl soils (clays) is c l u i ~ c  sni:ill. lee-rr.:rtc!r t r ; l r i \ i t ion \  :Ire t l ~ c n  po\\i!.ly Ic \ \  \ i g -  

nif ic; int, a n d  i n  any  c:~sc. 1 )ccn~ l jc  l l i e  inlcrf;1cc5 ;Ire co \ r i i ;~ ! !  : ~ t  I o \?c r  tcr1ip:ratures. 

thcsc tr:~nsitioli.; can prol>al?ly n o t  he analyscc! i n  t l lc  n! :~nncr i I ! ! ! \ t r ;~!x l  : ~ l ~ o v c .  

A l t h o u g h  t l lc  cxan ip lc  : ~ h o v c  incl~rc lct l  : ! r i  : ~ ~ \ u n i l ? l i o ! i  of c r ~ r i ~ ~ ; ~ r i !  I c ~ i i ~ ~ ~ r : ~ t ~ r r e ,  clinn:,. 

i n g  tcr i ipcr :~t~~t-es a l \ o  have effects \r l i i c l i  rii;ry Ire :~n :~ lyscc l  i!i :! \ i r i i i l ;~ r  \ . a y .  11 nppc:irs 

tha t  n l c r c l y  t l le cxistcnce of n t c ~ i i p e r ; ~ t ~ r r c  sr-:~c!Jcnt is \~ r fT ic ivn !  10 C:III\C n elo\v r cd i \ t r i -  . 
bu t i on  o f  ice i n  n soil. T lockstra (pcr.;on;il c i r r i i n ! ~ ~ r i i c a ~ i ~ ~ ~ ~ )  1)::s c!c\cril)cc! cur~cr i rncnts  

i l l u s t~ . ;~ t i ng  t l ~ i s  ef fect  i n  a si l t .  7'hc.;c gave n ' ~ ? c r r ~ i c : ~ l l i l i t y '  or  I ! I ~  fro;.cn \o i l .  I ~ . S  3 % 10.' 

gri i lcni2 zcc. f o r  a t c rnpc ra t~ l r c  ~ r ; ~ c ! i c n l  or I ' ( "c l i i .  i\l!l:o~l:;!i i n  l l is  c u ~ ~ ~ r i r i i c r i t c  the 

app l ied  tcr11l)erat~lrc grat l icr i t  was s~ r l~ \ l : : n l i ; l ! l y  i r i  crcc\.; t l iosc norr11;llly occur r ing  

ur ldcr  f i c l t l  condi t ions,  nn t l  ice Icnscs t l i t l  r:ot ciccur. t o  I~i!ic!c.r :\.;1tcr n~o\ .c rncnt ,  i t  appc:Irs 

t l i ; ~ l  where  a t c r i i p c r n t ~ ~ r c  grat l icnt  persists o \ ' c r  Iori;: [ ~ :~ . i r l t ! ~  (Tor cx ;~r i i j ) l c ,  i n  pa rmn-  

f rost)  s ign i f i c ;~r i t  r cc l i s t r i l ) ~~ t i on  o f  ice 11i;iy occur .  

I n  rii:iny cnginecrir ig consit lcr-ntinns, t l ~ c  frc)/c.n ~ r o ~ ~ n t l  is sull jcct t o  hot11 temperature 

a n d  strew clinngcs, wh i l e  its t c rnpc~ . ;~ l u r c  i< \v i t l i in  :I ft.\v t!c::rcc\ o f  0' C. l t  is precisely 

i r i  l l i i s  rnn:,c that  i ce-water  tr;~ri.;itiorir ~1r.c m o \ t  ~ i l ; ~ ~ l i c ( l .  ;!.icl r i v e  f r o r c n  g r o ~ ~ n t l  i ts 

special cl i :~ractcrist ic as a n  c n ~ i l i c c r i r i g  r i ~ : ~ t c r . i : ~ l  very  c !~ ) sc  10 ( o r  ' \ t i th in ' )  i ts nieltin; 

po in t .  A t  tcn i l~cra t~r r -es  I>clow nhou t  - - I o  C'. t l ic  s i r i~ l ) !c  nr!;!!y~i.; y ivcn  n l lovc  m a y  rccluirc 

r i iod i f i ca l io r i ,  hu t  t l le occur-rcncc o f  sirnil;ir crfccl.; i\ c\ t ;~!) l ! \~!ccl  t o  tcmpcrat l r res o f  :I[ 

least -5" C ( l l o cks t ra  op. c i t .  aricl pcrson:~!  c ~ l n ~ r i i r ~ n i c : i t i o r i ) .  

IV. TTI[:l<XIAT, I ' I < O I ' T ~ I < I ' I I ~ S  Ol: 1;1<O%IiS .SOII.S 

IV. I C;cmrrc-rtrl coi~.ridtrr i i t iotrs 

M a n y  pr-nctic;~l ~ i r ob l v r i i s ,  sucli ns prccl ic t ion o f  t lcl>tl i  o f  frclct pcnctr;rt ion. cn lcu ln t ion  

o f  heat  loss fr-or11 pipes i n  f r o l c n  grou l i t !  , 8 ~ c . .  r c [ l r ~ i l - c  ;I kno\\.lccl;c o f  t l ic  tlicrrri:il p r o -  . 
p e r t i c  o f  f rozcn grour i t l .  I <esc :~ rc l~  \ t ~ l ~ l i c s  o f  <trcny! l i  :~nc l  <!cforri i : i t iori I ) c l i : ~ v i o ~ ~ r .  ;ln:I 

o ther  processes i n  f rozen grouricl n i : \y  rccl~1ir.c :I c lc t ;~ i l r t l  ~lntlcr-.;t;inc!ir~z o f  t l ic  rii;lrincr 

i n  \ v l ~ i c l ~  t l ic  t l i c rn i ;~ l  pro()cr t ics vary .  'l 'hc I);~sic t l icrri l . i l  rc!:~[i~lr i . ; l i ip o f  t l ~ c  : ro~ ln t l  f r o r i i  

a n  engi l iccr i r ig po in t  o f  v iew arc  \vcl l  clczcril)ccl 1.y 7't>r/;!:lli (1')5?). 

7'lie t w o  f ~ r n ~ l n r i i c n t : ~ l  [lic.rni:il propertic.; o f  t l ~ c  f r o l c n  \o i '  :IIC .;pcbcifiz Iic:it ( i : ~ l~ l r i c , '  

G ' C  i n  c[:s ~r!iit.;) o r  ;~ l tc. r l i ;~t ivc ly I l c :~ t  c:rl~;icit.y (c :~ ! t r r . i c~~ 'c r i~ '  . "('). : i r l t l  t I ~ c r n ! : ~ l  tori. 

c l ~ ~ c t i v i ( y  (c;~lo~.ic\ 'cni '  (.'(':'cni) scc :-: c:i loric*; 'cri~ . "C' . scc). I : ~~ t l l  clc~l~srrL! on t l ic  CL)~IIL.I~! 

o f  ice, w:~ tc r  and  r i i i r ~c r ;~ l  ;1ri1.1 cir-g;~nic c o r i i p ~ ~ r i ~ * r i t s  o f  !!IL~ \o i ! ,  It' [!icsrc i.; :I t r ; ~ l i \ i t i ~ ) l i  

fl.orii ice 10 w;~ lc r ,  or- u ; l t c r  10 ice. i n  t l ~ c  rc.lc.v;~nt r:iri;:tb or r c~~ l l ~s r . . t t u ! . ~ - ,  r l i c  cl!.\cr\ctl 

specif ic 1ie:it \r.ill i r i c l ~ ~ ~ l c  ;I c o r i i p ~ i r i c ~ ~ t  o f  I:~tcr!t l i c : ~ ~  or S~r\ ior l ,  71.1ic tcr1il :1pp.1r~,lit 

specific I l c :~ t  is t l icri ~1sc1.1. S ~ ~ c l i  tr;1115ititin5 r i o ~ . ~ i i ; ~ l l y  O~L.LII.* :I[ t ~ ~ ~ i i I ) ~ ~ r . r t ~ r l - ~ ~ \  cjf pr :~~. [ iz : i l  



in tc rc r t .  I l a t l i  the spccif ic I ~ c u t  (a[ l [ )nscr~l  specif ic heat - sce examples pp. 4,  7 a n d  9) 

\ a n d  c o n c l ~ ~ c ~ i \ . i r y  arc' r ~ ~ r i c l i o r l \  o f  t c r ~ ~ [ ) c r n t ~ ! r c .  7' l lcy arc  ; ~ l r o  f u n c t i o ~ i s  o f  soil pressure. 

alrl1tl11~11 i n  n i n i t  pr: ict ic;~l c:~scs r lctni lct l  con.;iclcration o f  t l i is  n lny  riot be  necc<sary. 

I n  t l i c  follo\\in;: secliorl l l ~ e  prcr l ic t ior i  o f  un f rozcn  water content as a func t ion  o f  

tcr l lpernture ; ~ n ~ l  prcssrlre, i n \ *o l v i ng  rc l ;~t i \ .e ly s in ip le l abo ra to ry  procedures is dcscrihcd. 

7'11is i n f o r ~ i ~ ; ~ t i c l r l  togcrl lcr ~ \ . i t l i  a. knowlcclgc o f  the to ta l  mois ture  content  (ice a n d  

n a t c r )  a r id  o f  the n r i l o i~ r i t s  o f  o l l ~ c r  soi l  cor ist i lucr~ls,  permi ts  c a l c ~ ~ l a t i o n  o f  ap l i ;~ rcn t  

specif ic hc :~ ts  arid I icnt c i~pnc i t y ,  nn t l  t l lcrr i ia l  corlcluctivity. Persten (1948) gives specif ic 

l ~e :~ t s  of \ f : ~ r i o ~ ~ ~  soil r ~ i i ~ i e r : ~ l s .  

I n  some pr :~c t ica l  p r r i h l c r i i ~  a k r ~ o \ \ ~ l c c l ~ c  o f  the soi l  mois ture  contcnt,  ant1 cornll;trison 

.. u i t l ~  values o b ~ ; ~ i n e ~ l  f o r  o t l ie r  soil.; o f  s in i i lnr  n;itLlre, r i iny prov i t le  su f f i c ic r i t l y  ncclrr ;~tc 

nppros i r i la t ions  t o  t l lc  ; ~ p ~ l ; ~ r c r i t  s l lcc i f ic  I l c ;~ t  and  t l icrrnal  con t l~ rc t i v i t y .  A l so  i r i ' s~1~11  

c;~\cs ho\\c\,cr, t l ~ c  r c l ; ~ t i o r ~ \ l ~ i l ) s  di \c~rhsct l  i n  t l ~ c  f o l l o ~ ~ i r i g  sections shoul t l  hc  borne 

i n  r i i i ~ l c l .  

IV.2 I ' l ~ ' ( / i ~ ' f iO l l  o f  (~ t ) ro r i i r ~x  o f  i(.e (rrrcl \ I ~ ( I I C ~  I)J.L~.YCII/ ill n /rozrtr so i l  

\\'liilc t l ~ e  nj iparcr i t  specif ic I lc ;~ts o f  soils m a y  be cletermincd b y  d i rec t  obscr\,atiori 

i r l  a c a l o r i ~ n c t c r ,  of t l lc  hcnt c\cli;~ri:,c r c c l ~ ~ i r c t l  to  r:~isc o r  la\ver t l lc  t e r~ lpc r ;~ tu rc  o f  
2 

. f royen soi l ,  th is p r u c c t l ~ ~ r c  i.; d i f f i c ~ ~ l t  ; ~ r ~ t l  t i ~nc -co r l \ ~ rn l i ng .  Tnslead conve r~ t i o r i ; ~ l  s ~ r c t i o ~ l -  

n l o i s l u r c  cur l lent  (or  pressure r~ lc r l i l )~ .anc)  tests (we  c.g. Croncy,  C o l c n ~ n r i  arlt l  I j l nck  

IOSS) I I~:I~ I)c ~1set1 as l l le  1);isis f o r  C;IICLII;II~~~II o f  the prol)ort ions ice arit l  l va lc r  j\rc.;cnt 

at \.:lrit.)~r\ ncg:~ti\,e t c ~ n l l c r a t ~ ~ r c s ,  arit l  t l i ~ ~ s  f o r  c i~ l cu la t i o r l  o f  apparcr l t  spcci f ic  Iieats. , 

S ~ ~ c t i o n - r ~ l o i \ t ~ ! r e  c ~ ) r i t c r ~ t  tc<ts,givc t l ic  c c l ~ ~ i l i l ~ r i ~ ~ n l  n l o i s t~ r r c  cnntcr l t  (at above-freezing 

t c r ~ l l ) s r ; ~ t u r c \ )  o f  the .;oil f o r  \ , ; ~ r i o ~ ~ s  \,;IIUCS c)f p,,-plr., \ \ . l~cre  p,, is t l lc  pressure o f  a i r  

art lurlcl t l ~ c  s ;~r~ i l i le .  : ~ r ~ t l  I),,, t l ic  pr-css~lre i n  t l ~ c  soi l  i \ ,atcr. A di f ference i r i  pressure b c t ~ v c c r ~  

the ail- nn t l  ~ v a t c r  is est;~hli\ l iccl arit l  ilr.;~inage ;i l lo\vetl t o  occur.  Thc \v;tter subscq i~cr i t l y  

r c r i l ; ~ i n i ~ ~ g  oicttliic.; 1l~)l.c sp;~ccc too  s r i x ~ l l  f o r  I l ~ c  ;~ i r - \ \ ,x ter  interfaces to  cntcr ,  t l ic  r ;~c l i i~s  

o f  the i ~ ~ t e r f ; ~ c c s ,  r,,,,., Llcing gi\<c'rl b y  cq11. (6): pl1-plr = ~~,,,c!rull.. L V l i e ~ i  a n  ct1~1aI 

(u~ l f rc ) /c r l )  \ \ a l c r  cor i tcnt  occl l rs ill l l l c  froze11 so i l  t l ic  ice-\\ 'alcr interfaces l lnve t l lc  sanie 

~ i / c '  (;it Icxst np j i r ox i r i ~ :~ t c l y ) ,  ri,,, zz rl,,,.. 'l'llc [ ) rcss~ l rc  cl i f lerence pi-/), = 20. r lu  /r. l r r '  'lnd 

t l l c re iore  f o r  a givcr i  u r~ f roze r l  \v:~tcr contcl i t :  

j \\-liere ( I , , , . ' ~ I , , , , .  -- 0.4 approx.,  ;IIICI I),,- I),,, is t l l ;~ t  cor respond ing t o  a n  e q ~ l n l  water content 

!: i n  111e ~ ~ t c t i o ~ ~ - r l i o i ~ t ~ ~ r c  content test r c s ~ ~ l t s .  7't1115 f r o m  a scrics o f  s u c t i o n - n i o i s t ~ ~ r e  con -  

'! tvrlt i i c~cr rn i r i :~ t io r ls  on t l i c  soil, pi- I),,, c;lrl be obta inec l~as a func t ion  of  un f rozen  water  

c o n t c l ~ l .  J . i ~ l . ~ l l y .  II\C of c q ~ ~ : ~ t i o n  (3)  (\\cllicli relates f rcczing t c r i i p r r n t ~ ~ r e  t o  pi-/),,!) enables 

i i !clcrmin:it iorl o f \ t l ~ e  ~ r r ~ f r o z c n  \\,atcr c o ~ i t e n t  ns a. f unc t i on  o f  l cn lpc r i~ tu rc ,  f o r  the soi l  

i n  cluc.\liciri (we  al \o  p. 23'). 

1\ltl1011;!1i l i ro :~c l ly  ar~;ilogou.;, t l ~ c  t \vo processes o f  rcpl ;~ccnler l t  o f  watcr  b y  ice, a n d  

r c l i l ; i r c r ~ ~ c ~ i l  of \\; i lcr 11)' air- (as' i n  t l lc  \ i ~ c l i b r l  lest). c l i f fcr  i n  ccrtairi respects. T l ~ c \ c  n i a y  

s ~ l c c c \ \ i t . ~ l c  ~ ~ ~ t ~ ~ l i i i c ; ~ t i l ~ ~ i  o f  c(1ri. ( IS)  \ v i t l ~  o,,,/~I,,,,, I )c i l lg rc[)lacccl b y  a f ; ~c lo r  grc ;~ tc r  tI1;in 

: ~ l i i \ .  1101 csccccling one (scc 42 .  4.1). ' l ' l ic co~.rcs[)ol idcr icc o f  r l lc suctiorl-nloisttrre con-  

: * NOIC ho\vc\.er tI ) ; i [  Ihc i l l ) j ) o l . l i ~~~cc  o f  I11c i l l tcr f ;~ci :~l  c11crpie): tcrnl \\,as ovcrloohcd thcrc. 
.... . - 
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tent relationship, and the temperature-unfrozen water content relationship has been 

experimentally and theoretically established for freezing temperatures down to - lo  C 

(pp. 21, 44). Because of the fundamental nature of the relationships, both being a n  

expression of the free energy of the soil water, it is likely that the correspondence is 

also valid, a t  least approximately, for prediction of unfrozen water content a t  tem- 

peratures several degrees lower. 

Finally, it may be noted that the unfrozen water content of a soil is generally some- 

what lower when the soil is warming (thawing) than when it is cooling (see Williams, 

1963). Although a similar difference in water content is found between 'wetting' and 

'drying' procedures in suction-moisture content tests, the closeness of the relationship 

between the two types of test has only been established experimentally for the freezing 

and drying cases respectively. 

The  amount of ice present a t  a particular temperature is given by the difference 

between the unfrozen water content and the total moisture content of the soil. T h e  

amount of unfrozen water is substantially independent of total moisture content (Wil- 

liams, 1963). The  total moisture content and thus ice content, of frozen soil can usually 

only be determined precisely by direct measurement o n  a sample of the frozen soil, from 

the site in question. The  total moisture content depends on the amount of ice lensing, 

and thus o n  the migration of water that occurred on  freezing. 

The  moisture content of the frozen soil is often found to be greater than that for the 

completely saturated condition in the unfrozen state. The  excess is of course, largely 

water which migrated to the frost line, freezing there (producing frost heave) at  a 

temperature close to 0" C. 

IV.3 Effect of pressure on unfrozen water content 

The  effect of a load (such as that due to overburden) is to change the temperature 

at  which a given unfrozen water content will occur. Consider two samples of the same 

soil, one subject to a load and one not, and a t  temperatures such that the samples have 

the .ranle unfrozen water content. The  ice-water menisci have therefore the same size 

in both samples, and according to equation (I)  the difference in pressure between ice 

and water, p,-p,,, is the same in each case. In  the loaded sample the ice will have (see 

Section 1.6) a pressure Ap,. 

T h e  water pressure must also be greater by a n  equal amount, as p,-pl,, has the same 

value in both the loaded and unloaded samples. A uniform increase of pressure on both 

phases gives a change of freezing point AT described by the 'usual' equation (see p. 22*) 

relating freezing point and pressure: AT = -0,0073" C per kgIcm2. 

The  relationship between unfrozen water content and temperature for a given soil is 

therefore similar for loaded and unloaded conditions, except that the curve is displaced 

uniformly with reference to the temperature by the amount given in the case of the 

loaded condition. Thus the effects of load are particularly significant a t  relatively high 

temperatures when the unfrozen water content changes rapidly with temperature. 

The  situation when the load is applied locally after the soil is frozen was considered 

in Section 111.5. 

* Edlefsen and Anderson (1943) give the derivation of this equation, from the generalized 
Clausius-Clapeyron equation, and also those for the situation where the pressures on the two 
phases are not equal. Equation (3) is of course a particular case of the latter. 



IV.4 Tetnperature at the penetrating frost line 

This is determined by two factors, the pressure difference (eqn. 4): pi-plu = 2oi,,/r, 

(r, having the value for the soil in question), and the load on the soil a t  the frost line. 

The freezing temperature corresponding to pI-p7(, is given by eqn. (3): T o  in that 

equation is 273,1° K (=0° C) if the pressure on the soil is atmospheric. The effect of 

load may be allowed for by modifying T o  by an  amount as given in the previous section 

(IV.3). 

The situation at  the penetrating frost line is of course, merely a special case of the 

conditions discussed in sections (IV.2) and (IV.3). The effect of loads (such as over- 

burden) on the temperature a t  a penetrating frost line is found to be quite small. Even 

a t  for example a depth of 100 m, and an assumed y = 1800 kglm" the temperature will 

only differ from that for the unloaded case by: 

-0,0073 . 1800. 100.  1W = -0,135" C 

When the frost line is not actively penetrating the pores of the soil, or when thawing is 

occurring, the temperature will have a value somewhat higher, depending on the amount 

by which ri,,, the radius of the ice water interfaces, is greater than r,. The temperature 

will not be higher than the 'normal' freezing point for pure ice and water under a uni- 

form pressure, equal to that on the soil. This corresponds to no curvature of the ice- 

water interface, i.e. rilu = m. 

IV.5 Calculation of apparent heat capacity 

For most practical problems, the apparent heat capacity (cal/m3 . "C) is required rather 

than the apparent specific heat. For this the dry density (weight of dry soil per unit 

volume) must be found, as well as the total volumetric moisture content (volume of 

water and ice per unit volume of soil). The unfrozen water content as a function of 

temperature may be determined in the manner described in section IV.2. The unfrozen 

water content (% of dry weight) so obtained must be converted to the volumetric 

unfrozen water content (volume of unfrozen water per unit volume of frozen soil) by 

multiplying by the dry density. If the situation in question concerns thawing (warming) 

of the frozen soil regard should be paid to the possible significance of the hysteresis 

described in section IV.2. 

The apparent heat capacity is then given by: 

where CfSr1. = apparent heat capacity at  temperature T ,  callm" 'C 

C,s, C,,., Ci  = heat capacities of soil mineral substance, water and ice (calim3) 

V s ,  Vl,,T, Vi7.  = partial volumes (= volume per unit volume of bulk soil) of 
mineral soil substance, water and ice at  temperature T 

L = volumetric latent heat of fusion of water (,-- 80 . 106 cal/m3) 

6V,,, 
- - 
6T 

= rate of change of partial volume of water with temperature. 

The term 6V,,,/6T is obtained geometrically as the tangent of the slope, a t  the tem- 

perature T ,  of the curve of VtU against T .  There is a range of temperature near O°C 

where it is difficult to define an  apparent heat capacity. This is the region where water 
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is being drawn to the frost line and consequently ice lenses are  forming, The heat 

involved is almost entirely composed of latent heat of fusion and  is thus closely related 

to the total moisture content in the frozen state. Variations in total moisture content 

often involve only water that freezes in this range of temperature. Thus these heat 

quantities are  frequently best considered as that involved over a finite temperature range 

(e.g. O0 C to -0,3" C ,  0" C to 4 . 5 "  C), rather than considered in terms of single tem- 

peratures (see figs. 2-6, pages 4 to 9, and page 3). 

F I N A L  REMARKS 

I n  this volume it has been shown that the properties and behaviour of freezing soil 

are largely explainable in terms of a capillary model, in which the effects of interfacial 

energy at  ice-water interfaces confined in the soil porous system are  of fundamental 

importance. Capillary phenomena associated with air-water interfaces a re  to some 

extent analogous, and considerations of the replacement of water by air in a given soil 

may be used to determine the behaviour of the same soil undergoing freezing. In using 

this approach due regard must be paid to the special characteristics of ice-water inter- 

faces and the appropriate physical quantities. 

T h e  experimental work has been confined to the laboratory. If field behaviour in 

specific situations is to be predicted from laboratory tests allowance must always be 

made for  the complexity of field conditions and especially the variability of natural 

soils, even those normally considered as homogeneous. N o  immediate o r  comprehensive 

solution for  the fundamental engineering problems of frost heave suggests itself, but a 

better understanding of the soil freezing process cannot but help in their amelioration. 
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(Development of geoteclinics in Norway during the  last 10 years) ; S. AALEFJ-LER : F r a  betongdammer 
t.il fyllingsdanlmer (From concrete dams to earth dams); 0. SVENNAR: Tunnelbanen i Oslo og 
geotelinikken (The subway in Oslo and geoteclmics) ; 0. A. E N  GI I  : Geoteknikkens anvendelse i pralcsis 
sett fra en bygningstelcnisk konsulents synsvinkel (The use of geoteclinics in practice as seen by  a eonsul- 
tant ) ;  0. E L S R U D :  Geonor A/S (Geonor AIS); N. JANBU:  Undervisning og utdannelse innen det 
geotekniske felt (Education within the  Geld of geotechnics a t  the Technical University of Nonvay); 
R. B B H N :  Norges geotekniske institutts 10-Brige virke i kiirver og tall (The 10-years' worli of the 
Norwegian Geotechnical Insti tute in curves and numbers) ; F. A. JBRSTAD : Norges geotelcniske institutts 
virksoinhet i Brene 1952-1961 bibliografisk fremstilt (Bibliography covering the activity of the Norwegian 
Geotechnical Institute during the years 1952-1961). 1962. 80 p. Price, N. kr. 1 2 , ~ .  

4.8. B. KJJERNSLI : Deformasjoner av fyllingsdarnmer (Deformations of roelifill dams). B. K J Z R N S L I  og 
I. TORBLAA: Asfalt p i  fyllingsdalnmer (-4sphalt on earth- and rockfill dams). 1962. 11 + 9 p. Price, 
&. kr. 6,-. 

4.9 B. ICJBRNSLI  and N. SIMONS:  Stability investigations o f the  north bank of the Drammen river.") J. N. 
I-IUTCHINSON o,p L. B J E R R U M :  Skredet ved Furre 14.. april 1959 (The slide a t  Furre in Namdalen, 
April, 1959). A. EGGESTAD : Fundameiiteringsforholdene ved Tromsobroen (Foundation conditions a t  the  
Troinso Bridge). 1962. 21 + 11 + 5 p. Price, N. kr. 6,-. 

50. N. J A N B U :  Karl Terzaghi - grun~lleggeren av  dell moderne geoteknikk (Karl Terzaghi - the founder of 
modern Soil Mechanics). K. T E R Z A G H I :  Stability of steep slopes on hard unweathered rock.") 1963. 
5 + 20 p. Price, N. kr. 6,-. 

51. J .  N. IIUTCEIINSON and E.  N. R O L F S E N :  Large scalc Geld shear box tests on quick clay.*) 0. EIL)E og 
I. J. JOHANNESSEN:  Funclamentering av  n~idtblokken p i  UllevBl Sykehus (l'olindation of the iiew 
centre huilding of the Oslo 31unicSpal Hospital - Ullev.51 Sykehus). A. 1C.TENNERUD: Hydrczrte cement- 
mirieralers forliold overfor aggressive vanntyper sett  i relasjon ti1 betongkorrosjon (Behaviour of hydrated 
cemerit niinerals under the action of aeeressive tvrles of water. considered with reference to  concrete - . *  

corrosion). 1963. 12 + 6 + 12 p. Price, N. kr. 6,-. 
52. G. TEE-STEPANIAN: On the  lone-term stability of slopes. G. TER-STEPANIAN:  Soil inechanics in 

the USSR. 1963. 14, + 13 p. I'rice, 3.-kr. 6,-. 
53. K. Y. LO : Shear strength propertirs of a sample of volcanic nlaterial of the  valley of Mexico.") K. Y. LO : 

Scroridarv comnression of clavs. L. B.1ERRUM : Technical reuorts : An~iouncement of a new NGI uilblication , . 
series. 1963. 16 + 13 + 12 p. Price, X. lir. 6,-. 

54,. I. TI-I. ROSENOVIST : The intlnence of ~hvsico-chemical factors unon the riicchanical n ro~e r t i e s  of clavs. 
I .  TI-I. ROSEN@IST: Studies in positioh i n d  mobility of the H atoms in hydrous miEas.'1963. 10 +gSp. 
Price, 3. lcr. 6,-. 

55. 0. E I D E  og A. EGGESTAD: Funda~~icnteringsforliold ved Telegrafverkets nyc ad~ninis t ras jonsb~gg i 
Oslo (Foundation conditions for tllc new Hcadquarters Building of the Norwegian Tclccomn~unicz~tioi~ 
Administration, Oslo). 0. E I D E :  Erfaring med borede peler direkte litstopt i grunnen; Franlii-, Bcnoto- 
peler og pillarer (Esperience with bored pilcs cast in the ground ; Franlii and 13c1loto piles and piers). LISTE 
over syriiboler anbcfalt ti1 bruk i geotekniske arbeider (List of reromnlended synlbols for soil mechanics). 
1963. 9 + 7 + 3 p. Price, N. lcr. 6,-. 

56. A. LANDVA : Equipment for cutting arid mounting undisturbed specilneus of clay in testing devices. E .  
HESSTVEDT : The interfacial energy ice/water. K. FLAATE : An investigation of the  validity of three 
pile-driving fornlulae in cohesionless material. 1964. 22 p. I'rice, N. kr. 6,-. 

57. L. B J E R R U M  and K. Y. LO : Effect of aging on the shear-strengtli properties of a normally consolidated 
clay. L. B J E R R  UM, T. L. BREICKE, J .  MOUM and R. S E L M E R - O I S E N  : Some Norwegian studies 
with swelling materials in rock gouges. 1964. 11 + 9 p. Price, N. lcr. 6,-.:':) 

58. Contributions to  the European Conference on Soil Mechanics and Foulldation Engineering, Wiesbaden, 
15.-18. Oct. 1963: J. N. H U T C H I N S O N :  Settlenlents in soft clay around a pumped excavation ill Oslo; 
N. SIMONS:  Sett le~ncnt studies on a ninestorey apartment building a t  Bkcmbriten,  Oslo; L. B J E R R U M  
and a. EGGESTAD : Interpretation of loading test on sand;  A. EGGESTAD : Deformation measurements 
bclow a model footing on the  surface of dry sand; S. F J E L D :  Settlement damage to  a col~crete-framed 
structure. Oslo 1964,. 4,5 p. Pricc, N. kr. 6,-.") 

59.I-I. HARTMARK: Geoteclinical observations during construction of a tunnel through soft clay in  
Trondheim, i\;onvay.") J. MOUM and 0. I. S O P P :  Saponite iron1 Veo, Jotunhcimen. E'. J B R S T A D  og 
J .  MOUM : Halloysitt i sleppeleirc ved Slemrnestad (I%alloysite found in a clay gouge in Sle~nmcstad, Southern 
Norway). Oslo 1964. 13  + 7 + 4 p. Priee, N. kr. 6,-. 

60. Beretiling over Norges geotekniske institutts virlcsonlllet fra 1.januar 1962 ti1 31. desembcr 1963 : Med 
geotcknikeren pB byggeplassen (Report on the activity of the Nonvegiari Geotechnical Institute from 
January  1s t  1962 up  t o  December 31st 1963): Innledning ved L. B J E R R U M  (Introduction b y  L. 
B J E R R U M ) ;  Hay fylling p i  myr  pB Fornebu flyplass (Soil mechanics a t  the Oslo Air Ternlinal); Ny tun- 
nclbnne i Oslo (Geotechnical research and measurements in connection with an  extension of tlie Oslo Sub- 
way);  Provetngning i ytre Oslofjord (Geotechnical investigations of the bottom of the Oslofjord); N y t t  
tetningslniddel provet under Frierfjordcn (Developlnent and testing of a chemical grouting misture); 
Asfaltdelcke pB Venemodarnmen, Toklce kraftanlegg (An earth fill danl with an  iisphaltic concrete deck); 
Steinskred i Oksfjord (Geoteclmical investigation of the rock ahove Bksfjord, Finnlnarli); Opplysnings- 
virksomhet (Information activity); Adtnillistrasjon og okonomi (Administration and economy). Oslo 1964,. 
53 p. Price, K. kr. 1 2 , ~ .  

*) Avee r6sumi. fmngnis. 



61. J. N. I-IUTC H I N S O N  : The landslide of February, 1959, a t  Vibstad in Namdalen. V. M E N C L :  Propor- 
tions of cohesion and of internal friction in the strength of rocks. J .  MO UM : Investigations of soine clay 
materials from roclc gouges in Norway. Oslo 1965. 27 p. Price, N.kr. 6,-. 

62. T. C. K E N N E Y :  Sea-level movements and the geologic histories of the post-glacial marine soils a t  Bostoii, 
Nicolet, Ottawa and Oslo." K. FLAATE : A statistical analysis of some methods for shear strength deter- 
mination in soil mechanics. N. E. S I M O N S :  Consolidation investigatioil on undisturbed Fornebu Clay. 
Oslo 1965. 28 + 8 + 9 p. Price, N.lir. 6,--. 

63. T. C. K E N N E Y :  Permeability ratio of repeatedly layered soils." T. C. ICENNEY: Pore pressures and 
bearing capacity of layered clays. T. C. K E N N E Y :  Stability of cuts in soft soils. Oslo 1965. 9 f 11. + 9 p. 
Price, N.kr. 6,-. 

64. L. B J  E R RUM, T. C. K E N  N E Y  and B. ,K J/E R N  S L I  : Measuring instrumelits for strutted escavations. 
0. E I D E :  Subsoil conditio~is and the bearing capacity of piles a t  the site of a new fishery station, Ema-  
kulam, ICerala, South India. I. J. J O H A N N E S S E N  : Observatio~is of tlie drag load 011 a steel pile to  
rock due to  settlement of clay." Oslo 1965. 17 + 8 + 14 p. Price, N.kr. 6,-. 

65. Contributions to the Sixth International Conference on Soil Mechanics and Fouitdation Engineering, 
Montreal, 1965 : A. ANDRESEN,  S. SOLLIE and F. RICHARDS: N. G. I. gas-operated, sea-floor sampler; 
G. AAS: A study of the effect of vane shape and rate of strain on the measured values of in-situ shear 
strength of clays; I. J. JOHANNESSEN and L. BJERRUM:  Measurement of the eo~npression of a steel 
pile to  roclr due to  settlement of the surrounding clay; G. EIOLESTOL, B. K J Z R N S L I  and I. TOR- 
B.LAA: Compression of tunnelspoil a t  Venemo clam. Oslo 1965. 22 p. Price, N. kr. (,,-.") 

66.13 K J/E R N  S L I  : Bcispiele van Verdichtungen an Staudiiminen in Korwegen. L. B J E R R  U M and 
B. I< J B R N S L I  : Design and Construction of Miinika Dam. B. IC J B R N S L I  and A. S A N D E  : Cam- 
pressibility of some Coarse-Grained Materials. Oslo 1966. 8 + 6 + 7 p. Price, N.1cr. 6.-. 

67. L. B J E R R U M  og F. J O R S T A D :  Stabilitet av fjellskrd~ii~iger i Norge (Stability of roclr slopes in 
Norway). F. JORSTAD : Jettegryter og anleggsarbeide (Potholes and construction work). L. BJERRUM : 
Problknies de fondation dans les argiles sc~isibles de Norvkge. Oslo 1966. 17 4- 6 + 10 p. I'rice, N.kr. 6.-. 

68. Beretning over Norges grotekni~lie i~isti tntts virkso~nhct fra 1. jannar 19611, ti1 31. dese~nbcr 1965 (Keport 
on the Activity of tlie Norwegian Gcotechnical Institute from January 1st 1961, to  Deceinber 31st 1965) : 
L. B J  E R R U M  : In~iled~iillg (Introduc~ion). E. N. R O L F S E  N : Sel~ies-skredet april 1965 i Ytre Nanlclalen 
(The quick clay slide a t  Selnes, Namclalen, Central Norway). I. F O S  S : Setninger i Drammen (Settlements 
in Draminen). A. SAND E : Yy Tunhovddaln (Tunhovd Dam, Nnmeclal, Norway). I. TORBLAA : Porc- 
TrykkslnHlinger utfort ved Dam EIyttejuvet med forslcjellig milentstyr (Pore pressure measuring equipment 
a t  Hyttejuvet Dam). J. MOUM: Elclitro-osmotisk grun~iforsterkning i iks (Electro-osmotic soil stabili- 
zation). G. A.4S: Spesielle vi~igeborforsok i ~na rkcn  for undersokelse av v6rc marine leirers s k j ~ r f a s ~ h e t s -  
egenskaper (Special in situ vane tests to  investigate the shear strel~gtli charac~eristics of Noru.egia11 marine 
clays). I. J. J 0 HAN N E S S E ."J : Pihengskreftcr i cn stdlpel vecl setninger i oinliri~igliggende leirc (Fric- 
tional forces on a steel pile caused by consolidation of surrounding clay). P. .J. W I L L I i l M S :  RIiling av 
jordarters telefarlighet : prinsipper, ~netodrr  og utstpr (Measurement of the susceptiblity of soil to frost 
heave : Principles, methods and equipment). T. C. K E N  N E Y  : Residual strength of fine-grained minerals 
and miiieral mixtures. L. B J E H R U M : Terzaghi-Biblioteket (The Terzaghi Library). R. B O H N : 
Administrasjon, okoilomi og opplysningsvirl~somliet (Administration, economy, information activity). Oslo 
1966. 71 p. Price N. kr. 12,-. 

69. B. ICJJERNSLI and I. TO RBLAA : The Vencmo Asphalt-Faced Rocli-Fill Dam. B. ICJ.43 R N S L I ,  
J .  MOUM and 1. TORBLAA:  Laboratory Tests on Asphaltic Concrete for an I~npervious Melnbrane on 
the Venemo Rock-Fill Dam. Oslo 1966. 26 p. Price, N. kr. 6,-. 

70. L. B J E R R U  M and A .  LANDVA : Direel Simple-Shear Tests on a Norwegian Quick Clay.') L. B J E R -  
RUM, 0. E I D E  og B. K J t E R N S L I  : GeoteBnislie problemer ved u~forelsen av Tunnelbancn fra Jern- 
ba~ietorvet ti1 Toycn. (Geotcchnical proble~ns during eonstrnction of subway through the central part  of 
Oslo). L. B,J E R R U M og 0. E: I D E : Anvendelse av korupeiisert funclame~itering i Rorge. (Use of compen- 
sated foundatio~i in Norxvay). J. MOUM: Falling Drop used for Grain-Size Analysis of Finc-Grained Materi- 
als. Oslo 1966. 20 + 8 + 3 + 5p. Priee, N. kr. 6,-. 

71. L. B J1:;RRUM-Seveuth Ranliine Lecture : Engineering Geology of Norwegian Normally-Consolidated 
Marine Clays as Related to  Settle~nents of Buildings.") Oslo 1967. 381). Priee N. kr. 6,-. 

72.1'. .I. WILLIAMS: I'ropcrties and Behaviour of Freezing Soils.") Oslo 1967. I19p. Price N. Kr. 20,-. 

* )  Aveo r85un16 frilnqnis. 


