
Publisher’s version  /   Version de l'éditeur: 

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 
first page of the publication for their contact information. 

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Field and Theory: Lectures in Geocryology, pp. 74-95, 1985

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=32f1dfcd-fbc9-4d68-9bbf-57d2feedfe14

https://publications-cnrc.canada.ca/fra/voir/objet/?id=32f1dfcd-fbc9-4d68-9bbf-57d2feedfe14

NRC Publications Archive
Archives des publications du CNRC

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

The ice factor in frozen ground
Gold, L. W.



Ser I 

TH;L 
/ V / G  + 

N21d 

- 
National Research Conseil national 

no.1309 b CouncilCanada derecherchesCanada 
c *  2 
BmG Division of Division des 

Building Research recherches en b8timent 

The Ice Factor in 
Frozen Ground 

by L.W. Gold 

Reprinted from 
Field and Theory: Lectures in Geocryology 
Chapter 5, pp. 74 - 95 
University of British Columbia Press 
Vancouver, B.C. 1985 
(DBR Paper No. 1309) 

p 
Price $5.00 

t 

NRCC 24788 I ( 05- 1. ! :  

i 
; 
# 



This paper, while being distributed in 
reprint form by the Division of Building 
Research, remains the copyright of the 

original publisher. It should not be 

reproduced in whole or in part without the 

permission of the publisher. 

A list of all publications available from 
the Division may be obtained by writing to 

the Publications Section. Divisian of 
Building Research, National Research 

Council of Canada. Ottawa, Ontario. 

KIA OR6. 

Ce document est distribu6 sous forme de 

tic€-a-part par la Division des recherches 
en batiment. Les droits de reproduction 
sont toutefois la propri6tO de l'bditeur 
original. Ce document ne peut Stre 
reproduit en totalit6 ou en partie sans le 
consentement de 1'Oditeur. 

Une liste des publications de la Division 
peut Stre obtenue en Ocrivant 1 la Section 
des publications, Division des recherches 
en bstiment, Conseil national de recherches 
Canada, Ottawa, Cntario, KIA 0R6. 



Reprinted from Michael Church and Olav Slaymaker, 

eds., Field and Theorv: Lectures in Geocryology 

(Vancouver: University of British Columbia Press, 

1985), pp. 74-95. 

O'The University of British Columbia 1985. All 

rights reserved. 



THE ICE FACTOR IN FROZEN GROUND 

L. W. Gold 
Division of Building Research, The National Research Council 

of Canada, Ottawa, Ontario KIA OR6 Canada 

ABSTRACT 

The nature of ice formations in frozen ground has been a major subject of investiga- 

tion for Ross Mackay. In this paper, characteristics of the freezing of water in 
porous materials are reviewed and examples given of the effects of frost action. The 

thermodynamic basis for the explanation of ice segregation is given and the possible 

role of spreading and disjoining pressures is described. A criterion for the initiation 
of ice lenses is presented. Brief consideration is given to the question of whether 
equilibrium can ever be attained under natural conditions. 

RESUME 

Le facteur glace dans le sol congele 

La nature des formations de glace dans le sol congele est un theme de recherche 
majeur de Ross Mackay. Dans cet article, les caracteristiques de l'engel de l'eau 
dans des materiaux poreux sont prtcises et  des exemples sont donnes des effets de 

I'action du gel. La base thermodynamique pour expliquer la segregation de la glace 

est donnee et le r81e possible des pressions de dispersion et de disjonction est decnt. 
Une criterium d'initiation des lentilles de glace est presente. La  question de savoir 

si l'equilibre est jamais atteint dans des conditions naturelles est brievement 

examinee. 
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INTRODUCTION 

The forms of ice that occur in the ground can vary from massive bodies to 

minute inclusions; the average weight of ice in permafrost several metres 
thick can be more than five times that of the dry soil (Mackay, 1971). Ross 
Mackay has devoted considerable effort to delineating the various types of 

ground ice and to determining their origin and mode of formation (Mackay, 
1972). From his studies of our northern regions he has added greatly to 
knowledge of ice formed in horizontal layers or lenses by forces associated 
with the freezing of water in some porous materials, a process called ice 
segregation or frost action (Mackay, 1972); of ice formed in permafrost due 
to the filling of cracks with water from the surface, for example, ice wedges 
(Mackay, 1974); of ice formed by the intrusion and subsequent freezing of 

water with or without segregation, for example, pingos (Mackay, 1973, 
1979); of homogeneously distributed pore ice formed by water freezing in 

situ (Mackay, 1972); of ice crystals formed in underground cavities by 

sublimation (Mackay, 1972); or buried ice resulting from geological activity 
(Mackay, 1972). 

These are some of the geologic manifestations of ground ice that Ross 
Mackay has investigated. There has been a growing appreciation of the 
importance of the insight and knowledge he has provided through these 
investigations. The performance of roads, buildings and other structures in 
the North has demonstrated the need to know the geological structure and 
thermal condition of the ground on which they are placed. The presence of 
ice, its form, its distribution and how it will respond to disturbance of the 
surface and to loads must be taken into consideration in the design, con- 
struction and operation of these structures. If one wants an outstanding 
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example of contributions of scientific activity to engineering and economic 
development, one need only look at the use made of Ross Mackay's work in 
current northern oil and gas development. 

For several years scientists and engineers have had a very active interest 
in ice segregation or frost action because of the damage it can cause to 
roads, buildings and other structures. This phenomenon is of great concern - 
at present because of the severe conditions it poses for the operation of gas 
pipelines in the North. It is also one that interests Ross Mackay, with 
respect both to its possible role in the formation of ground ice and to its 
effects during the freezing of the active layer. 

Frost action in soils and building materials has been an important subject 
of research at the Division of Building Research, National Research Coun- 
cil of Canada, for several years. The effects of frost action and some of its 
characteristics, as demonstrated by this work and that of others, are briefly 
reviewed in this paper. This is followed by a statement of the thermo- 
dynamic basis for the ice segregation process. The concepts of spreading 
and disjoining pressures in liquid films are discussed with respect to their 
possible role in frost action, and brief consideration is given to the effects of 
gradients of temperature and pressure on the stability, of ground ice. 

EFFECTS OF FROST ACTION 

I 
Perhaps the most common evidence of frost action is the heaving that 

occurs in some road surfaces in winter. Such heaving demonstrates one of 
the characteristics of frost action; that is, it is a segregation of ice that 
causes an increase in volume greater than can be attributed to the expan- 
sion of water on freezing. In fact, the process involved does not depend on 
that property of water; a similar behaviour can be obtained with other 
liquids. 

In his classical work published in 1935, Beskow stated that observations 
on ground ice and frost action were recorded as early as 1700. Both he and 
Tabor (1930) stated that not until the early 1900s was it recognized that 
during the freezing of fine-grain soils water can flow to the freezing zone 
and that the phenomenon of heaving is due to ice segregation rather than to 
expansion of water on freezing. 

Pressures developed by frost action can be quite large. Damage to 
improperly protected foundations on frost susceptible soils is not un- 
common. A total upward force of about 130 kN (30,000 lb) was measured by 
Penner (190) on a 30 cm diameter plate placed on clay ground and 
prevented from heaving upwards. This behaviour is not confined to soils. - 
Figure 5-1(a) shows displacement of brick and coping due to the formation 
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Fig. 5-1. (a) Damage to coping due to frost action. 
(b) Damage to brick due to formation of ice lenses. 
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of ice, and figure 5-l(b) shows the splitting of brick considered to be due to 
ice lens formation. 

Research on frost action soon demonstrated that the tendency to heave 

during freezing depends upon the characteristics of the soil, particularly 
grain size, the rate of heat extraction, pressure in the direction of freezing, 
water content and the pressure'or tension in the soil water. Figure 5-2 
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presents observations made in the laboratory on pressures developed dur- 
- 

ing the freezing of particulate material of various grain size ranges (Penner, 
1967, 1973). The specimens were confined and the frost action process 
allowed to proceed until the heaving pressure was maximum. Experiments 
such as these have demonstrated that the maximum force increases with 
decrease in the average grain size of the soil. 

Figure 5-3 shows the effect on maximum pressure of increasing the 
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devices along the length of the specimens, they were able to determine the 
position of the ice relative to the O"C isotherm. Figure 5-4 is an example of 
what can be seen by this method. The O"C isotherm is indicated in the 
figure and the position of two ice lenses clearly defined at A and B. 

Using this technique it has been demonstrated that changing pressure 
causes the ice front to move. If a lens has been established and the pressure 
is subsequently increased, a new lens is initiated on the cold side of the old 
one and the old one deteriorates. Conversely, decreasing the pressure after 
a lens has been initiated causes a new one to be established on the warm - 
side of the old one. In figure 5-4 a lens was formed initially at A. The 
pressure was subsequently reduced and a new lens initiated at B. 

Fig. 5-4. X-ray photograph of ice lenses on cold side of 0°C isotherm (see Penner and 
Goodrich, 1980). See text for further explanation. 

In strong porous materials such as rock and concrete, lens formation and 
associated heaving may not occur during ice segregation. Figure 5-5 pres- 
ents a differential thermal analysis scan and associated length changes for 
small specimens of hardened cement paste. The freezing process began at 
about -8°C. As freezing progressed the specimen expanded, apparently 
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because the water moved out to the exterior surface. The expansion was 
small, in the range of strain that would be imposed on the material by a 
stress of about 50 MPa (7000 psi). As with soils on warming, the ice melted 
at a temperature higher than that at which it formed. 

In summary, some of the characteristics of the freezing of water in 
porous materials that have been demonstrated through experiment are as 
follows: 

1. Segregated ice may form as lenses. This implies a mobile film between 
the ice and the solid surfaces on which it is supported. 

2. Ice segregation can be stopped by the application of pressure in the 
direction of freezing, by increasing the tension in the pore water, or by a 
combination of the two. 

3. The applied pressure or water tension required to stop ice segregation 
depends, in general, on grain size distribution; the smaller the average 
grain size, the larger the pressure or tension. 

4. Not all the water freezes at WC; the dependence of the unfrozen water 
content on temperature is determined by porosity, pore size distribution 
and nature of the material. 

5. The freezing process occurs over a zone, the depth of which depends on 
the properties of the material, applied pressure, pore water tension and 
temperature gradient. 

6. The location of the front of a growing ice lens may not coincide with the 
plane in which the ice first begins to form in the pores. Neither the ice 
front nor the freezing front need be at WC. 

A model of the freezing process in porous materials must account for 
these observations. The six characteristics were clearly stated or implied in 
the combined contributions of Tabor (1930) and Beskow (1935). 

THERMODYNAMIC MODEL 

When Beskow stated in 1935 that a water film must exist between ice and 

soil particles for frost heaving to occur, a knowledgeable thermodynamicist 
probably could have stated the essence of the theoretical basis of the 
explanation of ice segregation that is now accepted. Fortunately for the 
experimentalist, the development and validation of a model usually 
requires a significant body of knowledge based on observation. This is 
certainly the case for ice segregation because of the variability of porous 
materials and the number of other independent factors that affect it. From 
the theoretical point of view, the greatest attention has been given to 
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Fig. 5-6. Lifting of a solid with a plane ice-solid interface due to upward freezing of water. 

describing the equilibrium condition for the water-porous solid system in 
terms of classical, steady-state thermodynamics. 

Figure 5-6 is a simple representation of a flat solid resting on an ice 
surface in water that is freezing from the bottom upward. The ice is 
separated from the surface by a water film of thickness h. The thickness of 
this film is considered to be about 10.' to W9m (Hoekstra and Miller, 1967; 
Gilpin, 1978). A transition film also exists between the ice and water and the 
solid surface and water. 

In principle, the thermodynamic properties of the ice, film and water can 
be determined. It is possible, therefore, to discuss the conditions governing 
equilibrium between them in terms of these properties. If the ice, film and 
water contain no impurities, a knoweldge of the temperature and pressure 
is sufficient to define thermodynamic equilibrium. 

Two phases are in equilibrium when their chemical potentials are equal 
(Guggenheim, 1950, p. 31). If they are not equal, there will be a transfer of 
material from the phase of higher chemical potential to the phase of lower 
chemical potential. For the single chemical species system under consider- 
ation, it is usual to use the Gibbs-Duhem relation for the dependence of 
change in chemical potential on change in pressure and temperature, i.e., 

d p  = VdP - SdT (1) 
where V is the molar volume of the phase, S is the entropy per mole of 
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phase, d p  is the change in chemical potential for a change of pressure, dP, 
and of temperature, dT. 

The phenomena of interest occur over a relatively narrow temperature 

range near O°C, and it is reasonable to assume for discussion purposes that 
V and S are constants. 

Integrating equation (1) gives 
p = po + VAP - SAT (2) 

where p, is the chemical potential for the pure phase at a reference state 
(e.g., 0°C and 1 atm pressure), and p = chemical potential at temperatures 
and pressures that differ from their values at the reference state by AT and 
AP, respectively. The definition of equilibrium requires that po for bulk 
ice be identical to that for bulk water, film and saturated water vapour. The 
temperature, pressure and other thermodynamic variables are relatively 
easy to measure for the bulk ice, water and vapour phases. This is not the 
case, however, for the film phase and often its properties must be implied 
indirectly. 

It is useful to consider some of the observations on the behaviour of the 
film phase in order to develop an appreciation of its nature. It has been 
found for wettable materials that heat is evolved during the adsorption of an 
amount of water that would form a film about 7 to 10 molecules thick over 
all the surfaces; that is, a reaction occurs that binds the water to the surface. 

A common characterization test for porous materials is to determine 
how their water content at a constant temperature depends on the pressure 
of the vapour with which they are in equilibrium. The change in chemical 
potential of water vapour, Apv, due to change in vapour pressure from the 
saturation value, Po, to a lesser value, P, at constant temperature is given by 

Ap,  = RT ln(P/Po) (3) 
where R is the gas constant and T is the temperature in O K .  As Pis less than 
Po, the right hand side of equation (3) is negative, indicating a decrease in 
chemical potential. 

Decreasing the vapour pressure also results in a reduction of water 
content. This correlation shows that under conditions of constant tempera- 
ture the chemical potential of the adsorbed water film decreases with 
decreasing thickness. For equilibrium between the film and vapour phases 
after a change in vapour pressure at constant temperature, equation (2) 
requires that there be a change in the film pressure equal to 

P, = (RTN,) In (P/P,) (4) 
where V, = molar volume of the film fluid. Equation (4) implies that the 
decrease in film thickness is accompanied by a decrease in the fluid pres- 
sure in the film. 

The film is the transition zone between the state of molecular order that 
exists at the solid-film interface and at the film-air interface, or in adjacent 
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bulk water. The attraction between water molecules and the solid surface 
causes a pressure to exist in the film normal to the film-surface interface. 
This intrinsic pressure is a body force similar to the force due to gravity, but 
acting over a much smaller distance (Gilpin, 1978). It has been termed the 
spreading pressure, and like the depth dependence of the pressure in fluids 
due to gravity its value at the film-solid interface increases with increasing 
thickness of film. 

Spreading pressure is not a common concept in geotechnical practice. 
By implication it is assigned the value 0 when the film is in the reference 
state, i.e., when the chemical potential p in equation (2) equals p,. This can 
be appreciated from a consideration of the following common test proce- 
dure. The water content of a soil specimen can be controlled by placing the 
specimen on a porous plate connected to a water reservoir. When the 

I 
pressure of the water in the reservoir is such that the pore water pressure at 

the soil-porous plate interface is atmospheric, the specimen will be saturat- 
ed, neglecting the effect of gravity, and its pore water in equilibrium with 
vapour at pressure Po. The water content can be reduced to the value in 
equilibrium with vapour at pressure P by reducing the pressure of the water 
in the reservoir by the amount PI in equation (4). As PI is negative and water 

is withdrawn from the specimen, the process is interpreted as applying a 
suction. What has actually occurred within the specimen, however, is that 
the film pressure at the solid-water interface has been reduced by PI. 

If two surfaces with adsorbed water films are brought together, it is found 
that the films are not easily displaced and that a repulsive force is mobi- 
lized. This force has been called the disjoining pressure (Derjaguin and 
Melnikova, 1958). The disjoining pressure P, is defined as the negative of 

the pressure given by equation (4) (Padday, 1970). It is the pressure that 
would have to be applied to a film in equilibrium with vapour at the 

saturated pressure Po to reduce its thickness to that which would be 
associated with vapour at pressure P. It is another manifestation of the 

forces responsible for the spreading pressure. Sources of these forces are 
considered to be van der Waals' attraction, the electrical double layer and 
orientation effects. 

A similar transition region must exist on the surface of ice, and evidence 
has been found for it at temperatures as low as -10°C (Fletcher, 1972). The 
very fact that ice lenses can grow in fine grained soils when subjected to 
pressures as high as 106 N m-2 shows that the films can mobilize very 
significant disjoining pressures and still remain sufficiently fluid to sustain 
the growth process. Clearly, the film phase must have the ability to transfer 
a compressive stress between ice and a solid surface while transporting 
water in the freezing zone. 

Theoretical and experimental studies have shown that the thickness of 



86 FIELD AND THEORY 

the film between ice and other solids depends on temperature, pressure 
between the ice and solid, and the pressure in the water (i.e., pore water 
pressure). As the film is in order of 10.' m thick, it is clearly a most difficult 
task to establish the temperature and pressure dependence of the thickness 
other than in an indirect way. 

Assume that heat flow from the ice-solid interface in figure 5-6 increases 
the thickness of the ice by Ah and, therefore, decreases the thickness of the 
film by the same amount. If the process occurs at constant temperature, 
there will be a corresponding decrease in the spreading pressure and in the 
chemical potential of the film. If the film is connected to adjacent films that 
have suffered no change, there will exist a difference in chemical potential 
and spreading pressures causing water to flow to the film and increase its 
thickness to the original value, displacing the solid upward. 

If the solid is constrained from moving relative to the ice, the pressure 
must increase in the film. This results in an increase in its chemical potential 
toward the higher value of adjacent regions. 

One of the controlling factors in the process is the resistance to the flow 
of water to the ice front. This resistance depends on the thickness of the 
film, the viscosity of water, the nature of the surfaces and the distance over 
which the water must flow. If the flow of water becomes a limiting condi- 
tion, flow of heat away from the interface cannot be compensated by latent 
heat and the temperature of the interface must frop, thereby increasing the 
chemical potential and advancing the freezing zone. 

Mackay and Burrous (1979) demonstrated that the ice segregation proc- 
ess can occur at relatively large flat surfaces. In one experiment they 
displaced a penny and a 2 cm3 polished granite cube upwards by an 
advancing ice front for a distance of some 2 to 3 cm, and stated that "many 
other solid objects were readily uplifted, particularly when the freezing rate 

was slow and the objects were raised on small supports in order to permit a 
thin layer of ice to form on the bottom before uplift commenced." They 
pointed out that this mode of frost action is of some importance during 
freeze-back of the active layer from below. Connell and Tombs (1971) 
measured directly a disjoining pressure of 20 kN m-2 between an ice surface 
with the relatively large radius of curvature of 3 mm and a flat glass plate. 

The shorter the distance water has to flow along the ice front the more 

readily can ice segregation be maintained. Freezing in porous solids offers 
such possibilities to reduce this flow distance. The porous structure also 
allows the mobilization of another important mechanism. 

EFFECT OF CURVED INTERFACES 

One of the characteristics of porous solids is that if the ice phase is to 
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Fig. 5-7. Schematic representation of ice in pores; the heavy black lines represent the surface 
films. The effective radius of curvature of the ice at A = r,, at B = r,, and at C = rc. 

grow it must propagate into and through pore spaces. Consider the ice-filled 
pores depicted in figure 5-7. Let the pore have an average radius of < at A 
and at the opening C. Surface tension forces in the film on the curved 

surfaces cause pressure in adjacent ice. The dependence of this pressure, 
P,, on the average radius of curvature, <, of the ice surface at A is given by 
(Everett, 1x1) 

P, = 2e,,/C (5) 

where e,is the surface energy of the ice-water interface, and P, is positive 
for a concave ice surface. If the disjoining pressure between the ice and the 
adjacent solid surface is P,,, the total change in pressure from the reference 
state in the ice at the curved interface is 

APi = P,, + 2eiw/< (6) 
Substituting this value for AP in equation (2) gives for the chemical potential 
of the ice at the interface at A 

pi, = po + Vi(Pd, + 2eIw/a  - S,ATi, (7) 
If the pore water pressure at C is P,, the pressure on the ice at C is 

Pi = Pw + (2eiw/c) (8) 
The chemical potential of the water at C is 

pw = pa + VwPw - SWATw (9) 
and of the ice 

PIC = ~o + Vl(Pw 2eiw/C) - SPTic (10) 
For equilibrium pw = pi, = pic. Equating equations (7) and (10) and assuming 
AT, = AT, = ATic = AT gives 

Pda + (2e,,/E) = P, + (2eiwTc) (1 1) 
Equating equations (9) and (10) gives 

Vi(Pw + 2elW/rc) - VwPw = (S, - S,)AT (12) 
For T small (e.g., less than -5°C) it is usually assumed that 

S i  - S, = - LIT, (13) 
where L = latent heat of fusion for water; To = the melting point of bulk 
ice = 273.18 OK. 
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Therefore, at equilibrium 

V,(P, + 2eiw/c) - VwPw = - LAT/T, (14) 
Equations (8), (11) and (14) define the conditions for which ice will 

propagate out of a pore of effective radius through effective radiusr, (i.e., 
ice will propagate through all pore openings of average radius greater than 
or equal to c). They indicate that a reciprocal relation should exist 
between the applied load and the pore water pressure, as observed in 
laboratory experiments. 

Koopmans and Miller (1966) utilized equations (5) and (14) in a compari- 
son of the pressure dependence of the water content of a saturated soil free 
of colloidal material (determined in a pressure plate apparatus) and the 

temperature dependence of the unfrozen water content in the same soil. 
Williams (1966) used equation (8) as the basis for a comparison of the air 
pressure required to initiate air intrusion into an unfrozen saturated soil and 
the conditions for the penetration of ice into pores at the freezing front for 
the same soil. The theoretical relation that applies when the mean curva- 

tures of the respective air-water or ice-water interfaces are the same, i.e., 

(Pa - P,)/(P, - P,) = eaw/eiw (15) 
I 
! 

was confirmed by experiment. In equation (15) P, = air pressure applied in 
the pressure plate test or in the air entry test, P, = pressure exerted by the 
ice, P, = pore water pressure at the ice- or air-water interface, eaw is the I 

surface energy of the water-air interface. These investigations, particularly 
that of Koopmans and Miller (1966), demonstrate the equivalent effect of 

pore air pressure and pore ice on the water films with which they are in 
contact. 

E M P T Y  P O R E  

S P A C E  

Fig. 5-8. Schematic representation of ice growing into a pore; the heavy black lines represent 
the surface films. If the temperature is sufficiently low, the pore will spontaneously fill with 
ice, even if it is not initially filled with water. 

Consider figure 5-8, which portrays ice advancing into a pore. Miller 
(1973), and Bresler and Miller (1975) presented the conditions for which ice 
will exist in reentrants and similar cavities associated with pores. As the ice 

phase grows, a metastable condition is attained at which the pore will 
spontaneously fill with ice, whether it was previously filled with water 

(saturated) or not (unsaturated). This implies that a state is reached for 
which the chemical potential of ice in a filled pore is less than that in a 



The Ice Factor in Frozen Ground 89 

partially filled pore. Such a condition occurs when ice advancing from 
adjacent crevices coalesces or when the ice front from a single source has 
advanced to a particular position. In both cases the ice surface in the pore 
reaches a position at which, with further growth, its curvature decreases 
and may even reverse, as illustrated at A in figure 5-8, resulting in a 
decrease in P, in equation (5) and a lowering of the chemical potential. 

This possibility of spontaneous filling of space by ice has very significant 
implications for porous materials. As the zero degree isotherm surface 
advances through the material, the position of the freezing front will be at 
the temperature at which ice will propagate through the maximum size 
openings (pores or cracks). Behind this front pores will spontaneously fill 
with ice when their temperature reaches a value determined by the pore 
geometry and pore water pressure. It can be expected that if water is 
available to a porous material on the cold side of the 0°C isotherm, the 
material will become saturated with ice (Bresler and Miller, 1975). This 
agrees with field and laboratory observations of the ice-saturated state of 
soils in which water can flow to the freezing zone during the freezing 
process. 

INITIATION OF ICE LENSES 

A question of some interest is: what are the conditions necessary to 
initiate an ice lens? Consider again the schematic representation of pores in 
figure 5-7. Assume that in the thawed state the soil is subjected to an 
effective stress of P, = P - P, where P is the total stress on a horizontal 
plane. For the purpose of this discussion, assume that ice is present in 
pores A and B having effective radii cand  G, respectively. Let be larger 
than 6. If the pores are interconnected and in thermodynamic equilibrium 
at the same temperature, then from equation (7) 

Pda + (2eiw/FJ = Pdb + (2eiW/6) ( 16) 
where P,, and Pdb are the disjoining pressures imposed on the ice through 
the film by the adjacent solid surhces. P, must be larger than P,,. 

Consider now the film phase. The total pressure in the film, P,, is the sum 
of the local intrinsic or spreading pressure, P,, and the imposed or 
disjoining pressure, Pd, i.e., 

P, = P, + P, (17) 
Since the film at A is in equilibrium with the films at B and C (no flow), P, = 

P, = P,,. For this to occur, any change in disjoining pressure must be 
compensated by an equal but opposite change in spreading pressure. It 
should be re-emphasized that the spreading pressure is felt only within the 
film. 

The change from the reference state in the film pressure at C, where the 
disjoining pressure is zero, is equal to the pore water pressure P,. For the 
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equilibrium condition, therefore, the change in the total film pressure from 

the standard state at A and B is also P, and the equivalent of equation (12) is 

Vi(Pd + 2eiw/<) - V,P, = (Si - SJAT ( 18) 
If it is assumed that (Si - S, )  = -L,/T, where L, is the latent heat released in 

the freezing of film water at temperature T°K, the equivalent of equation 
(14) is 

Vi(Pd + 2eiW/c) - V,P, = -LIAT/T ( 19) 

Equation (19) shows that for a surface of constant temperature the 
disjoining pressure that exists between the ice and adjacent solid surface for 
each pore is determined by the temperature, the effective radius of the pore, 
and the pore water pressures. At equilibrium, where there is no flow, the 
total pressure in the film must equal that of the films in the unfrozen zone at 
the freezing front corrected for the effect of gravity. 

When the average of the disjoining pressures over a constant tempera- 
ture surface equals the effective stress, P,, the condition is established for 
separation and the initiation of a lens. Equation (19) shows that it depends 
on the pore water pressure and the applied or overburden pressure through 
their effect on the required value for P, 

This model for ice segregation has some interesting implications. Equa- 
tion (19) indicates that the smaller the pore size the smaller is the disjoining 
pressure required for equilibrium and, therefore, the thicker is the film. 
This, along with the increasing surface area associated with decreasing pore 
size, should increase the possibilities for water to move through the freez- 

ing zone. Once a lens has been initiated and as long as permeability is not a 
limiting factor, it is found that the finer the pore system the more readily can 
water move to regions of the ice front where the local effective radius of 

I 

curvature is large and, therefore, the disjoining pressure is large. A negative 
radius of curvature such as that over a soil particle would require an even 
larger disjoining pressure for equilibrium. 

An extreme situation would be a flat surface with many fine holes over 
which essentially the full disjoining pressure of which the water film is 
capable can be mobilized. Such a situation could he approached in clays for 

which the plate-like particles have a preferred orientation. Assuming AT = 
-q0C, - Lj = 335 x 10- J kg-,, F = x, P ,  = 0 (saturated soil), T = 270"K, and 
V ,  = 1.1 x 10' rn? kg-h, equation (19) gives P, = 2.26 X 1@ N m-21330 psi). 

T h i s  is in the same range as the maximum heaving pressures observed 

for clay soils. 

Increasing the pore water tension is a more severe limiting condition for 
ice segregation. In soils, the openings to the ice front vary in size. As the 
pore water tension increases, pores begin to empty of water and ice, begin- 
ning with the largest (Bresler and Miller, 1975). This restricts their ability to 
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deliver water to the ice front, if it exists, and to contribute to the total 
disjoining pressure. 

For a growing ice lens the total film pressure at the ice front is less than 

that in the unfrozen water at the freezing front, and this pressure difference 
along with the permeability of the freezing zone will determine the rate of 
flow to the ice lens. The lens will continue to grow until the total film 
pressure at the ice front becomes equal to that in the unfrozen water 
through either an increase in the disjoining pressure or a decrease in the 
pore water pressure, or until a new lens is initiated at another location. 

Of particular interest are porous materials such as porous rock or con- 
crete that are too strong to allow an ice lens to be initiated. If water- 
saturated material is subjected at one face to freezing conditions, the 
absorbed water will experience a force that moves it to regions where ice 
has formed (e.g., on the surface or in large pores). Assume that a tempera- 
ture gradient exists such that not too far from the ice front the material is 
saturated at O"C and that initially there is space for ice to form without 
imposing a force on surrounding walls. As freezing in such fine pore 
materials may not begin until the temperature is in the range of -lO°C, it is 
easy to imagine a situation for which AT in equation (19) could be -5°C or 
lower. A difference in film pressure of the order of 107 Nm-2 could conceiva- 
bly be introduced between the ice front and the saturated region at 0°C. As 

' 
the ice would come into contact with the surrounding cavity walls, this 
difference in spreading pressures would gradually be reduced by the devel- 
opment of disjoining pressures. 

If cavities are spaced sufficiently closely and are large enough to provide 
storage for the water present in the solid, damaging spreading pressures can 
be dissipated and disjoining pressures avoided. This is the basis for air 
entrainment of concrete and a recent invention by Litvan and Sereda (1978) 
that involves the mixing of coarse pored paticles with normal aggregate. 

I 

NON-EQUILIBRIUM EFFECTS 

A most difficult question to answer is whether thermodynamic equilib- 
rium is ever established in the field or in the laboratory in porous ice-filled 

materials subjected to a gradient of temperature and pressure. Certainly 
experiments can be run in the laboratory for which dimensional changes 

due to ice freezing or thawing are either zero or less than the resolution of 
the measuring method. Such experiments are run usually for a period of 
days at the most and cannot show, for example, whether frozen soil and 
rock formations subjected to natural or imposed conditions will thaw or 
heave significantly or experience redistribution of ice over a period of years 
or centuries. This question is of great interest with respect to the stability of 
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the ground ice that has absorbed so much of Ross Mackay's attention, but it 
has not been studied widely (Harlan, 1974). 

Consider the relatively simple case of a spherical particle embedded in 
ice (figure 5-9a). Assume that it and the ice are initially at a constant 
negative temperature T,, that a gradient is imposed such that the tempera- 
ture at a remains the same, and that at b on the opposite side becomes T, < 
T,. The chemical potential of the film at b is now greater than that of the 
adjacent ice, and some of the water is converted to ice. If the temperature 
change is maintained, according to equation (19) the pressure in the film at b 
and the adjacent ice must increase to re-establish equilibrium. This pres- 
sure is felt at a, resulting in the melting there of some of the ice. The net 
effect is a transfer of water in the cold direction and of the particle in the 
warm direction. Experiments by Hoekstra and Miller (1967) and by 
Romkens and Miller (1973) have demonstrated that this indeed occurs. The 
rate of movement is affected by several variables, amongst them the tem- 
perature gradient, the nature, shape and size of the particle, and its average 
temperature. Significant movement occurs only for small particles and 
average temperature greater than -2°C. 

A better known phenomenon is regelation (Nye, 1967; Drake and 
Shreve, 1973). Consider a wire drawn through ice at constant temperature 
as shown in figure 5-9b. Because of the pressure between the ice and the 

T A N G  aL: F R E E Z I N G  

SOLID 
a 

a b Tb < T a  

A I C E  

Fig. 5-9. (a) Displacement of a solid particle by temperature induced flow of water in the film 
from the warm to the cold side. 
(b) Movement of a wire through ice by regelation due to aforce, F. Ice melts at a, flows in the 
film to b and refreezes. - I 

wire the chemical potential of the ice at a is greater than that of the adjacent 
water film, and melting occurs. The wire moves downward, reducing the 
pressure at b, and the pressure gradient that has now been imposed on the i film forces water to the back of the wire. As the film at b now has a larger I 

chemical potential than the adjacent ice, water from it freezes. Factors that I 
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control this effect are the type and size of wire, the applied pressure, the 
average temperature of the wire, the viscosity of water and the resistance to 
flow around the wire. Significant rates of regelation under laboratory 
conditions are also confined to temperatures close to the melting point. 
Although the relative rate of movement of ice and particles due to tempera- 
ture gradients and regelation may be small, the total movement may be 
significant over geological periods of time. 

Pressure gradients may also result in thermodynamic instability, tending 
to move ice from positions of high stress to positions of low stress, resulting 

a 

in significant redistribution. Although this effect is of potential importance 
for many field situations, it has received little attention. 

CONCLUSIONS 

In this presentation I have tried to give an appreciation of the interesting 
behaviour of ice and water in porous materials. This behaviour is confined 

primarily to the temperature range of 0 to -1°C for coarse grained soils such 
as sand; 0 to -5°C for fine grained soils such as clay; and perhaps to 
temperatures as low as -10°C for rocks and similar fine pore materials. 
Below -10°C ice in porous materials is more inert, more rock-like in its 
behaviour, and from Ross Mackay's point of view probably less interesting 
except with respect to distribution and quantity. 

The thickness of frozen ground in the temperature ranges of 0 to -1°C 
and 0 to -5°C depends on the temperature gradient. For deposits subjected 

to the geothermal gradient of 3 x 10-20C m-1 it can extend to over 150 m. 
These are relatively extensive thicknesses of thermodynamically sensitive 
deposits. 

A major challenge now is to establish the dependence of the rate of 
segregation and of the redistribution of ice on the factors that determine 
them. Another interesting question is: if the combined overburden and pore 
water pressures are such as to not totally suppress ice segregation, can 
there ever be true thermodynamic equilibrium in the extensive thickness of 
ice-saturated soils that exists naturally? If not, what is the significance of 
this on a geologic time scale, particularly for deposits subjected to long- 
period temperature and stress changes? These are questions of some geo- 
logic and engineering interest and ones that Ross Mackay may wish to 
tackle. 
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