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ABSTRACT

Frost action in soils is associated with two very
~destructive phenomena: the expansion or lifting of the soil
in winter, kKnown as frost heaving, and the loss of
soil-bearihg strength by thaw weakening in the spring.

This thesis is concerned with the first of the
forementioned phenomena and is_aimed.at'a duanti1ative
understanding of frost heave mechaniés and fﬁe'development
of a comprehensive engineering theory,of'froét heave.

This study confirms that an ice lens in a freezing soil
grows somewhere in the frozen zone, slightly behind the
frost front,i.e. the 0 C isotherm. The frozen soil that lies
between the ice lens and the unfrozen soil is referred to as
the frozen fringe.

At the formation of the final ice lens, frost heave can
be treated as a problem of impeded drainage to the warmest
ice lens through the frOzen'fringe and the unfrozen soil.
Furthermore, the frost heave characteristics at these
conditions are defined either by the segregation—freezing
temperature and the overall permeability of the frozen
fringe or by the segregation potential, which is the ratio
of water intake flux and temperature gradient in the fringe.

These parameters are dependent upon applied surcharge,
average suction in the fringe, and degree of thermal
imbalance. This latter has been introduced by means of the

rate of cooling of the frozen fringe which is the rate of
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change of the average temperature in the frozen fringe. This
study establishes that, at a given surcharge, a unique
relationship between the segregation potential, the suction
at the frost front, and the rate of cooling of the fringe
exits in any freezing soil. This characteristic freezing
surface is independent of therma\ and geometrical boundary
conditions.

Water expulsion during an advancing:frost front is a
function of applied load and rate of cooling of the fringe.
There is a unique relation for a givenvsoil between these
two parameters for which water is attracted to the freezing
front. Evidénce of a shut-off pressure, for which no water
flow to.the freezing soil occurs, is given.

A frost heave model is developed to simulate laboratory
freezing tests for one dimensional heat flow and with zefo
surcharge. The input to mass transfer is the characteristic
freezing surface which can be determined from controlled
laboratory freezing tests. This model is able to ﬁredict
closely any freezing test performed in the present study.

The growth of the final ice lens is solely governed by
the net heat extraction rate at the freezing front. This
growth stops when the pore water pressure ét the base of the
ice lens becomes atmospheric, which is a function of its
temperature, applied load, and solute concentration.

The frost heave characteristics in field situations are
identical to those obtained in laboratory freezing tests at

the formation of the final ice lens and for a suction at the
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frost front close to atmospheric pressure. -

A frost heave model with one dimensional radial heat
flow using the forementioned freezing characteristics as
input to mass transfer simulates successfully the behavior
of four chilled pipelines over several years of freezing.

A simple frost heave calculation using the segregation
potential predicts in a straight forward manner subgrade
behavior during seasonal freezing.

Two new frost susceptibility criteria have been
proposed. The first one is valid during an advancingvfrost
front and is based upon the segregation potential. The
second one indicates the growth potential of the final ice
lens during a retreating frost front and is based upon the

segregation-freezing temperatube.
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RESUME

Le gel dans les sols produit deux phénoménes trés
destructifé: 1’ expansion ou le soulévement du sol en hiver
et la perte de résistance lors du dége] printanier.

Les observations experimentales effectuées dans le
cadre de cette recherche ont permis de définir les
parametres fondamentaux affectant le soulévement dans un sol
qui géle et d’'établir une méthode de calcul pratique pour
]’ingéhieur confronté a ce phénomene .

Cette etude confirme que lorsque qu’'un sol est soumis
au gel, la lentille de glace se forme dans la zone gelée,
légérement a 1’ arriere du front de gel, c.a.d. 1’ isotherme 0°
C. Cette partie de sol gélé, situe entre le soi non gelé'et
la lentille de glace, constitue la frange gelée.

A la formation de la derniere lentille de glace, 1la
migration d'eau vers la base de cette lentille peut &tre
traitée comme un probléme d’&coulement a travers deux zones:
la frange gelée et le sol non gelé. Dans ce cas, les
caractéristiques de gonflement peuvent &tre définies soit
par la température de ségrégation 2 la base de la lentille
et par la perMéabilité moyenne de la frange gelée, soit par
le potentiel de ségrégation défini par le rapport de la
vitesse d’ écoulement et du gradient de température.

Ces parametres dépendent de la pression app]iquée au
front de segrégation, de la succion moyenne dans la frange

gelée et du degre de déséqui]ibre thermique. Ce dernier
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paramétre est représenté par le taux de refroidissement de
la frange gelée qpi est égal au taux de changement de la
température moyenne de la frange gelée.

Cette etude révele que, pour une pression donnée, une
relation unique existe dans tout sol entre le potentiel de
ségrégation. la succion au front de gel et le taux de
 refroidissement de la frange gelée. Cette surface
vcaracté}istique d’un sol soumis au gel est indébendante des
conditions aux limites.

L’ expulsion d’eau»observée lorsque le front de gel
pénétre est fonction de la pression appliquée sur le front
de.gel et du taux de refroidissement de la frange geiée. 11
existe une relation unique entre ces deux‘paramétres
définissant le domaine dans lequel 1’'eau sera attirée vers
le front de ségrégation. Ce travail fournit egalement une
preuve d’'existence d’'une pression d’arret qui rend tout
ecoulement dans la frange gelée impossible.

Un modele calculant le soulévement est développé pour
simuler les essais de gel unidirectionnel sans pression
externe. La surface caractéfisfique du sol soumis au gel est
la donnee permettant d’'évaluer le transfert de masse. Les
résultats obtenus par ce modéle sont trés satisfaisants.

La croissance de la derniere lentille de glace est
uniquement gouvernée par le déficit de chaleur au front de
ségrégation. L’ arrét de cette croissance a lieu lorsque 1la
pression dans le fiim d’ eau adjacent a la lentille est

atmosphéfique. Ceci est une fonction de la pression dans la



lentille, de la tempéfature a sa base et de la concentration
ionique du fluide.

Les caractéfistiques d’'un sol qui géle dans la nature
sont identiques a celles obtenues au laboratoire a la
formation de la derniere lentille de glace et pour une
succion au front de gel voisine de la pression
atmosphérique.

Un modele mathématique utilisant les paramétres décrits
ci-dessus permet le calcul du gonflement pour un ecoulement
radial de la chaleur. Ce mode€le a éte utilisé pour simuler
avec succes le comportement de quatre pipelines dont la
température est en dessous du point de congglation de 1'eau
sur une période de plusieurs annees.

Une méihode simple utilisant le potentiel de
segrégation permet le calcul rapide du soulevement des
structurés soumises au gel saisonnier.

On a prpposé deux nouveaux critéres de susceptibilite
au gel.L'un , fond€ sur le potentiel de segrégation,est
applicable pendant 1’ avancement du front de gel, tandis qué _
1’ autre, fonde sur la température de ségrégation, indique le
potentiel de croissance de la derniére lentille de glace,

lorsque le front de ségrégation est stationnaire.
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GLOSSARY

Segregation Freezing Temperature, Ts,:Temperature at
which the intake water freezes and creates the segregational
heaving process.

In-Situ Freezing Temperature, Ti,: The warmest
temperature at which ice exists in the soil.

Frozen Fringe: The frozen soil that is cdnfined between
Ts and Ti.

Active System: The freezing soil composed of the frozen
fringe and the unfrozen soil.

Passive System: The frozen soil confined between Ts and
the cold - side freezing temperature.

Frost Front: The Ti isotherm.

Freezing Front: The Ts isotherm.

Rate of Cooling of the Frozen Fringe: The change in
average temperature of the current fringe per unit time.

Segregation Potential, SP,: The ratio of the water
intake rate and the temperature gradient in fhe frozen
frihge. |

Characteristic Freezing Surface of a Soil: The
rélationship between the segregation potential, the suction
at the frost front, and the réte of cooling of the current

fr{nge.
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LIST OF IMPORTANT SYMBOLS
h : Total Heave
hs : Heave by Water Intake
hi : Heave from In-Situ Freezing
hu : Water Pressure in cm of Water
Hw : Suction Pofentia] in cm of Water
ku , kf : Thermal Conductivities of Unfrozen and Frozen
Soi l
Ku : Permeability of Unfrozen Soil
Kf : Overall Permeability of Frozen Fringe.
Kfo : Kf at the Formation of the Final Ice Lens
Pw : Suction Potential at the Ice Lens
Pu : Water Pressure at the Frost Front
Pi : Ice Pressure
Pe : External Applied Pressure
Pb : Applied Back Pressure
SP : Segregafion Potential
SPo : SP at the Formation of the Final Ice Lens
Vw : Specific Volume of Water
Vi . Specific Volume of Ice
V : Water Intake Rate
Vo : V at the Formation of the Final Ice Lens
Ts : Segregation Freezing Temperature
Tso : Ts at the Formation f the Final Ice Lens
Ti ¢ In Situ Freezing Temperature

Tc : Cold-Side Step Temperature
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lu :

: Warm-Side Temperature

Thickness of Frozen Soil

Thickness of Unfrozen Soil
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1. FROZEN AND FREEZING SOILS

1.1 FROST HEAVE: AN AREA OF CONSIDERABLE RESEARCH INTEREST

Recent petroleum discoveries and development in the
Canadian north have brought about a need to develop
transportation facilities to southern and foreign markets.
The trans-Alaska oil pipéline is already built and a gas
pipeline is being considered at this time. Each of these
routes crosses a great variety of terrains, through
continuous permafrost, the warmer discontinuous permafrost
zone, and the nonpermafrost northern boreal forest.

Although the desigﬁ and construction of the oil
pipeline has widened our understanding of the mechanics of
cold region geotechnics, particularly in problems associated
with thawing, certain features of the chilled gas pipeline
offer a number of new problems. In the permafrost zone, the
gas pipline will be maintained below freezing to prevent
undue thermal degradation of the permafrost maferial. In
relatively warm permafrost regions, the pipeline may easily
pass from thick permafrost to a total absence. It will be
more difficult in these areas to maintain the pipe near the
ambient ground temperature and, as a result, certain
normally unfrozen regions will freeze and remain frozen for

many years.



The effects of freezing a frost susceptible soil are
most clearly exhibited by a heaving of the ground surface as
a result of the formation of discrete ice lenses from water
supplied from the unfrozen soil or an external source
(Taber, 1929). The propensity for heave of a soil under
freezing conditions is affected by grain size distribution,
availibility of water, rate of heat extraction, and applied
loads. For a given soil an engineering theory of frost heave
would lead to the prediction of the magnitude and rate of
frost heave as a function of certain characteristics of the
freezing system and boundary conditions. Prior to freezing,
the temperature profile and boundary conditions controlling
the avéiiability of water can be established by measurement.
A knowledge of the soil profile can be translated into the
moisture contént distribution, the thermal conductivity and
the perheability of the soil. A change in heat flux or
temperature at a boundary must be specified in order to
account for the onset of freezing. As a frost front advances
into the soil, moisture is drawn to it and it is the
coupling of the heat and mass flow that constitutes the
complex element in the theory of frost heave.
Notwithstanding the very considerable research devoted in
the past to the frost heave process, agreement on an
engineering theory of frost heave remains an elusive goai.
This constitutes a serious impediment to the rational design
of buried chilled gas pipelines in discontinuous permafrost

and the solution of other problems requiring heave



predictions.

Most studies into the frost heave of soils have fallen
into one of the following classes:

1. index tests to establish the degree of frost
susceptibility of various soils;

2. fundamental thermodynamic analyses;

3. empirical studies attempting to relate
quantitatively laboratory investigations to field
per formance. |

More rgcently, there have been several attempts to embrace
heat and mass flux in a coupled theory but predictive
results from these studies are not convincing.

Finally, frost action in soils is not restricted to
ground heaving but may also result in other critical
phenomena. If the ice lens growth is restrained during
freezing, severe heaving pressures may arise which could
cause damage to engineering structures; Furthermore, in
problems involving seasonal freezing severe stabilility and -
- settlement problems might be anticipated on thawing of
fine-grained soils containing segregated ice created dufing

the freezing phase.

1.2 PHYSICAL PROPERTIES OF FROZEN AND FREEZING SOILS

This section will draw attention to some commonly
accepted phenomena related to frozen and freezing soils.

The physical properties of frozen and freezing soils will be



explored both from the theoretical (thermodynamics) and

experimental point of view.

1.2.1 Thermodynamic Equilibrium Between Ice and Water in
Porous Media
1.2.1.1. The Clausius-Clapeyron Equation
Thermodynamic equilibrium between ice and water in a
frozen soil requires that the free energy of the ice equals
that of the water. A fundamental equation of thermodynamics
gives the differential of the Gibbs free energy of a
mdnocomponent systém as:
dG = V.dP - S.dT*...........coiiiiiiinn. 1.1
where S is the entropy of the system
T* is the absolute tempeﬁature
V is the volume
P is the pressure
The equality of the free energies of an ice/water system can
be expressed as:
Vi.dPi - Si.dT* = Vw.dPw - Sw.dT*................ 1.2
where the subscripts i and w refer respectively to ice and
water
Vi, Vw: specific volume
If the phase transition is considered to take place
reversibly at T, the latent heat of phase change, L, for
one mole is equal to:
L= (Sw - Si)T*. . . i, 1.3

whére L > 0 for freezing



L < 0 for thawing
Equation 1.1 can then be recast as follows:

Vw.dPw - Vi.de = L dT*/T*. ... it e e 1.4
Equation 1.4 represents the differential form of the
generalized Clausius-Clapeyron equation. The general
relation between the water preséure and the ice pressure at
T* can be obtained by integration of Equation 1.4 from the
standard state (Pw = Pi = 0; T* = To* = 273.159K) to the
final state (Pw, Pi, T*) (Kay and Groenevelt, 1974):

T Fi
Pw ‘//(L/Vw) dT*/T* + ’/((Vi/Vw)dPi ............ 1.5
+ .

To o

Pw = L/Vw In(T*/To*) + (Vi/VW)Pi.......covvnnn... 1.6
Equation 1.6 can be simplified for the case of
atmospheric pressure in the ice and if T* is very close .-to
To*. In these conditions, In T*/To* can be approximated by
(T* - To*)/To* and Equation 1.6 reduces to
Pw = L(T*-To*)/(Vw.To*)........coovvnvnn.n.. 1.7
(T* - Tox) is the temperature in degree Celsius at which ice
and water are considered to be in equilibrium. For the sake
of convenience, it was decided to adopt the following
notation: |
L I I L 1.8
where- T is the temperature expressed in °C
T* is the same temperature expressed in °K
It must be emphasized that the previous derivations are

valid for the case of pure water only. The effect of solutes

can be included in the formulation of the Gibbs free energy



as shown by Loch (1979). The pressure in the water phase is
then affected by an additional osmotic pressure term.
However, this study takes the view that salt effects can be
neglected as a first approximation in well controlled
laboratory freezing tests.
1.2.1.2. Validity of the Clausius-Clapeyron Equation
at an Ice Lens.

If the ice is under atmospheric pressure, i.e. Pi=0,
the Clausius-Clapeyron equation predicts that as the
temperature decreases below To*, the water pressuré is
negative and decreases too. Moreover, for negative
temperature close to 0°C, there is a linear relationship
between ‘the suction in the water films and the temperature.

Some verification of the Clausius-Clapeyron equation is
afforded by recent experimental data.

a) Vignes and Dijkema (1974) measured water migration
rates using an experimenta1 set-up shown schematically in
Figure 1.1. Two reservoirs, one containing liquid water
either above 0°C or super-cooled, the other containing
liquid water and ice, were separated by a narrow slit, 50 nm
by 2 mm in cross section, 50 mm long. As predicted by the
Clausius-Clapeyron equation, water flowed towards the ice
regardless -of the temperature in reservoir B. Since ice was
not present in reservoir B, the Clausius-Clapeyron equation
cannot be applied and the water is atmospherfc. The flow
. rate was constant for a gfven temperature ofrreservoir A.

Moreover, Equation 1.7 reveals that Pw/T is constant. Since



the hydraulic conductivity of the slit is constant, the flow
rate to the ice is proportional to the suction potential Pw.
Therefore, the Clausius-Clapeyron‘equation predicts that the
flow rate should be proportional to the temperature of the
ice-water interface. Table 1.1 summarizes the results
obtained by Vignes and Dijkema (op. cit.) and confirms the
validity of the Clausius-Clapeyron EqUation in their
experiments, since V/T(A) was fairly constant.

Vignes and Dijkema also establish that there is a thin
unfrozen water layer situated between the ice and the solid
substraté. This water is in equilibrium with the ice.

b) Using glass filters in order to increase the flow,
Biermans et al (1978) also proved the validity of classical
reversible thermodynamics when applied to the ice
lens-liquid layer system. This was achieved by measuring the
suction Pw one had to apply to the water in the reservoir B
in order to stop the flow to the ice lens and comparing it
with theoretical prediction. The Clausius-Clapeyron
equation, simplified for atmospheric pressure in the ice,
was supported to a high degree of accuracy as shown in
Figure 1.2. |

c) Hoekstra (1969) and Radd and Oertle (1973) measured
the pressure necessary to prevent heave as a function of
temperature in freeiing soils. If one assumes that Pw = 0 at
the ice lens and that the ice pressure is equal to the |
heaving pressure, Ph, the generalized Clausius-Clapeyron can

be recast as:
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Table 1.1 Water flow to an Ice Lens after
Vignes and Dijkema (1974)

Temperature C Water Flow V V/T(A)
m/s

A B
-0.3  -0.6 2.85 1.10
-0.3 -0.1 2.65
-0.46 -0.5 3.55 0.96
-0.77 -0.3 5.70
-0.77 +0.1 5.70 0.92

| Pho= -(L/Vi) In(T*/To*).........coviviiinnn.. 1.9

The data obtained by the previous researchers show good
agreement with Equation 1.9 as illustrated in Figurg 1.3.

It transpires from the previous results that the
Clausius-Clapeyron equation does apply at an ice lens-1iquid
water layer interface, at least at temperatures several

degrees below freezing.

1.2.2 Unfrozen Water in Freezing Soils

When a fine-grained soil is frozen not all the water
within the soil pores freezes at 0°C (Bouyocous, 1916:
Lovell, 1857). In some clay soils, up to 50% of the moisture
may exist as a liquid at temperatures of -2°C (Nersesova and
Tsytoviéh, 1963) .

The unfrozen water content is the amount of liquid
~water in a soil at a given sub-zero temperature. It is
usually expressed as a percentage of the dry weight of the
soil. This definition is the most used since experimental
evidence which showed that Wu is a function of temperature

only and virtually independent of the total water content
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for closed system freezing was given by Nersesova and
Tsytovich (1963) and Jame and Norum (1972).

Measurements of unfrozen water conténts in soils of
varying water contents and physical prqperties have been
made by dilatometry, adiabatic calorimetry, X-ray
diffraction, heat capacity, nuclear magnetic resonance,
differential thermal analysis, and several indirect
techniques (Anderson and Morgenstern, 1873). Although each
involves its own set of éssumption and approximations, the
results obtained on the same soils by each method are
remarkably consistent. In each of the previous laboratory
tests, the sample is frozeh to its final temperature in a
closed system, i.e. no water supply during freezing. In
these conditions, experimental results show that the
unfrozen water content may be expressed as a function of
temperature only.

The relationship between unfrozen water content and
temperature for soils of different texture is found to
depend upon many factors, the most important of which are
listed below:

a) specific surface of the soil (Anderson et al, 1973)

b) configuration of individual soil particles

c) quantity and type of exchangeable cations (Nersesova
and Tsytovich, 1963)

d) pressure in ice and water phase

e) solute concentration

f) freezing history. (hysteresis) (Williams, 1963)
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In general, the unfrozen water content in a frozen soil
decreases with decreasing temperature. This has an important
bearing on predicting the behavior of freezing soil since
the unfrozen water content can be viewed as a water film of
a given thickness that separates pore ice from the mineral
grains in frozen soil. Therefore, if one assumes, as
discussed in the next section, that transport of liquid
water through unfrozen water films along particle surfaces
is occurring in freezing soils, the hydraulic conductivfty
of the frozen soil decreases with decreasing temperature in
response to decreasing thickness of the unfrozen water

films.

1.2.3 Transport of Water in Freezing Soils
1.2.3.1 Moisture Movement through Unfrozen Water Films
From the previous discussion on unfrozen water and
suction potential at an ice lens, it seems reasonable to
postulate that the unfrozen water is ﬁobile and can migrate
through the frozen zone under the action of a temperature
induced suction gradient.

Hoekstra and Chamberlain (1964) found that water is
transported in frozen silt under electrical gradients, at a
temperature of -1.5°C. The test results revealed that a:
considerable quantity of water moved in frozen soil towards
‘the cathode. The authors noted that in the final state all
the ice from the anode region was removed and large bodies

of ice were formed in the vicinity of the cathode.
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Kudryavcev et al. (1873) did measurements of moisture
transfer in frozen soil under temperature gradients. From
thermodynamic theory they derived a linear relation between
flux density of water and temperature gradient.

DirKsen (1964} found clear evidence of mass transport
through a frozen zone underneath an ice lens in an
unsaturated sample of New Hampshire silt, under the
influence of a temperature gradient. Similar observations
were made on Fairbanks silt by Hoekstra (1966). Although
vapor transport was possible, Hoekstra concluded from the
magnitude of his flux densities that flow was mainly by
movement in the liquid water films. He derived a linear
relation between flux density and temperature gradient
similar to that of Kudryavcev et al. He recognized that film
thickness, and-so the coefficient of the previous relation,
decreases rapidly with temperature below zero.

1.2.3.2 The Frozen Fringe in Freezing Soils

Freden (1965) assumes water transport to the lens to
take place through liquid films between ice and mineral
matter. In fact he assumes a zone of frozen soil}to be
present in between the ice lens and the unfrozen soil.
Moreover he states that the flow is laminar in that frozen
zone.

Freden's (op. cit.) work and the conclusion of Hoekstra
(1966) and Dirksen (1964), together with reported
discrepancies between measured maximum heaving pressures and

those derived from capillary theory (Everett, 1961), led
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Miller (1972) to propose that an ice lens in a freezing soil
grows somewhere in the frozen zone, slightly behind the
frost front (i.e. 0°C isotherm). The temperature at the
cbldest part of the frozen fringe, i.e. at the base of the
ice lens, is referred to here as the segregation-freezing
temperature, Ts, because the segregational heaving process
takes place at that temperature. The temperature of the
warmest part of the frozen fringe éorresponds to that at
which ice can grow in the soil pores. The Kelvin equation
has been applied to give the temperature Ti at which ice,
under atmospheric pressure, will propagate through a pore
restriction of radius r:

Ti = 2To*.5 iw/(L.r;Pi) ..................... 1.10
where "f”' is the density of ice

| biw is the ice-water interfacial energy.

In silty soils, the average pore size is relatively large
and Ti is close to 0°C. The temperature of the warmest end
of the frozen fringe is termed here as the in-situ freezing
temperature. It is obvious that Ti is affected by other
factors such as solute concentration and pressure in both
ice and water. If one assumes that solute effects can be
'neglected and if the pressure in the pore ice is
atmospheric, which in the case if no external load is
applied and if the self weight of the soil can be neglected,
Equation 1.10 is then adequate. Throﬁghout this thesis, the
Ts isotherm is referred to as the freezing front and the Ti

isotherm is referred to as the frost front in a freezing
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soil.

Recently direct experimental evidence for the existence
of a frozen fringe beneath an ice lens in a freezing system
was obtained by Loch and Kay (1978) and Loch (1979). A dual
energy gamma scanning system was employed to locate the
position of the growing ice 1ens relative to the frost
front. For New Hampshire silt, Loch and Kay inferred values
of the segregation freezing temperature around - 0.3°C #
0.1°C. For silty clay soils, Loch (1979) inferred from
visual observation that the ice lens was growing at
approximately -0.4 to -0.6°C. From the previous experimental
results, one can readily conclude that Ts is probably soil
type dependent.

Finally, Penner and Goodrich(1980) used X-ray
phofography to locate the position of the growing ice_lens
in soil under laboratory conditions. For Calgary silt, they
measured a negative temperatuﬁe at the base of the final ice
lens of approximately -0.39°C. This is further evidence of
the existence of a frozen fringe beneath an ice lens.

1.2.3.3 Moisture Movement to the Freezing Front under a
Temperature Gradient

It appears that moisture migration occurs solely in
the frozen fringe. Moisture movement 5n the frozen zone
above the ice lens should be significantly reduced due to
extremely low unfrozen water contents. Mageau (1978)
conducted frost heave tests on uniformly frozen Devon silt

to study moisture migration characteristics of frozen soil.
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From his tests it was found that moisture can be transported
through the unfrozen films under the influence of a
temperature gradient. Test results also indicated that the
frozen soil above the warmest ice lens has little to no
effect on the rate of water intake to that ice lens. The
author suggested that the dominant suction pressure develops
in the frozen fringe. This statement was deduced from the
fact that significant changes in water content were observed
in the open system tests with no premade ice lens while very
little migration of water appeared to have occurred behind
the pre-made ice lens. This is clearly illustrated in Figure
1.4. Furthermore, although regelation probably occurs in the
frozen zone behind the ice lens, the process, which is very
slow, would only contribute to redistribution of existing
water and therefore would not lead to an increase in heave
of the sample. Mageau (Op.‘Cit) concluded that regelation
was a secondary phenomenon since the increase in water
content behind the pre-made ice lens was almost nil over 20
days of sustained freezing as shown in Figure 1.4. Hoekstra
(1969) concluded also that an ice lens acts like a cutoff
with regard to water migration.

Recent large scale freezing tests suggest that this
proposition, i.e. very little or no flow behind the warmest
ice lens, can be extended to field conditions, at least over
a period of several years. The results from a test pipeline
designed to study in-situ frost heave showed that all the

heave occurred near the frost front {(Slusarchuk et al.,
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1978). This was inferred from the fact that heaving probes
installied throughout the soil profile did not exhibit any
further movement once the frost front had penetrated beyond

them.

1.2.4 Permeability of Frozen Soils’

In the light of the previous results, it appears that
the hydraulic conductivity - water content relationship is
the most significant property for predicting the heave
behavior of a freezing soil. |

Williams and Burt (1974) used a special permeameter for
measuring the hydraulic conductivity of frozen soil at
" various temperatures. In their experiments, frozen soil was
positioned between two compartments filled with an aqueous
solution of lactose. Lactose concentration was adjusted in
order to equalize soil temperature and freezing point of the
solution, at least until flow acrosé the sahple was induced
by pressure differentials between end chambers.
Permeabilities based on Darcy’s law could then be
calculated. The authors found that permeability generally
increases as the temperature rises towardé 0°C; commonly
observed values being in the range 10-6 to 10-'° cm/s. A
ma jor drawback to their tests was that the membrane pores
were too large to prevent lactose molecules from passing
through. Thus, one side of the soil became saturated With
lactose causing me]ting of iée in fhis region. Furthermore,

some consolidation could have occurred as a consequence of
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this partial thawing. It is believed that the permeabilities
giVen by Williams and Burt are strongly affected by these
factors and are most likely too high.

More recently, Horiguchi and Miller (1980) studied
moisture transfer in frozen soil with an "ice sandwich"
permeameter. The central chamber contains the frozen soil
and the end chambers contain pure supercooled water held in
that state by porous phase barriers interposed between them
and the frozen soil. Measured water flux at a given
hydraulic gradient allows one to calculate the permeability
using Darcy’'s law. It must be stressed that the permeability
inferred from these tests corresponds to a given temperatUre
and an average pressure in the pore water. Hydraulic
conductivity data (shown in Figure 1.5) from two freezing
sequences and an intervening thawing sequence showed strong
hysteresis effects. The permeability of a 4-8 ym silt
fraction frozen soil is found to vary between 10-% and 10-1°
cm/s at temperatures of 0°C to -0.15°C. It must be stressed
that in the previous testing procedure, equal pressure is
applied to both water and ice phases in the frozen soil.
This may not necessarily be the case in freezing soils under

zero external surcharge.

1.3 SCOPE OF THE THESIS

The development of frost heave during sustained

freezing is one of the major impediments to burying a
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chilled gas pipeline in discontinuous permafrost. A
comprehensive theory of frost heave should predict rates of
heave, cummulative heave, cummulative ice-water contents,
rise of heaving pressure, and maximum heaving pressures from
a set of equations that incorporate the heat and soil water
fluxes induced by prevailing thermal and water content
gradients. In addition, the equations should contain one or
more parameters to characterize both the freezing soil and
the unfrozen soil. Notwithstanding the extensive research
carried out on this problem, such a theory is not yet at
hand.

The research program of this thesis is aimed at the
development of a comprehensive engineering theory of frost
heave that will be of value in artic pipeline design.
Furthermore, the position is adopted that any theory
requiring local measurements of high accuracy such as
temperature, unfrozen water content, and permeability of
frozen soil cannot result in a theory that will yield
practical results. Therefore, this study is directed towards
demonstrating that unique frost heave characteristics for
soils are deducible from controlled laboratory freezing
tests and that these frost heave characteristics constitute
input parameters to a general theoretical formulation of
simultaneous heat and mass transfer.

Due to the inherent complexity of frost heave physics
in freezing soils, distinctions will be made between the

processes at work when a frost front is advancing and when
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it is held stationary by a continuous ice lens respectively
under zero applied load and with different surcharges.

This thesis also extends the results of laboratory
freezing tests to some field problems confronting
geotechnical engineers at the present, and indicates the
manner in which problems involving seasonal freezing might
be solved.

Finally, results obtained in the present investigation
lead to the development of a new classification system for

frost susceptibility of freezing soils.



2. LABORATORY TESTS FOR THE STUDY OF FREEZING SOILS

2.1 DESCRIPTION OF EQUIPMENT

The experimental apparatus utilized in this study is
basically a modified oedometer designed for controlled
‘temperature conditions7 A schematic diagram of the equipment
for a standard freezing test is given in Figure 2.1.

At the beginning of this investigation, one freezing
cell was available at the University of Alberta. Details of
this cell are given by Mageau (1978). This freezing cell was
used to run the first series of tests, i.e. Series S. All
the other series were conducted on modified freezing cells
described here.

The new experimental set-up has been designed for one
dimensional freezing of a soil sample. The freezing cell is
therefore placed in a controf]ed temperature room maintained
at a constant temperature of approximately +1°C. However,
defrosting cycles, which are necessary to prevent ice
build-up on the refrigeration pipes cause slight temperature
fluctuations of £19C. The use of a cold room helps to
minimize radial heat flow into the soil specimen. The
freezing cell is a 10 cm 1.D. teflon lined cylinder. The
outer jacket is machined P.V.C. pipe and provides lateral

restraint during application of load. Insulation with a

24
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styrofoam cylinder around the P.V.C. pipe reduces
significantly radial heat flow. One freezing cell has a 4 cm
thick urethane foam layer around the outer wall of the
P.V.C. pipe. The advantage of this type of insulation is
that almost no preferential heat flow surfaces aré created
since the foam is sprayed onto the P.V.C. wall.

The top piston can be used either as a heat sink
through which anti-freeze from the cold temperature bath is
pumped or as a.heat source maintained at a constant
temperature above 0°C by forced fluid circulation. Moreover,
it can also be used to transmit a pressure to the freezing
soil. The applied pressure is obtained by means of a
hanger-weight assembly. The piston also allows the
measurement of either the amount of heave or the heaving
pressure thaf develops in a constant volume test. It slides
freely in the cell since the 1.D. is 9.8 cm. To measure the
amount of heave, the rod from a displacement transducer
(LVDT) mounted on the piston rests on the top of the P.V.C.
Jjacket, so that any movement of the piston is measured by
the displacement transducer. This device is accurate to
$0.025 cm. The output (in volts) is recorded on a data
acquisition system:

To measure the heaving pressure, a load cell is
installed between a rigid frame and the piston.

The bottom plate can be used either as a heat sink or
as a heat source depending on the use of the top piston.

The temperatures at the top and bottom plate are
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controlled by continuous circulation of an anti-freeze/water
mixture. The fluid temperature is maintained by separate
Hotpack constant temperature baths. A high rate of pumping,
80 ml/s, minimizes temperature fluctuations at each plate.

During open system freezing tests, i.e. free access of
water, the amount of water that goes into or out of the
specimen is measured either by a sensitive differential
pressure transducer or a volume change device when a back
pressure is applied during freezing. In this latter case,
the volume change is the only datum that caqnot be monitored
as an electric signal.

In an open system freezing test with no applied back
pressure, the volume change in the burette is calculated
from the change in water height monitored continuously by a
very sensitive pore preséure transducer. This device was
introduced by Mageau (1978) and proved to be reliable.
ChecKks can be made periodically which improves significantly
its reliability. The volume change in the burette can be
obtained within 0.1 ml.

A freezing cell was designed to permit the application
of a back pressure to the soil sample. Freezing with an
applied back pressure to the pore fluid was conducted from
the top downwards because the base plate provided good
support for the pore pressure transducer as illustrated in
Figure 2.2. The bottom seal was an o-ring and groove'
construction, effective to pressures above 400 KPa.

Thermistors are used for monitoring soil, top and
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bottom plate temperatures in the four freezing cells. The
thermistors were calibrated with a Hewlett-Packard quartz
thermometer accurate to 0.001°C. However, due to the
inherent difficulties in calibration, it is expected that
the temperature measuring system is accurate to only
$0.05°C. In general, four to six thermistors were sealed in
the side wall of the cylinders to measure the temperature
distribution in the soil specimen.

During the present research a fourth cell with sprayed
urethane foam insulation, was equipped with a different type
of temperature sensor. Five flat shaped platinium resistance
detectors were installed in the side of the freezing cell
and one at each heat exchanger plate. The advantages of the
platinium resistance temperature detectors (R.T.D.) are a
small sensing tip, rapid response time of the thermocoupfe,
and fair precision. The dimensions of the R.T7.D’s used in
this cell are 2.3 x‘2.0 X 1.0 mm. The same calibration
procedure as for thermistors has been adopted.

Experimental data are collected by means of a Fluke
data acquisition system employing a digital voltmeter. The
variables (temperature, heave, pore water pressure, heaving
pressure, volume change) can be monitored at any selected
time interval. The ihformation, in volts, is stored on a

cassette tape and is easily processed by computer.
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2.2 SAMPLE PREPARATION

Tests were carried out on Devon silt. This material was
obtained from two different borrow pits. Series S was
conducted using Devon silt from the first location (1978)
and all the other tests were performed using the silt from
the second borrow pit (1977).

The properties were slightly different and are
summarized in Appendix A. This material was chosen for its
high frost suscéptibi]ity, availability and its similarity
to silty materials found in northern regions.

The samples were prepared as a slurry at a moisture
content of about 50% to 60% (1.5 times its liquid limit).
The slurry, which is a mixture of air-dried silt and
deaired-distilled water, is allowed to stand overnight to
permit saturation. The mixture is then poured into a vacuum
dessicator. A vacuum of approximately 68 cm Hg is applied
while vigorously vibrating on a shaking table for about one
hour. This procedure removes nearly all entrapped air (Hiltd,
1977).

Consolidation of the slurry to 210 kPa is performed in
three stages in a slightly undersized (9.7 cm I1.D)
consolidometer. The water content after consolidation
averaged between 27 and 30% and was relatively uniform
throughout the specimen. Different heights of samples can be
obtained depending on the amount of slurry poured in the

consolidometer.
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After primary consolidation is complete, the height and
weight of the sample is determined. The specimen is then
placed on the bottom plate of the freezing cell and a
cylindrical rubber membrane is put over it. Both, the teflon
liner of the two hemispherical parté of the cell and the
rubber membraﬁe, are coated with molybdenum powder, a
lubricant, in order to reduce skin friction.

The.permeability of some unfrozen samples, prior to
freezing, was determined with a constant head permeameter at
a temperature of about +0.5°C. This temperature corresponds
to the average temperature in thg unfrozen soil in freezing

tests where one end is kept at about +1°C.

2.3 FREEZING TESTS USED IN THE PRESENT STUDY

In general, three types of freezing tests were
conducted:

1. Open system freezing tests with constant temperature
boundary conditions.

2. Closed system freezing tests with applied back
pressure, constant temperature boundary conditions
and measurement of the pore pressure change.

3. Open system freezing tests followed by a closed
system both with applied back pressure and under
fixed temperature boundary conditions and
measurement of the pore pressure change in the

second phase.
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Only one freezing test at constant soil volume during which
the heaving pressure was monitored was performed.

Prior to freezing, the temperature in the sample is
allowed to equilibrate at a uniform temperature above 0°C.
Usually this temperature was approximately +1°C and a
uniform distribution was achieved by Keeping both bouhdary
plates at +1°C,

Nucleation of ice crystals at one end of the sample is
accomplished by imposing a negative step temperature on the
soil surface. This is achieved by the circuiation of a
precoofed liquid through the heat exchange maze. While the
step temperature is maintained constant during freezing, the
other extremity of the specimen is also maintained at a
constant temperature above 0°C. These thermal conditions
result in a penetrating frost front phase followed by the‘
formation of a final ice lens with a quasi stationary frost
front. Thus, these freezing tests create a périod of
decelerating frost penetration followed by a period of
stationary frost front during which a major ice lens can
grow somewhere within the sample.

Some specimens were frozen in several stages by varying
the temperatures at both plates at the end of each phase.
This procedure results then in the formation of several
major ice lenses, separated by an appreciable thickness of
frozen soil.

de closed system freezing tests with applied back

pressure under different vertical loadings were conducted in
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a modified triaxial cell (Appendix A).

2.4 COLLECTION OF DATA AT THE END OF A FREEZING TEST

Upon éompletion of a freezing test, the sample is again
weighed and its final height is measured. This allows a
check on the amount of water drawn into the sample measured
from the burette and of the amount of total heave obtained
from the LVDT readings.

The thickness of the different zones in the specimen
are also measured on the periphery. In the frozen part, it
was decided to.distinguish between a frozen zone with no
visiblerice, a zone of active lensing,.and the final ice
lens. The remainder of the sample is essentially unfrozen
soil. Photographs were taken to record the structure of the
frozen sample.

The specimen was then cut in two parts along a
longitudinal axis. The position of the final ice lens is
carefully determined from one part. Another important
measurement. is the accurate determination of the thickness
of the final ice lens. This allows one to back calculate
exactly the time of it’'s formation using the measured total
heave - time relationship. One can also verify if all the
- water entering into the soil flows to the base of the ice
lens.

The longitudinal section of the sample also provides

useful information on the amount of radial heat flow that
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occurred during the freezing test. If radial heat flow is
negligible, the ice structure should be parallel to
hofizontal planes since the 0°C isotherm penetrates
horizontally downwards in one dimensional freezing. Radial
heat flow, on the other hand, will produce slightly curved
ice lenses, since the temperature along the sides of the
sample will be warmer than that within the specimen in a
given horizontal plane. Photographs were also taken of this
longitudinal section.

The second half of the sample is cut into slices with a
band saw Kept in a cold room at -5°C. The thickness of the
slices varied dependent on the ice structure. In the zone of
active lensing, slices of about 4 mm thick could be cut. The
position of each slice is determined and then the small soil
portion is weighed and ovendried (105°C) to determine its

water content.

2.5 SPECIAL FREEZING TEST TO EVALUATE THE SEGREGATION
FREEZING TEMPERATURE

2.5.1 Theoretical Analysis |

The aim of the third category of freezing tests is to
assess as close as possible the value of the segregation
freezing temperature at the formation of the final ice lens
in a freezing soil with zero overburden. This can be done by
measuring the drop of the pore water pressure aﬁd_by

relating the magnitude of the water pressure change to
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temperature through the Clausius-Clapeyron equation. The
next paragraph establishes, firstly, that a conventional
freezing tést can be simulated by a freezing test with an-
applied back pressure provided that the temperature boundary
conditions are identical. Then the analysis of such tests in
order to ascertain the value of Ts at the formation of the
final ice lens is given.

As demonstrated by the Clausius-Clapeyron eqﬁation,
high suctions are generated at the base of an ice lens. For
example, if the temperature at the base of an ice lens is
-0.10°C, a suction of -125 KPa is.created. Unfortunately
such high suctions cannot, at present, be measured directly.
However, Equation 1.2 reveals that an equal change in the
free energy in both ice and water will not alter
thermodynamic equilibrium at the ice lens. Therefore, the-
conditions at an ice lens obtained during an open-system
test with zero overburden will be similar to those obtained
in a freezing test with an applied back pressure, provided
that the applied vertical pressure on the sample produces an
equal change in the free energy in the ice phase. For
isothermal conditions, i.e. dT = 0, the change in free
energy of the water is D(Pw.Vw) whereas the change in free
energy in the bulk ice is D(Pe.Vi). The equality in the free
energy changes requires then a change in external pressure
of (Vw/Vi)DPw, which is approximately 92% of the applied
back pressure. Equation 1.6 can be rewritten as

Pbo + Pw = (L/Vw) In Ts*/To* + (Vi/Vw)(Pi + Vw.Pb/Vi).2.1
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where Pb is the applied back pressure
For the case of zero applied surcharge, Pi = 0 Equation 2.1
reduces to: .

Pb + Pw = (L/Vw) In Ts*/To* + Pb............. 2.2

where Pb+Pw is the measured drop in pore pressure

2.5.2 Experimental Evidence

In order to verify the previous statement, two
identical samples were frozen under the same thermal
boundary conditions respectively with zero surcharge and
free access of water and with an applied back pressure and
vertical load. The samples were preconsolidated to 210 kPa
and were 7 cm high. The cold plate and therwarm plate in
each freezing cell were connected to the same temperature
bath. This procedure ensured identical temperatﬁre
conditions during freezing of both samples. Specimen G1 was
frozen from the boftom upwards with free water supply at its
top. No external pressure was applied. Sample G2 was
stressed to 110 kPa by means of a dead load and a back
pressure of 120 kPa was applied to the water reservoir.

Unfortunately, the cold temperature bath warmed up and
had to be replaced after 500 minutes of testing. This
influenced significantly the temperature gradient in the
frozen zone as well as the rate of frost penetration.
However, -the temperature change was identical in both
samples and their response to these most unusual freezing

conditions was very similar as shown in Figure 2.3. Because
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freezing was initiated in sample G2 15 minutes after it
began in specimen G1, the total heave curves are different
by a constant amount equal to the total heave that occurred
in sample G1 during the first 15 minutes. Both curves show
clearly that the total heave rate is fairly identical for
the same period of freezing.

After 700 minutes, the water intake line of test G2
froze due to its proximity to the refrigeration system in
the cold room.

Despite those unfortunate events, the tests demonstrate
clearly that a conventional freezing tesf with zero
overburden can be simulated by a freezing test with an
applied back pressure provided that an external pressure

equal to 92% of the back pressure, is applied to the sample.

2.5.3 Determination of the Segregation Freezing Temperature
When a back pressure is applied, the waterline is
closed as the final ice lens is initiated. The change in
pore water pressure is then monitored. The pore pressure
transducef is situated at the base of the unfrozen soil and
measures therefore the change in the pore water pressure of
the unfrozen soil. Initially the pore pressure is equal to
the existing back pressure. However, since a suction
potential exists at the ice lens, and because the system is
closed, equalization of pore pressures will occur with time.
This phenomenon can be visualized by the steady drop in the

pore pressure recorded by the transducer with time. This
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change in pore pressure is accompanied by a consolidation
process in the unfrozen soil. The excess water migrates to
the ice lens where it freezesf Equilibrium is reached when
the pore pressure in the unfrozen soil is equal to that
existing beneath the ice lens. This is illustrated in Figure
2.4,

The maximum drop in pore pressure is then equal to the
suction that is generated beneath an ice lens in
conventional fest with the same thermal conditions. As seen
previously, one can relate the maximum drop in pore pressure
to the temperature at the ice lens by virtue of the
Clausius-Clapeyron equation. However, it is élear that the
temperature deduced by this procedure corresponds solely to
the final state of the closed system phase of the freezing
test with applied back pressure. In order to evaluate the
temperature existing at the onset of the formation of the
.final ice lens, the following approach can be considered.,

Figure 2.5 illustrates the conditions prevailing in the
specimen at the beginning and the end of the closed system
freezing phase. When the water line is closed, penetration
of "the frost front results due to the loss of heat
generation at the ice lens, e.g. (Vo.L). This further
advance of the 0°C isotherm chills the icé lens as shown in
Figure 2.5, When the system reaches equilibrium the
temperature conditions in the sample can be approximated by
two straight lines whose slopes are a function of

temperature and geometrical boundary conditions as well as
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of the thermal properties of the frozen and unfrozen soil.
At the end of a freezing test, lo and Xo may be
measured dibect]y. Thermistor readings provide the
temperatures at both ends, i.e. Tw and Tc. Finally, Tm is
inferred from the measured drop in pore water pressure. The
water intake flux, before the waterline is closed, is also
easily obtained during testing.
Thermal balance before the system is closed is given
by:
kf.grad Tf = ku.grad Tu + Vo.L............... 2.3
Equation 2.3 can be recast as:
kf.grad Tf = (ku + A) grad Tu................ 2.4
where " A = Vo.L/grad Tu
The ratio of the temperature gradients is then easily
obtained as:
grad Tf/grad Tu = Ku/kf + A/Kf = B........... 2.5
Thermal balance at the end of the closed system phase
is expressed by: |
kKu/Kf = (Tw/|Tc])(Xo*+d)/(lo-d)...covvv.. ... 2.6
where d = Xo.Tm/|Tc-Tm|
Substitution of the value of ku/kf and of Kkf,
‘calculated from equation 2.6 assuming a Known value of Ku,
in Equation 2.5 results in the value of B, which is the
ratio of the temperature gradients. This latter can also be
obtained from the fo]lowing.equation, deducible from the
temperature profile in the sample before closed system

freezing:
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grad Tf/grad Tu = (|Tc-Ts|/Xo)/((|Ts|+Tw)/10)....2.7
Substitution of the first term of Equation 2.7 by B results
in

Ts = (lo.|Tc| - B.Xo.Tw)/(1o+B.X0) . ... vvvvvnnn ... 2.8

It should be emphasized that, due to the inherent high

sensitivity of suction to small temperature change at the
ice lens, these tests provide a range of possible
temperatures at the ice lens. Nevertheless, it is thought to
be a valuable method of indirect measurement of the
segregation freezing temperature for quasi-steady state
conditions. This temperature is warmer than the temperature
inferred from the maximum drop in pore pressure at the end

of the previous type of freezing test.

2.6 QUALITATIVE INVESTIGATION OF A FREEZING SOIL

The general aim of the first test series was to assess,
from a qualitative point of view, the behavior of a freezing
soil, in order to determine the parameters that affect
significantly frost heave, to verify some fundamental
assumptions found in the literature, and to test if the
freezing procedures used yield adequate information.

As discussed in Chapter 1, one of the most important
contibutions to a comprehensive understanding of frost heave
in soils has been made by Miller (1972) who suggested Ehat
-water is able to accumulate and freeze somewhere within the

frozen soil, behind the 0°C isotherm. The frozen zone
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between that accumulation zone and the unfrozen soil has
been referred to as the frozen fringe.

Another very important contribution was made by Vignes
and Dijkema (1974). They established that the temperature at
the base of the ice lens is a fundamental parameter in a
freezing system. in their experiments, the rate of heaving

is directly proportional to this temperature.

2.6.1 Effect of Ice Lens Temperature

These new developments in ffost heave research suggest
| that the temperature at the base of the warmest ice lens in
a freezing soil should also be a basic parameter in frost
heave. In order to verify this statement the following test
was conducted. A 5.6 cm high Devon silt sample was frozen
with a back pressure of 200 kPa. The temperature conditions
were such that the final ice lens grew somewhere in the
middle of_thé specimen. When the final ice lens was
initiated after approximately 5 hours, the water line was
closed for about 8 minutes. It was closed two more times
during the growth of the final ice lens for about 20 minutes
affer 18 hours and 65 hours. As illustrated on Figure 2.6,
the temperatures at both ends were fairly constant during
that freezing phase. However, it was noticed that the
heaving rate decreased steadily with. time during the growth
of the final ice lens. After 65 hours of freezing, the
heaving rate was very small.

Since the heave rate is thought to be related to the
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suction at the ice lens, the author took the view that the
suction at the ice lens also decreased with time. This is
realistic since the temperature boundary conditions are
constant while the sample continues to heave due to the
thickening of the final ice lens. This, in turn, produces a
change in the temperature profile across the specimen and it
can readily be shown that an open system freezing test in
which fhe length of the sample increases continually with
time is associated with a warming of the base of the final
ice lens, which position remains constant. According to the
Clausius-Clapeyron equation a concomittant decrease in
suction then results.

The same line of thought will predict dramatic
increases in heave rate if the temperature at the base of
the ice lens becomes colder. This cén be achieved by
slightly lowering the warm plate temperature. The
-temperature profile changes and the temperature of thé
existing ice lens cools as illustrated in Figure 2.7. As
expected, the heave rate changes substantially as shown in
Figure 2.6. Moreover, since the temperature at the ice lens
decreased, a higher suction induces a much higher heave
rate. |

This operation was repeated after 96 hours and the same

phenomenon was observed.

2.6.2 Existence of a Frozen Fringe

The drop in pore pressure recorded during the previous



University of Alberta

46

| 15.0

10.0

TOTAL HERVE (MM)

5.0
1

20 40 60 80 100

——
-+

0 2
] i ]

-4

1

TEMPERATURE (C)
-2

-

Te

o

Figure 2.6

20 40 80 80 100
‘ TIME (HRS)

TEST S-1 (P=0.0:; BACK PRESSURE)

Influence of Ice Lens Temperature



47

Te

Base of

ll e = 6.5 mm

1 st Ilce Lens

Twi Tw1

Base of
2 nd Ice Lens

Figure 2.7 Temperature Conditions Existing in Sample S1 at
Different Stades



48

test as the water line was closed suggests that the suction
at the ice lens is relatively high, approximately -50 to
4100 KPa. These results were extrapolated since the system
did not reach equilibrium during the short closed system
freezing period. The results are given in detail in Chapter
5. Nevertheless, the magnitude of these suctions establish
that the temperature at which the ice lens is created is
lower than that at which the ice penetrates into a pore,
i.e. Ti. For a temperature equal to Ti, one should expect
suctions of the orderlof -10 KPa for Devon silt, which is
approximately one order of magnitude smaller than the
measured suctions. The previous results, therefore, confirm
the plausibility of the existence of a frozen fringe beneath

the final ice lens.

2.6.3 Rate of Heaving During the Growth of the Final Ice
Lens

, Test‘S1 revealed that the rate of heaving decreases
continually with time during the growth of the final ice
lens. In order to gain more insight, test S4 was run for a
long period, of about 200 hours. Sample S4 was frozen with
free access of water and fixed'temperature boundary
conditions. The results are presented in Figure 2.8 and
confirm that the heave rate decreases with time and that the
~total heave reaches an ultimate value in these type of

freezing tests.
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2.6.4 Influence of Temperature Gradient

Test S5 indicates that there is no simple relation
between the heave rate and the temperature gradient. This
can be inferred from the results of a multistage freezing
test. As illustrated in Figure 2.9, when the temperature
gradient is changed from 1.4°C/cm to 0.5°C/cm, after 48
hours of freezing, no significant change in the heaving rate
is noticed. However, a second change in the temperature
gradient to 1.35°C/cm after 896 hours of freezing produces a

dramatic change in the heaving rate.

2.6.5 Ice Structure in Freezing Soils

Test S7 was conducted on a 7 cm high sample with a
relatively high cold plate temperature of about -2.8°C. The
~warm plate temperature was around +0.4°C. This resulted in a
small heat extraction rate and the characteristic ice
structure of freezing soils could develop fully as
illustrated in Figure 2.10. This enables one to identify
clearly the different zones in the frozen sample as

described earlier, in section 2.5.

2.7 CONCLUSIONS FROM THE PRELIMINARY TESTING PROGRAM

From the previous data it appears realistic to assume
ﬁhe existence of a frozen fringe through which water is able
to flow. Also, the results established by Vignes and Dijkema
(1974) and Biermans et al (1978) for an ice lens created

either on a quartz substrate or a glass substrate can be
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extended to an ice lens that forms in freezing soils. As a
consequence, the author decided that these two basic
prépositions, i.e. the existence of a frozen fringe in any
freezing soil and the validity of the Clausius-Clapeyron
equation at the base of any discrete ice lens, should be the
two special considerations in a comprehensive frost heave
theory.

Recalling the results establishéd in Chapter 1, the
whole system can be separated into a passive one defined as
the frozen soil between the temperatures Tc and Ts and an
~active system composed of the frozen fringe and thé unfrozen
soil. In the passive system moisture transfer is strongly
reduced due to very low frozen soil permeabilities and the
contribution to the final heave has been found to be
- negligible under both laboratory conditions and under field
conditions, at least over a period of several years. This
representation of_the freezing soil will be used throughout
this thesis and is illustrated in Figure 2.11.

From the previous tests, it appears to be of value to
separate a freezing situation into two distinct phases.

The initial phase during a freezing test is
chéracterized by an advancing frost front during the whole
transient heat flow period. The second phase coincides with
the growth of the final ice lens under fixed temperature
boundary conditioné. Because the temperature at the base of
the ice lens is thought to warm up with time during.this

latter phase, it is referred to here as a retreating frost
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front.

Undér certain conditions, for example variable
temperatures at the boundaries, a stationary frost front can
be obtained when the net heat extraction rate is zero.

The experimental results obtained in the present study
will be presented and discussed in the following manner:

Chapter 3 establishes the governing equations of an
engineering ffost heave theory. This theory is then applied
to a freezing soil at the onset of the formation of the
final ice lens. Special consideration is given to the
physical overall properties of the frozen fringe developed
under zero externally app]ied load. Experimental results are
presented that support theoretical propositions and
demonstrate that unique frost heave parameters for a given
soil exist for these freezing conditions.

In the light of the results reported in Chapter 3,
Chapter 4 presents a critical review of existing frost heave
models. The freezing parameters, defined at the formation of
the final ice lens, are extended to the transient freezing
period. These parameters are then used as input to the
general frost heave model and the predictions are compared
.with actual laboratory data.

_ Chapter 5 establishes the governing equation holding in
the retreating frost front phase. A model for this situation
is also presented and predictions are compared with actual
laboratory data. A summary of the results of Chapter 3, 4

and 5 are presented as a mechanistic theory of rhythmic ice
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lens formation in fine grained soils.

Chapter 6 extends the previous results, obtained for
zero applied load, to the more general situation where
external surcharges are applied in freezing soils.

Chapter 7 analyses in the light of the results
presented in this thesis the interpretation of laboratory
freezing tests found in the literature. A standard freezing
tests which assesses easily the basic freezing parameters is
also presented.

Chapter 8 summarizes schematically the freezing
behavior of different soils and presents two new frost
susceptibility criteria.

Finally, Chapter 9 extends the results established
under laboratory freezing conditions to field problems. A
model to calculate the amount of heave under a chilled
pipeline is given. The essential conclusions of this study
are summafized in a simple method for predicting frost heave

in any situation.



3. THE CHARACTERISTICS OF A FREEZING SOIL AT THE ONSET OF
THE FORMATION OF THE FINAL ICE LENS

3.1 INTRODUCTION

In the previous chapter three distinct phases of frost
heave have been recognized; an advancing frost front created
by a positive net heat extraction rate, a stationary frost
front corresponding to a zero net heat extraction rate and a
retreating frost front state in which the frozen fringe
below the final ice lens thaws. This latter condition always
arises when temperature boundary conditions are constant
with time.

Freezing tests where temperature boundary conditions
are constant with time lead invariably to the formation of a
final ice lens in a position which is a function of the
temperature profile across the sample. This final ice lens
is initiated as the temperatures reach a distribution close
to steady state conditions.

It is proposed to analyse a freezing soil at the onset
of the formation of the final ice lens, which is a |
simplified case of frost heéve with the effect of frost
penetration almost eliminated. A simple model is presented
for water transport to an ice lens through a porous medium

composed of a layer of unfrozen soil overlain by a thin zone

57
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of frozen soil, referred to herein as the frozen fringe.

In addition, the position is adopted that any theory
requiring local highly accurate measurements of temperature,
unfrozen water content or permeability of frozen soil cannot
result in a theory that will yield practical solutions.

' Therefore this study is directed towards demonstrating
that unique frost heave characteristics in soils are
deducible from controlled laboratory freezing tests.
Furthermore, these laboratory frost heave characteristfcs
constitute input parameters to a more genéral theoretical

formulation involving coupled heat and mass transfer.

3.2 MASS AND HEAT TRANSFER IN FREEZING SOIL

3.2.1 Mass Transfer

As demonstrated in Chapters 1 and 2, frost heave can be
treated as a problem of impeded drainage to an ice lens.
Suction is generated at the ice-water interface and causes
water to flow to the base of the ice lens. However, the
amount of water that can flow to this interface is moderated
by a thin zone of low permeability frozen soil that lies
between the ice lens and the unfrozen soil. Adopting the
- view that the water transport is occurring in the films of
unfrozen water in the frozen fringe, Darcy’s law may then be
used to represent the relationship between the flow rate of
water and the appropriate driving potential. The general

formation for the case of one dimensional flow can be
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expressed as:

dlK(z) dH/dzl/dz = dW/dt..................... 3.1
where H is the potential

K is the permeability

dW/dt represents water accumulation (positive or

négative)
Equation 3.1 can be reduced to a form involving the velocity -
of water flow to the ice lens by assuming that the unfrozen
soil is saturated and incompressible and that watér flows
through the frozen fringe to the base of the ice lens where
it then freezes. The reduced version of Equation 3.1 is
given as Equation 3.2 which demonstrates that the average
flow rate through the active system is proportional to the
pbtentia] gradient:
| vz oK(z) dH/dZ. .o T 3.2

Within the frozen fringe, the driving potential is

related to pressure in the ice (atmospheric for the case of
zero surcharge), the temperature and the permeability of the
frozen soil. This rather compliex interaction will be
investigated fully in Section 3.5. Recent studies by Vignes
and Dijkema (1974) and Biermans et al (1978) establish that
below a discrete ice lens under zero external load the
suction potential is related solely to the temperature by
virtue of the Clausius-Clapeyron equation. In soils, the
segregation - freezing temperature Ts* is generally very
close to-To* and In(Ts*/To*) = (Ts*-To*x)/To*x. If no external

pressure is applied and if the self weight of the soil can
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be neglected, Equation 1.6 reduces to
Pw = L(Ts*-To*)/(Vw.To*) = M.Ts.............. 3.3
where Ts*-To* represents the negative temperature at

the base of the ice lens in degrees Celsius.

M is a constant equal to L/Vw.To*

Dissolved salts are not considered in this Equation.
Equation 3.3 establishes that for temperature close to 0ocC,
there is a linear relationship between suction and negative
temperature of the water film beneath the ice lens.

In terms of total potential, Equation 3.3 becomes:
Hw = Pw/yw + Z.. ... oo 3.4
where yw is the unit weight of water

Z is the elevation head.

In most laboratory situations the gravity head part of the
potential can be neglected:

Hw = Pw/Kw = M.Tshw =M .Ts...........oo.eL. 3.5
The total potential, Hw, is negative due to values of Ts
below 0°C and it is therefore convenient to refer to Hw as a
suction potential. Filow of water towards the ice lens is
caused by the difference in total potential between the base
~of the sample, where it is usually zero or positive, and the
base of the ice lens. Considering a two layered system
consisting of the unfrozen soil and the frozen fringe, the
mean flow Eate of water towards the base of the ice lens
assﬁming zero pressure at theubase of the sample is given
by:

Vo= [Hw|/(Tu/Ku + d/KF). oo, 3.6
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where lu is the unfrozen soil thickness
Ku is the unfrozen soil permeability
d is the frozen fringe thickness
Kf is the overall permeability of the frozen fringe
given by: d
Kf = d/&/;z/Kf(z)) ........................... 3.7
Finally, taking intoa;ccount the volume increase as water
changes to ice, the segregational heave rate is related to
the water intake velocity by following equation:
| dhs/dt = 1.09 V(t)........ ..., 3.8
Integration of the segregational heave rate over the

freezing time then provides the segregational heave:

t ¢
hs(t} = “/r(dhs/dt) dt = 1.09 | v(t)dt........... 3.9
o \ (R
The total heave of a freezing soil is given by Equation 3.10
hit) = hs(t) + hi(t)........... ... .. ..., «..3.10
where hi is the heave corresponding to the volume change

upon freezing of in-situ water of the soil.

3.2.2 Heat Transfer
Fourier’s general equation expresses the conditions
which govern tHe flow of heat in the unsteady state.
Convective transport is neglected here. For one dimensional
heat flow, Fourier’'s equation reduces to:
dik dT/dz)/dz + Q = CAT/dt.................. 3.11

where C is the volumetric heat capacity
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K is the thermal conductivity
Q is an internal heat generation term per unit area
and per unit time. |
In this analysis, the internal heat is liberated at the base
of the ice lens where the segregation-freezing temperature
is Ts and at the base of the frozen fringe where the in-situ
freezing temperature is Ti.
At Ts Q= VI(t). Lo, 3.12
At Ti Q

"
m
3

—
Q.
><
~
Q
~
w
w

where € is a dimensionless factor taking into account the
proportion of water remaining unfrozen in the frozen
part of the sample and "lumped" at Ti
n is the porosity of the unfrozen soil
L is the latent heat of freezing of water

dX/dt is the rate of frost front penetration

3.2.3 Equations for the One Dimensional Frost Heave Mode1

In order to proceed with the analysis of a freezing
soil, one has to specify both initial and boundary
conditions. Figure 3.1 summarizes all the conditions
governing a particular case of one-dimensional frost heave
with no externally applied overburden. A step temperature,
Tc, is applied at the top of the soil while the base is Kept
constant at Tw. Separate heat conduction equations hold
independently for the frozen soil, the frozen fringe, and
the unfrozen soil. Both continuity of temperature and heat

flux are satisfied at each boundary. No mass transfer exists
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within the frozen soil. Water flow within both the frozen
fringe and the unfrozen soil are governed independently by
the Laplace equation; though the theory could be extended to
embrace soil compressibility. Water pressure and discharge
are continuous across the frost front but at the interface
between the ice lens and the frozen fringe the
Clausius-Clapeyron relation holds (Equation 3.5).

The system of equations presented in Figure 3.1 may be
solved with finite difference methods provided the soil
parameters can be specified. In addition to the cbnventional
geoteqhnical and therma] parameters, it is also necessary to
characterize the frozen fringe. This is done in terms of two
basic parameters: |

1. the overall permeability of the frozen fringe Kf
2. the segregation-freezing temperature Ts.
Both barameters are sensitive to overburden load since
unfrozen water content is affected by changes in ice

pressure. This will be explored in more detail in Chapter 6.

3.3 THEORETICAL ANALYSIS OF THE ACTIVE SYSTEM

Under fixed thermal boundary conditions, i.e., Tw .and
Tc constant with time, the temperature profile across the
sample at the onset of the formation of the final ice lens
is shown in Figure 3.2.a. In the active system, the
temperature gradients follow a simple relation:

grad Tu/grad Tf = Ku/Kf...............0..... 3.14



65

where the subscripts u and f refer respectively to
unfrozen soil and frozen fringe.
As Ts is veiy close to 0°C, it is justifiable to assume that
the frozen fringe thermal conductivity is very close to that
of the unfrozen soil. Under these conditions, the
temperature gradient in the frozen fringe is eddal to that
in the unfrozen soil. In reality, however, it is clear that
the thermal conductivity of the fringe is different of that
of the unfrozen soil and therefore the temperature gradient
in the fringe is slightly different of that in the unfrozen
soil. A linear model is used herein to describe in a simple
manner the conditions exisfing close to steady state.

The temperature distribution in the frozen soil above
the ice lens is strongly dependent upon the type of soil for
two major reasons:

1. the amount of water drawn to the base of the ice
lens and fhe resulting latent heat release on
freeiing are dependent on the soil type;

2. the variation of the thermal conductivity of frozen
soil with temperature also depends on soil type.

However, the results to be presented here are not sensitive
| to the conditions existing in the passive system since water
migration is restricted to the active system alone. |

The theoretical development presented in the previous
sections postulates that_Ts and Kf afe determinable physical
parameters that characterize a freezing soil. For this to

lead to a useful theory, these parameters must be unique for
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a given soil under given conditions and further they must be
measurable or inferred from experimental tests. This section
is devoted to demonstrating that Ts and Kf are intrinsic
parameters of a freezing soil at the onset of the formation
of the final ice lens. The next section is dedicated to
proving that Ts and Kf can be studied in the laboratory
without detailed measurements at the scale of the frozen
fringe.

The permeability of a frozen soil is related to the
unfrozen water content which is a functioﬁ of temperature
and suction (Harlan, 1973). Further, assUming that the water
is flowing to the base of the ice lens through the
continuous films of unfrozen water of the frozen fringe,
this study takes the view that the location of that ice lens
is controlled by the local permeability of the frozen soil.
In other words, it is assumed that there is a critical
permeability which renders further water migration into the
frozen soil materially impossible. Since the permeability of
the frozen soil is influenced by temperature, it is expected
therefore that for a given soil, the final ice lens is
initiated around the same segregation-freezing temperature
Tso, independent of the temperature gradient across the
frozen zone, i.e., independently of the cold-side step
temperature Tc.

Freeiing two identical soil samples with different
heights under different cold-side temperafure and thebsame

warm-side temperature, Tw, leads to temperature profiles at
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the onset of the formation of the final ice lens as shown in
Figure 3.2.b.

If the segregation-freezing temperatures of final ice'
lens formation, Tso, are identical, several consequences
follow. From Equation 3.5, the suction potential deve loped
at the base of each ice lens is the same in both cases.

Hwl = HW2. ... e e e 3.15

Geometrical considerations provide the following

relations:
di d2 |Ts|

1
w2 Tw o p
Finally, applying Equation 3.6 to the active system,
the water intake velocities for the two samples can be
expressed as:

Vi

[Hwi|/(Tul/Ku + d1/Kf1) ..., 3.17
and

V2 |HW2 [/ (1u2/Ku + d2/Kf2).........ouu. .. 3.18

From Equations 3.15 to 3.18, it can be shown that the

ratio of both velocities is given by:

Vi Tu2.Kf2 + d2.Ku d2(p Kf2 + Ku)

Since the average temperature, (Tso + Ti)/2, is the same in
both fringes and if one assumes also that the average
suction in each frozen fringe is the same, then the overall
unfrozen wéter content of each fringe is the same. This, in
turn, means that the overall permeability of the frozen

fringe is identical in both cases. Rewritfng Equation 3.19
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with this additional assumption leads to:
Vi d2
V2 di
This Equation indicates that if the
segregation-freezing temperature, Tso, and if the overall
permeability of the frozen fringe Kf is the same in both
samples, the product of the water intake velocity at the
formation of the final ice lens and the fringe thickness is
a constant for a given soil, freezing under the above
mentioned conditions, i.e.:
Vi.dt = V2.d2 = Constant.................... 3.21
By combining Darcy’s law for the unfrozen soil with
Equations 3.19 and 3.21, it can be shown that if Tso is the
same in both specimens the suction at the frost front will
also be the same:
lhut] = V1.Tut/Ku = V2.1u2/Ku = |hu2| = |hu]....3.22
Relating the thickness of the frozen fringe to the
femperature gradient by
d = |Ts|/grad Tf...ooiiiiiin i, 3.23
where  gradTf = gradT(active) = (Tw + |[Tso|)/lo = Tw/1lu
and combining Equations 3.18, 3.22 and 3.23 results in:
Vo = SPo.grad Tf...........ciiiiiinnnnnnnn. 3.24
Where SPo is a constant equal to Kfo.|Hw-hu|/Ts
The subscript o refers to the onset of the formation
of the final ice lens.
Hence, if the segregation-freezing temperature, Ts,

under the conditions described herein, is unique at the
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formation of the final ice lens, the water intake velocity
will be proportional to the temperature gradient across the
frozen fringe which is equal, in our case, to that in the
active system.

The constant SPo reflects the segregation potential of
the soil and is a function of both intrinsic parameters Tso
and Kfo. Its experimental determination is relatively simple
in a freezing test since SPo is the ratio of two measurable
quantities, the water intake rate and the temperature
gradient across the active system, both determined at the

formation of the final ice lens.

.3.4 EXPERIMENTAL RESULTS - INTRINSIC PARAMETERS

In order to investigate the previous statements a
series of seven tests were conducted at a constant
warm-plate temperature, Tw of about 1.1°C under different
cold-side temperatures. All the samples were
overconsolidated to 210 kPa and were not subjected to any
surcharge during fheezing. Thefr heights varied between 6
and 12 cm. Later tests in a different series permitted the
addition of more data.

After freezing, the samples were carefully inspected,
cut into two parts“and water contents were taken from one.
The other half was used to determine the precise location of
the base of the final ice lens and to measure its thickness.

This permitted a check on the validity of the assumption
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that water flow to the ice lens is continuous with no
accumulation within the frozen fringe. Further, those
measurements allow one to backcalculate very accurately the
time at which the final ice lens was initiated. Finally, the
position of the frost front obtained from thermistor
readings could be compared with the measured height of
unfrozen soil. In order to evaluate the influence of the
side friction developed during tests when frozen from top

downwards, test NS-7 was frozen from the bottom. upwards.

3.4.1 Results

The experimental results are shown in graphic form in
Figures C.1 to C.9 in Appendix C. Inspection of these
figures illustrates that for almost all the tests radial
heat flow did not occur. Some samples, however, experienced
heat gain from their sjdes in the frozen part where the
temperature gradient across the insulation and cell wall is
very steep. As a consequence, the temperature distribution
is no longer linear in the passive system as seen in Figure
4.23. In the vicinity of the active system, where the
temperatures lie between +1°C and 0°C, very little radial
heat flow can occur since the room temperature was kept
constant at around +0.5°C. The temperature distribution is,
therefore, essentially linear in the active system.

At the end of any freezing test, the location of the
base of the final ice lens is measured and the height of the

sample at the initiation of this ice lens is backcalculated.
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Superposition of the measured temperature distribution
provides the value of the segregation-freezing temperafure
Ts, which was found for Devon silt to be approximately
-0.10°C. Special freezing tests conducted with a
back-pressure device, described in Chapter 2, confirmed this
average value as shéwn in Figure 3.9. These tests provide
further experimental evidence that ice lens formation occurs
some distance behind the freezing front.

Furthermore, the thickness of the warmest ice lens
compared well with the amount of water drawn into the sampie
during the fréezing time associated with it’'s formation. It
is, therefore, concluded that accumulation of water does not
occur within the frozen fringe and that the water flow is
continuous to the base of the final ice lens justifying the
premise stated in Section 3.3.

Both visual observations and the magnitude of the
suction inferred from special freezing tests suggest that
the final ice lens grows somewhat behind the frost line, at
around -0.10°C. This segregation-freezing temperature for
Devon silt is in the range of those found by Loch and Kay
(1978) who inferred values of about -0.30°C + 0.10°C for New
Hampshire silt. Considering Eduation 3.23, it appears that
an accurate determination of Ts does not influence
significantly the value of grad Tf since Ts may be neglected
with respect to Tw.

The results of the analysis of tests obtained in this

series at the onset of the growth of the final ice lens are
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reported in Table 3.1. It is considered that the error in
measuring the length of the sample below the warmest ice
-Tens was no more than * imm. Although the warm-end side
temperature, Tw, was known within *0.01°C an error of
+0.05°C was considered in order to take into account any
possible error in the determination of Tso. Combining those
variations, a lower and upper bound for the temperature
‘gradient across the active system can be calculated.

Figure 3.3 presents the relation obtained in these
tests between the water intake velocity, Vo, and the
temperature gradient across the fringe, grad Tf, at the
onset of the formation of the final ice lens. As seen, the
water intake rate is linearly proportional to the
temperature gradient, confirming the results of the
theoretical analysis developed in the previous section
(Equation 3.24). Since the conclusions of the previous
analysis are validated by experimental results, it can be
concluded that the basic assumptions made in the previous
derivation, namely that Tso is unique for a given soil
freezing under the conditions described earlier, and that
the overall permeablity of the frozen fringe developed
between Tso and Ti is a constant, are also verified.

These experimental results give strong support to the
view that for a given soil which freezes under conditions
such that the warm-plate temperature Tw is always constant
and that the temperature distribution in the active system

is iinear'at the formation of the final ice lens, the final
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Onset of the Formation of the Final Ice Lens

TEST Tw Tc INITIAL PERMEA- LENGTH GRAD INTAKE
(oc) (oc) (ol (CN/S) (M) (oCycM) (10-oHmye)
NS-1 +1.1 -3.4 10.4 10-7 3.20 0.37 31.5
NS-2 +1.1 -4.8 10.4 .9X10-7 2.35 0.51 41.5
NS-4 +1.1 =-2.5 7.6 1.1X10-7 3.00 0.40 - 40.0
NS-5 +1.1 -6.2 10.0 - 1.80  0.67 60.0
NS-6 +1.1 -3.4 6.4 .95X10-7 1.80 0.67 59.0
NS-7 +1.1 -3.5 12.0 - 3.25 0.37 36.0
E-8 +1.1 -4.2 8.3 - 2.80 0.43 40.7
NS-§ +1.0 -6.0 28.0 - 10.60 0.10 9.0
NS-10 +1.0 -6.0 18.0 - 4.50 0.24 18.5
Table 3.1 Conditions of the Different Tests at the
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ice lens grows at a unique segregation-freezing temperature,
independent of cold-side step temperature, Tc. Tso can,
therefore, be considered as an intrinsic pafameter of a
freezing soil. Since the permeability of the frozen fringe
is also constant in those tests, Kfo can also be considered
as an intrinsic parameter of the freezing soil.
It should be emphasized that the following assumptions
made in the theory are implicitly supported:
1. the validity of the Clausius-Clapeyron equation at
the base of the ice lens.
2. Negligible thermal conductivity changes from the
unfrozen soil to the frozen fringe.
Furthermore, it is fully acceptable for an engineering
- approach to treat frost heave as a problem of impeded
drainage to an ice lens through a layered system with
overall constant properties, Ku, Kfo, lu and d. |
The value of the overall permeability of the frozen
fringe can be determined from the results of one of the
freezing tests shown in Table 3.1.‘Expressing both suction
potential and frozen fringe thickness as a function of Ts
(Equation 3.5 and 3.2), Equation 3.6 can be recast as
follows:
Kfo = (ITsoIVo/grade)/(IM’.Tso/xwl-Vo.]uo/Ku)..3.25
In this equation, it is important to notice that Vo, gradTf,
and luo 'are measured parameters in a freezing test, affected
only by small experimental errors. The unfrozen soil

permeability, even though determined by a very delicate
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operation, proved to be very consistent for different soil
samples, as can be seen in Table 3.1. The results of the
permeability tests are found in Appendix A.

Therefore, at first sight, the only term that'cou1d
affect significantly the value of the overall permeability
is Tso. Hence, it is of value to perform a sensitivity
analysis on Kfo with respect to variations of Tso. Taking

the derivative of Kfo with respect to Ts yields:

dKfo/Kfo=-((Vo.lu/Ku)/(|M'.Tsﬁxwl-Vo.lu/Ku))lesI/ITsl..
3.26

Rewriting Equation 3.26 in terms of total potential gives:
dKfo/Kfo=-|hu/(Hw-hu) | .d|Ts|/|Ts|=- X.d|Ts|/|Ts]....3.27

Table 3.2 indicates that the suctions at the frost front,
obtained using Darcy’s law are more or less identical for
all of the tests reported here. This was also predicted in
Section 3.3. As a consequence, the quantity can be
calculated for different values of Tso as Hw is directly
related to the value of the segregation-freezing
temperature. The relationship between X and Tso is shown in
Figure 3.4. Interpretation of that graph reveals that for
Tso=-0.10°C a 100% relative error in Tso, i.e., assuming
Ts0=-0.20°C, would only result in a corresponding error in
Kfo of about 7%. However, as Tso tends toward 0°C, Figure
3.4 shows a significant increase of X as a result of the

decreasing value of Hw and hence the increasing importance
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of hu with regard to Hw in the expression |Hw - hu|. Since
Tso was inferred to be around -0.10°C for Devon silt, it is
reasonable to assume that the values of Tso for the silt
investigated here are within -0.05°C and -0.15°C. In this
range, Figure 3.4 clearly shows the insensitivity of Kfo
with respect to Tso. Figure 3.5 illustrates the variation of
the calculated overall permeability with Tso. The input
parameters for Figure 3.5 have been obtained from test NS-1.
As stated previously, the permeability of the frozen fringe
does not show any significant variation for temperatures,
Ts, colder than -0.05°C; its value'dropping monotically from
0.84 x 10-% cm/s to 0.67 x 10-° cm/s.

Adopting a value of -0.10°C for the
segregation—fbeezing temperature Tso, which implies a
suction potential of -125 kPa (or 1250 cm of water), the
overall permeability of the frozéen fringe can be determined
from: |

Kfo = Vo.do/|Hw-hu|..........coovi.. .. 3.28
where do is the thickness of the frozen fringe obtained
with Equation 3.23
hu is the suction at the frost front obtained with
Darcy’s law, assuming a constant permeability of the
unfrozen soil of 10-7cm/s.
The results as summarized in Table 3.2 reveal that, for a
given soil, the values of hu and Kfo at the ohset of the
formation of the final ice lens are constant and independent

of the cold-side temperature, Tc. The slight variations in
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hu and Kfo are considered to be a consequence of the
experimental error involved in using different samples.

Furthermore, Tables 3.1 and 3.2 show that to steady
state lateral friction did not materially influence the
heave rate since the measured parameters, Ts and Kfo, do not
vary significantly.

If a freezing soil under zero external load reaches a
temperature distribution close to steady state such that the
final ice lens is created and if the surrounding conditions
are such that the suction at the frost front is identical
for different freezing tests, its fundamental freezing
characteristics, Tso and Kfo and its segregation potential
SPo are unique and independent of the cold-step temperature
Tc. It must be emphasized that a linear temperature profile
in the active system associated with the same warm-end
temperature Tw led to the above mentioﬁed conditions. The
fore mentioned conditions represent a special case and the
more general one, i.e., variation in suction at the frost

front, will be investigated in Section 3.6.

3.5 THERMODYNAMIC ANALYSIS OF THE FROZEN FRINGE

The predictive model for flow rate of water to the base
of the ice lens implies that the frozen fringe is.
characterized by a linear temperature variation from Ti to
Tso, an equivalent constant permeability and potential

boundary conditions Pw and Pu as shown in Figure 3.6.a.
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TABLE 3.2. CALCULATED OVERALL PERMEABILITY OF THE FROZEN
FRINGE FOR DEVON SILT
TEST FROZEN FRINGE SUCTION AT PERMEABILITY
THICKNESS 0°C INTERFACE

(MM) (CM H20) (10-1°CM/S)
NS-1 2.70 -92.0 7.34
- NS-1 2.70 -92.0 7.34
NS-4 2.50 -110.0 8.77
NS-5 1.50 -99.0 7.82
NS-6 1.50 -87.0 7.68
NS-7 2.70 -107.0 8.50
E-8 2.30 -104.0 8.27
NS-9 9.60 -89.0 7.44
NS-10 4.20 -75.0 6.61
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Moreover, when Pu is the same in different samples, the
velocity of water migration is proportional to the inverse
of the thickness of the fringe (Egq. 3.21) and these
characteristics can then be normalized for a fringe
thickness of unity. Thus, a freézing soil reaching the
conditions described in the previous section is fully
described by the following set of parameters: Vn, Kfo, Tso
and Ti. Vn represents the normalized water intake velocity

through a fringe of thickness unity and is given by:

The proposed model for mass transfer overcomes the
enormous difficulty created by the complexity of the
physical properties of frozen soils, especially the lack of
knowledge of detailed variation of the permeability with
‘temperature below 0°C. Neverthe]ess,rqua]itative
considerations reveal that the permeability decreases with
decreasing temperétures as a direct consequence of changes
in the unfrozen water content of the soil. The actual
permeability profile within the fringe adopts, therefore, a
non tinear profile since the temperatures vary linearly
within the frozen fringe. Figure 3.6.b illustrates this
point. The basic assumption, made in this model and
corroborated by fhe experimental results, that there is no
accumulation within the fringe will be satisfied only if the
suction profile also adopts a non-linear shape. The more
. general set of parameters describing the frozen fringe is

therefore given by Vn, Kf(T,P), Tso and Ti.
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Considering that the pressure in the ice crystals is
atmospheric for samples subjected to zero overburden, i.e.,
Pi=0, the theoretical suction profile developed in the
fringe in response to linear temperature profiles, obtained
from the Clausius-Clapeyron equation (Equation 3.3) is also
linear and passes through the origin as shown in Figure
3.6.c. A comparison of actual and theoretical suction
profiles establishes that there is a considerable difference
in their shapes as well as in their values at a given
temperature warmer than Ts. Several questions may be raised
at this point: |

1. Is the temperature profile within the fringe linear?

2. Is it justified to consider phase equilibrium
conditions within the frozen fringe?

3. Does the Clausius-C]apeYron equation hold within the
fringe?

4. lIs it justifiéd to consider atmospheric pressure in
the ice or is there a pressure developed in the pore
ice due to curvature of the ice-water interféces
within the soil matrix of the fringe?

In response to the first question, it should be
reiterated that the temperature conditions examined thus far
- refer to the initiation of the final ice lens and therefore
correspond to a temperature distribution which closely
approximates the equilibrium temperature distribution across
the sample. Furthermore, there is very little variation of

thermal conductivity within the frozen fringe. It follows
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that it is reasonable to assume that the temperature profile
will be approximately linear.

In response to the second question, it can be
considered that the rate of change of temperature and
suction is very small at the formation of the final ice lens
and therefore the assumption of phase equilibrium is fully
justified.

Recognizing the difference in suction profiles, Miller
(1978) proposed that the pore ice in the fringe is under |
pressure due to curvature and surface energy effects, even
wheh no load is applied to the soil. It will be shown in
Chapter 6 that pressure develops in the pore ice as well as
the ice lenses when an external load is applied. However,
the 1oadAtransfer mechanism is complicated by the complex
nature of the composite medium of ice and soil grains. The
assumption of pore ice pressure has an effect on the
calculated suction in the water phase of a frozen soil. The
generalized Clausius-Clapeyron equation (1.6) shows that
pressure in the ice increases pressure in the water and
thereby reduces the suction developed in the soil at a given
temperature. Therefore, adopting a convenient ice pressure
profile, the suctions derived from the generalized
Clausius-Clapeyron equation can be matched with the actual
suctions in the frozen fringe. In the case of no overburden
pressure, the ice pressure would have to develop a parobolic
shape as shown in Figure 3.6.c with negative pressure or

tension close to the frozen-unfrozen interface, a maximum
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positive pressure somewhere within the fringe and zero
pressure at the ice lens. It is doubtful that this profile
could ever occur in reality. '

A more realistic approach to the explanation for this
difference in the suction profiles is to consider that phase
equilibrium within the frozen fringe can be described by a
free energy-moisture content relationship. Williams (1976)
established a unique relationship between the free energy of
soil water and unfrozen water content for a given soil. The
.free energy of soil water is equal to the sum of capillary,
osmostic, surface adsorbtion components and other minor
components as given in the following equatioh:

DG = DGcap + DGosm + DGads +......... PO 3.30
At temperatures down to about -1.5°C, in many soils,
capillarity is the dominant effect in DG. In that range, the
free energy of soil water is essentially that of the
negative pore water pressure in the unfrozen water. The
unfrozen water content variation with temperature below 0°C
can be determined using several experimental techniques
{Anderson and Morgenstern, 1973). Although the methods are
quite different, all do not allow water flow in or out the
sample during testing since the'soil samples are frozen
under closed system conditions. The results ébtained by
several investigators are Qery consistent and establish a
unique relation between the unfrozenumoisture content, Wu,
and the temperature for a given soil. The hysteresis effect

observed during warming and cooling cycles in unfrozen water
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content is believed to be primarily due to changes in soil
structure during freeze-thaw cycles. It will be assumed that
iany hysteresis effects are negligible. With this assumption
and for a closed system, equilibrium of ice and water within
the sample is allowed to establish in those special tests at
a given temperature T. The use of the Clausius-Clapeyron
equation is then fu]ly justified as a condition of no water
flow identical to that existing at the base of any ice lens
is obtained. The temperature T is related uniquely to the
free energy DG. A unique relationship between DG and Wu is
consequent ly expected in the case of frozen soils with no
water flow.
Open system freezing is basically very different from
the previous situation since water flowing through the
frozen fringe interacts with the surrounding medium. To
describe from a thermodynamic point of view this open system
situation, it is convenient to go from the initial or
reference state (Pw=Pi=0,T=To) to the final state
(Pw,Pi=0,T) in two steps as shown in Figure 3.7.a:
1. A temperature change from To to T with no water
flow, i.e. similar to a closed system

2. Pore water pressure change from the value obtained
at the end of step 1 to the final value,
corresponding to the actual value of the suction
developed in an open system, under isothermal

conditions, i.e. dT7=0.
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During the first step, the relative free energy is
given by the value of the suction obtained from the
Clausius-Clapeyron equation. At the end of that step, ice
and water are in equilibrium by definition.

The change in free energy of soil water during the
second step is:

D(DGIW = DPW.VW. .ttt it it e e e nanens 3.3t
where DPw represents the difference in pore water pressure

between the actual value and that for the
closed-systemlsituatiqn

The restoration of equi[ibrium requires a free energy change
in the ice of an equal amount given by:

D(DG)i = DPi.Vi = DPw.Vi...........oiivvnnn. 3.32
This implies a pressure in the ice which is contrary to our
assumptions. ‘
However, thermodynamically, some melting or freezing is
likely. Melting of ice increases the unfrozen water content,
Wu, with a concomitant increase in its free energy while
formation of ice reduces the amount of unfrozen water and
its free energy. Restoration of equilibrium requires,
therefore, additional melting of the ice in the case of a
positive pore water pressure change. The free energy of an
element of frozen soil at a given temperature T is (DG)ws
under no flow conditions. This state is represented by point
E on Figure 3.7.b. A negative pore water pressure change at
the same temperature T, an increase in suction, would shift

the representative point from E to I on a graph relating Wu
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and DG. The unfrozen water content decreases and results in
a change in permeability at the same temperature.
Identically, a positive porelwater pressure change at a
given temperature, a decrease in suction, would shift the
representative point from E to either F or K with a
concomitant increase in unfrozen water content depending on
the magnitude of the pressure change in the water films.

This simple thermodynamic approach using the free
energy concept has demonstrated that a freezing system with
a linear temperature profile will develop a compatible
permeability and suction brofile by melting or freezing some
of the pore ice. Furthermore, it is clear that the
Clausius-Clapeyron equation which does not consider
différent amounts of unfrozen water and ice at a given
temperature does not hold within the frozen fringe since
water flow ihteracts directly with suction and phase
composition. However, equilibrium befween both phases is a
realistic assumption close to steady state conditions.

The understanding of the physical properties of the
frozen fringe in an open system freezing led to the
extension of the well-known relationship between unfrozen
water content and temperature to the more general relation
between unfrozen water content and free energy state of the
unfrozen water as suggested by Harlan (1973) and Williams
(1976) . |

When no water flow occurs in frozen soils, i.e. in the

passive system, the unfrozen water is solely related to
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temperature. However, when water flows through frozen soil,
the suction in the frozen medium is no longer solely related
to temperature and_Thé unfrozen water content is now a
function of both temperature and suction.

For a given value of the suction at the frost front,
the previous analysis demonstrates that the normalized water
intake flux, corresponding to a fringe thickness of unity,
is then unique. Furthermore, since the average pehmeabi]ity
of'the frozen fringe is constant for these conditions, the
average suction is any of the frozen fringes created with
the above freezing conditions is also unique since the
average temperature in each fringe'is the same.

In addition, it may also be concluded that if different
suction profiles, i.e. different average suctions, develop
Qithin a normalized frozen fringe, different freezing
characteristics of that given soil should be expected
although the average temperature in each fringe remains
constant. This can easily be inferred from Figure 3.7.b
since for a given average temperature of the frozen fringe,
different average suctions result in different average
unfrozen water contents and hence in different average
permeabilities of the frozen fringe.

These considerations led to another series of tests in
order to investigate the validity of the previous, rather

novel, statements.
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3.6 EFFECT OF SUCTION ON THE INTRINSIC FREEZING PARAMETERS

3.6.1 Introduction

By recognizing the effect of different temperature
boundary conditions on the location of the final ice lens
and bearing in mind the fundamental results obtained in the
first part of this chapter, it can readily be shown that the
warm-end temperature alone affects the value of the suction
developed at the frost front. Figure 3.8 presents simplified
temperature distributions across a sample for different
temperature boundary conditions. As established previously;
a freezing system is characterized by its normalized water
intake rate, a unique suction profile and a unique overall
permeability of the frozen fringe provided the warm-end
temperature is the same in each test and fhat the
temperature distribution in the active system is linear. It
has also been demonstrated that those characteristics were
independent of the cold-side temperature. Consequently,
temperature profiles with identical numbers on Figure 3.8
result in identical characteristics of the frozen fringe
whereas different warm-end temperatures give different
suction profiles in the fringe as seen in the bottom part of
Figure 3.8. From geometrical considerations and assuming,
for example, a given value of Vn in each case a simple
relation between.hu and Tw can be established:

lhut|  |hu2|  |hu3] |
----- I T R S 3¢
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For Tw1 < Tw2 < Tw3, Equation 3.33 yields |hul| < |hu2]| <
lhu3 | |

Further, assuming that the segregation-freezfng temperature
Ts does not change drastically with different warm-end
temperatures, the shape of the suction profile can be drawn
qualitatively as shown in Figure 3.8.

It was, therefore, decided to run several freezing
tests with no applied load where the warm-plate temperature
was varied in each test. The freezing characteristics, Tso,
Kfo and SPo, were determined at the onset of the formation
of the final ice lens in each test. The samples were
prepared from the same Devon silt, preconsolidated to 210KPa
is that the initial conditions were as close as possible to
'thoée obtained in the first NS series. This investigation
was conducted with two types of testing:

1. The freezing characteristics\were obtained from a
conventional freezing test under fixed thermal
boundary conditions with free access of water (open
system).

2. Variations in the segregation-freezing temperature
Ts were investigated with tests where a back
pressure was applied to the pore water. The samples
were frozen in an open system to the formation of
the final ice lens. The water intake line was then
closed and the pore water pressure change was
monitored with time. The pore water pressure drop

from the initial value equal to the applied back
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pressure to the final stable vélue is related to the

temperature at the base of the ice lens through the

Clausius-Clapeyron equation. Interpretation of these

tests is giveh in Chapter 2.
3.6.2 Results

Section 3.5 was concluded by presenting the actual
engineering parameters of a freezing soil as the average
temperature, the average permeability and the average
suction of the frozen fringe. The first two parameters can
be ascertained quite simply from a conventional freezing
test. However, since the average suction is strongly related
to the shape of the suction profile which in turn depends on
the actual shape of the permeability profile, it is
impossible to determine with any satisfactory degree‘of
accuracy the value of that average suction. Recalling that
for a given warm-plate temperature, the suction profile in
the frOzén fringe and particularly the suction at the frost
front are unique for a given soil, it appears to be
acceptable to consider Pu as a reflection of the average
suction Pw of the frozen fringe. The advantage of using Pu
instead of Pw lies in the ease with which it can be
determined by applying Darcy’s Equation to the unfrozen soil
alone. | |
The results of series E are shown in graphic form in

Figure C.13 to C.20 in Appendix C. A summary of the
conditions obtained at the onset of the formation of the

final ice lens is presented in Tables 3.3 and 3.4. In most
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of the tests, measured temperatures reveal a linear
distribution across the samples, confirming the assumption
of one dimensional heat flow. Table 3.3 summarizes data
where the radial heat flow into the samples was negligible.
However, for some samples, especially the longer ones, the
recorded temperatures are non linear across the sample. This
was nevertheless beneficial to our investigation s{nce both
the temperature gradient in the frozen fringe and the length
of the unfrozen soil are affected by temperature
diétribution. This in turn leads to different water intake
velocities and different suctions at the frost front. Tests
E8 and ES were both two layered system in which the
permeability of the bottom layer was respectively higher,
2cm of porous stone, and lower, 5.1cm of Devon silt
preconsolidated to 420 KPa, than that of the reference
unfrozen soil of 10-7 cm/s. The aim of these two tests was
to prove that suction at the frost front is a primary
parameter of the freezing soil. They were also used to prove
that the warm-plate temperature Tw is only an indirect
parameter since one can obtain different suctions at the
frost line depending on whether the unfrozen soil of the
active system is uniform or layered for the same Tw. All the
initial conditions of each test are contained in Appendix C.
A summary of data obtained under the prediscribed conditions
is presented in Table 3.4.

Four samples were frozen with a back pressure and the

resulting drop of the pore water pressure as the system was
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Table 3.3 Conditions at the Formation of the Final Ice Lens
for Different Tw

Test  Tw(°C) Te(oC) Initial lo grad Tf Vo
Height
(cm (mm) °C/cm 10-6mm/s
E4 +3.0 -5.5 7.8 30.0  1.03 63.0
ES +0.4 -4.2 6.0 8.0 0.56 74.0
E6 +0.4 -3.5 7.1 12.0 0.42 58.0
E7 +2.0 -3.5 7.0 32.0 0.66 48.0

Table 3.4 Conditions at the Formation of the Final

Ice Lens

E8 +2.0 -4.2 10.3 - 48.0 . 0.43 40.7
lTayered medium

E9 +3.5 -4 .1 13.5 77.0 0.61 29.3
layered medium

E2 +3.5 -3.6 13.5 82.0 0.50 27.6
radial heat flow

NS-8 +2.0 -6.0 17.5 105.0 0.39 20.0

radial heat flow
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closed was recorded. If the maximum drop in pressure is
directly related to temperature as in the Clausius-Clapeyron
equation, this would yield the maximum temperature below
0°C, Tm, reached at the base of the ice lens. This can be
explained by the fact that, as the system is closed, thermal
equilibrium is altered by the sudden removal of the latent
heat of phase change of the up flowing water. The
restoration of thermal equilibrium requires, therefore, in
situ freezing of the unfrozen soil. Further advénce of the
frost front occurs and the temperature distribution is
affected as described in Chapter 2. The segregation-freezing
temperature, Ts, existing as the ice lens was initiated is
therefore warmer than Tm. The relation used to estimate Ts
»from Tm and the prevailing conditions is given in Chapter 2.
Table 3.5 presents the relevant informat%on from these
tests. Figure 3.9 shows the shape of the pore water pressure
drop with time and the variation of the calculated maximum
and segregation-freezing temperature with warm-end step
temperature. This indicates that the time required for
thermal equilibrium is around 30 hours. Also the measured
drop of pore pressure is around 250 KPa, which indirectly
confirms the existence of a frozen fringe since if Such a
high suction would develop in the unfrozen soil cavitation
is most liKely to occur. Finally Figure 3.9 clearly shows
that the segregation-freezing temperature, Ts, is relatively
insensifive tb changes in the warm-plate temperature, at

least for temperatures warmer than +1.0°C.
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Table 3.5 Results of the freezing tests with applied
back pressure

Test Tw(°C) Tc(oC) lo{mm) Ho (mm) Vo 10-6mm/s
Eda +3.0 -6.0 13.2 44.0 100.0
ES5a +0.4 -3.0 5.0 32.0 110.0
D5 +1.0 -3.0 23.0 85.0 48.0
D6 +0.9 -3.0 16.0 59.0 60.0

Aha]ysis of data obtained with the conventional
freezing tests were performed using Equation 3.28 with a
value of -0.10°C for Tso. The overall permeability of the
frozen fringe was calculated in each test. The results
obtained at the growth of the final ice lens are summar ized
in Table 3.6. A distinct relationship between the average
permeability of the frozen fringes and the suctions at the
. frost front emerges and is shown in Figure 3.10.

This confirms the concluding statements made in Section
3.5 and gives strong support to the thermodynamic reasoning
used to describe a freezing system.

A similar relationship is obtained between the
segregation potential and the suction at the frost front of
each sample. It is noteworthy to recall that the segregation
potential of a freezing soil has been defined as the ratio

of the water intake rate and the temperature gradient in the



Table 3.6 Variation of the Characteristics of the Frozen
Fringe with Pu
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Test -Pu(KPa) do(mm) Kfo(10-'°cm/s) SPo(10-5mm2s-1 oC-1)
E4 -18.2 .97 5.72 61.2
E5 -5.3 .80 11.10 132.1
EG -5.6 .40 11.60 138.0
E7 -14.6 .52 6.60 72.7
E8 -10.4 .30 8.30 94.6
EQ -29.3 .64 4.90 48.0
E2 -22.0 .00 5.36 55.2
NS-8 -21.0 .56 4.90 51.3
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frozen fringe. The segregation potential is, therefore, a
direct measurable parameter and is not subjected to any
limiting assumptions. This relationship is presented in
Figure 3.11.

Again, this demonstrates that the segregation potential
of a soil decreases with increasing suction at the frost
line. Also for a given suction at the frost front, tests E5
and E6 confirm the uniqueness of the segregation potential
as it was established previously from the series NS at a
different suction. The results obtained from tests NS-8, E2
and E9 fall remarkably well on the same curve obtained from
the tests where the heat flow was primarily one dimensional
and the samples uniform. This proves the validity of the
premise that the average suction in the fringe is a

fundamental parameter of a freezing soil.

3.7 CONCLUSIONS

It has been established that a freezing system can
develop different suction profiles within the frozen fringe,
dependent on the thickness of the unfrozen soil and the
temperature gradient in the frozen fringe. It has also been
demonstrated that the suction at the frost front
significantly affects the frozen fringe permeability, Kfo,”
and the segregation potential, SPo. However, the
segregation-freezing temperature, Tso, is only slightly

affected.
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'Figure 3.12 summarizes the characteristics of the
frozen fringe obtained from the testing program. The suction
profile, although qualitative, has been plotted as passing
through experimentally determined points, Pw at the top of
the fringe and Pu at the bottom. The average permeability of
the fringe has been deduced from the freezing tests as
described earlier. It is clear that the lower the average
suction in the frozen fringe the lower will be the overall
permeability of that fringe at a given average temperature
Ts. The average temperature is considered herein as a
constant since it was provén that Ts is very insensitive to
suction changes. The previous analysis also establishes that
for a given suction at the frost front, the water intake
flux is linearly proportional to the temperature gradient
across the frozen fringe. It is, therefore, possible to
characterize any freezing soil at the onset of the formation
of the final ice lens by a set of straight lines passing
through the origin. Each line corresponds to a given suction
developed at the frozen-unfrozen interface. The siope of
each line represents the segregation potential for the
freezing conditions that produce the corresponding suction
at the frost front as the final ice lens is initiated. This
conceptual characterization of a freezing soil at the
formation of the final ice lens are summarized in Figure
3.13. When the suction at the frost front becomes greater, -
the segregation potential décreaseé witH a conbomittant

decrease of the slope of the locus of the water intake flux
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vs temperature gradient.

» Figure 3.13 reveals also that the measured water intake
rate at the formation of the final ice lehs is dependent on
the freezing path. This is striking since for .a given
temperature gradient across the frozen fringe, different
water intake velocities will be obtained at the onset of the
formation of the final ice in é given soil for different
suctions at the frost front. In other words, one may obtain
the same water intake velocity for different temperature
gradients in the frozen fringe provided that the suctions at
the frost front are also different.

From this simple conceptual model, it is clear that if
one reports experimental results on such a plot, i.e. Vo
'versus grad Tf, either a simple relationship may appear or a
more complex relationship may be obtained. This will be
investigatedfully in Chapter 7 with different results

published in the available literature.
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4. CHARACTERIZATION OF A FREEZING SOIL DURING AN ADVANCING
FROST FRONT

4.1 INTRODUCTION

Chapter 3 explored the characteristics of é freezing
soil as the final ice lens was initiated, i.e. when the
effect of frost front penetration is almost eliminated. This
~ Chapter is devoted to developing a frost heave model that
‘considers conditions of unsteady heat flow, when the frost
penetrates into the unfrozen soil. In the light of the
results discussed in Chapter 3, a review of existing models.
for freezing soils is presented. Emphasis is given to mass
transfer.

Then, the characteristics of the freezing soil are
explored in order to develop a comprehensive frost heave
model. Comparison of predicted freezing behavibr with actual
laboratory freezing tests are presented in order to evaluate

the performance of the model developed here.

4.2 REVIEW OF PREVIOUS MODELS WITH EMPHASIS ON MASS TRANSFER

Frost heave results from a complex interaction between

heat and mass transfer in freezing soils. Fourier's general
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equation (3.11) is widely used to model heat transfer in
fréezing ground when conduction dominates. Several
simplifications have been made by different investigators to
deal with thermal properties of frozen soils, unfrozen water
content and heat transfer by convection. Although these
parameters influence slightly the position of the 0°C
isotherm and the rate of frost front penetration, the most
important factor wi th regard to frost heave remains the
accuracy of mass transfer modelling. Consequently, in the
light of the results reported in Chapter 3, it was thought
appropriate to analyse different existing models with
respect to mass transfer, the type of driving force and the
parameters used to describe the frozen soil. Only those
models consideringAsimuItanéous flux of fluid and heat will
be éonsidered.

In essence, laminar fluid transport in any porous media
fs fully described if the driving force and the transmission
and storage properties of the medium are known. These
parameters are well understood for the unfrozen part of the
freezing system. However, for the frozen part, they
represent the key features that differentiate each model.
The hydraulic conductivity of the frozen soil is the most
controversial parameter within existing models.

Harlan (1973) considered that the storage and
transmission characferistics of frozen and partially frozen
soils are directly analogous to those of unfrozen soil at

similar energy states as represented by the soi]-Water
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pressure head. That is, for a giVen soil, the soil-water
poiential -- unfrozen water content and the soil-water
potential -- hydraulic conductivity functibna] relationships
of the frozen soil are assumed to be equivalent to the
pressure-head -- water content and the pressure-head --
permeability functional relationships for the unfrozen soil.
The driving force is essentially Gibb’s free energy of
soil-water in the frozen soil and is related to temperature
and pressure conditions thfough the following relation:
| DGw = (RT*/m) Tn AW.......ciiiniennrvinnnnn.. 4.1
where R is the ideal gas constant
m is the molecular weight of water
Aw is the activity of liquid water
Assuming that water vapor is an ideal gas, the activity Aw
of water is equal to thé relative vapor pressure of water in
equilibrium with soil at the temperature and pressure
conditions of the system (Kijne and Taylor, 1964).
DGw = (RT*/m) In P/Po.....civiiiiiiiinnnn.. 4.2
where P is the vapor pressure of soil water
Po is the vapor pressure of pure water
Since ice and unfrozen water are in equilibrium in the
frozen medium, the vapor preséure of the unfrozen water must
equal the vapor pressure of pure bulk ice.
As shown in Figure 4.1, Equation 4.2 predicts free
energy differences of the same magnitude as Equation 3.3
which is the Clausius-Clapeyron equation applied to a closed

system (no water flow) with zero external pressure.



113

The generalized mass transport equation for one
diﬁensional unsteady flow in a saturated or unsaturated
poroUs medium combined wfth the previous parameters gives:

dlK(z,T,p) d0/dz]l/dz = dW/dt + DS................ 4.3
where W is the water content (1liquid state)

p is the matrix pressﬁre or capillary pressure head

T is the temperature

9 is the potential (@ = DGw + Z)

Z is the elevation head

DS is the change in ice per unit time and per unit

vo lume

Harlan (ob.cit.) adopts a relationship between
permeability of frozen soil and free energy of soil-water
which leads to a functional relationship between
permeability, temperature and suction. As established in
Chapter 3, this is the most suitable and complete
characterization of a freezing soil. .

Equation 4.3 can easily be solved in terms of
soil-water potential with a fully implicit finite difference
scheme. However, Harlan using this approach does not specify
the boundary conditions with regard to mass transfer. It
would be reasonable to consider zero potential at the level
of the free water table and to specify a single value for:
the driving potential using Equation 4.2 somewhere within
the frﬁzen soil. |

Harlan’'s model adequately describes the physical

properties of a freezing soil under quasi steady state
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conditions. However, it does not lead easily to the
esiablishment of a functional relationship between
permeability of frozen soil and free energy of the unfrozen
water. ldentical difficulties are encountered in the
determination of permeability of unsaturated unfrozen soils
and pressure-head functional relationships.

The model presented by Kay et al (1977) uses the
assumption that the pressure in the unfrozen water films of
the frozen soil is related solely to temperature by the
Clausius-Clapeyron equation, with the ice pressure term
equal to zero in the case of zero overburden load. The.
frozen soil permeability, on the other hand, is a function
of the pressure in the unfrozen water films. The following
relationship was adopted by Kay et al:

K = Kolexpl-gp**2) + f/Ko).....covvvninnnnn 4.4

where g and f are constants determined from laboratory

tests

Ko is the unfrozen soil permeability
Equation 4.4 reveals that there is a minimum permeability of
the frozen soil as p approaches infinity, i.e. as the
temperature becomes more and more negative. This minimum
permeability was taken from test data presented by Williams
and Burt (1974) and was assigned a value of 10-¢ cm? / (sec
bar) in calculations.

Mass transfer to the frozen soil was described by the
following realtion:

C.dT/dt +.Pi[pl.(d5/dt) = d[K.gpl.L'/To).dT/dz]..4.5
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This equation establishes clearly that the driving potential
is related to the temperature by the Clausius-Clapeyron
equation everywhere within the frozen soil. As discussed in
Chapter 3, this results in a linear suction profile in the
case of a linear temperature distribution. While this is
most 1ikely the case at quasi steady state conditions, it
has been argued in Chapter 3 that the Clausius-Clapeyron
equation does not hold within the fringe. Therefore, the
constitutive equation for water transport adopted by Kay et
al (op. cit.) does not adequately describe the segregation
'process in a freezing soil. Moreover, sincg the pressure is
directly related to the temperature in their model, the
permeability of the frozen soil is implicitly related solely
to temperature as well, which is obviously not the case for
freezing soil with free access of water.

Good agreement between the volume of water intake
predicted from Equation 4.5 and.a laboratory test were
reported by Kay et al. However, the agreement may be -
fortuitous as the results were only quoted for the first 20
minutes of the test when the system is highly unsteady.
Furthermore, the sample size of 3 cm is believed to be too
small to carry out a meaningful freezing test.

Aguirre-Puente et al (1977) proposed that suction is an
intrinsic characteristic of a freezing soil, fully
independent of the rate of heat flow and the rate of frost
frdnt advance. An attempt was made fo measure this suction

from laboratory tests where tensiometers were placed in the
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unfrozen soil. During freezing, the suctions were recorded
at>their respective locations. The suction at the frost
front is then obtained by extrapolating. In their model,
fhis suction is applied at the freezing front throughout the
simulation. Furthermore, it is also assumed that the
freezing front may lie within the frozen zone, allowing for
the existence of a frozen fringe. The position of the
freezing front is defined by the -DT isotherm which was
determined by matching experimental heave and frosf
penetration with those obtéined from the computer model.
Once a given value of -DT is adopted, a variable
permeability is assigned to the frozen fringe confined
between -DT and 0°C through a functional relationship
depending upon temperature only. The values of the
permeability of the frozen fringe were extrapolated from
test data given by Williams and Burt (1974).

This model, although closer to an engineering appﬁoach
to frost heave, since Darcy’'s law is used to describe the
flow through a two layered porous medium compos?d of the
unfrozen part and the frozen fringe, possesses two
inconsistencies. The suction potential considered as the
driving force for water migration is actually Pu, the
suction at the frost line since its value is obtained from
the extrapolation of tensiometer readings in the unfrozen
soil(Aguirre-Puente et al,1971).1t is clear that treating
frost heave as a problem of impeded drainage through a zone

of reduced permeability requires a knowledge of the driving
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potential at the base of the ice lens, Pw, which is
apbroximately one order of magnitude larger than Pu as
demonstrated in Chapter 3. This, in turn, leads to an
underestimate of the permeability of the frozen fringe and
conversely -DT. However, it is possible to match their
experimental results by faking an adequate value for -Dt,
but this is not relevant to a rational approach.
Furthermore, chahgihg the value of -DT should result in
changes in suction potential which is not the case in their
model. Moreover, the permeability of the frozen soil is
related solely to temperature which is not the case for
freézing soil with free water supply.

More recently, Taylor and Luthin (1978) considered the
water content gradiént as the driving force for water
movement to the frozen zone in freezing soils. THe governing
equation for this formulation may then be expressed as:

d[D dW/dzl]l/dz = (pi/pw)(dS/dt) + dw/dt......... ..4.6
where D is the soil-water diffusivity

S is the volumetric ice content

W is the volumetric soil water content
In the frozen soil, the soil-water content refers to the
unfrozen water content at a given femperature obtained from
- laboratory tests. Since these laboratory tests are closed
system freezing tests, the model proposed by Taylor and
Luthin fails also to adequately describe a freezing system
since it has been shown in Chapter 3 that the unfrozen water

content is a function of free energy which is dependent upon
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temperature and suction.

| The closed system freezing tests reported by Jame and
Norum (1972,1976) and Dirksen and Miller (1966) were
simulated by Taylor and Luthin (op. cit.) using their model.
The frozen soil diffusivity was obtained by introducing an
impedence factor I which is a function of ice content. By
varying this factor, Taylor and Luthin predicted the
experimental results quite well.

Although their model appears to be adequate for
prediction of closed-freezing tests, it has not been used to
simulate heave and.water redistribution in open-system
freezing tests. One might expect more divergence in the
latter case since the characteristics of the freezing soil
are not adequately takeh into account in their model.

Guymon et al (1980) assume that Darcy’s law describes
water transport to the freezing front. The physical
characteristics of the freezing soil are estimated using
Gardner’s (1958) relationship:

For the unfrozen water content:
Wu = no/(A" . |[P].exp(m) + 1)..... e 4.7
For the hydraulic conductivity of frozen soil:
Kf = Ko/(B'.|Pl.exp(n) + 1)........ .. cvuu 4.8
where no and Ko are respectively the porosity and
permeability of the unfrozen soil
A’ ,B’ ,m,n are constants for a particular soil
P is the sdil-water pressure head of the unsaturated

unfrozen soil.
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As in Harlan’s model, the permeability of the frozen soil
duéing freezing with free water supply is correctly
accounted for in Guymon et al’s model.

The driving force is a suction potential acting
somewhere in the frozen soil. In their paper (op. cit.),
lack of information with respect to its location and
magnitude make careful scrutiny of their analysis difficult.
More recently, Berg et al (1980) give a complete descriptioﬁ
of the previous model. The suction-potential is related to
the equivalent critical pore radius of the soil, rc, which
is estimated from the soil moisture characteristic curve
(desorption portion). They state that the critical pore
radius corresponds to the critical suction Pc. Pc.is the
suction at the point where the slope of the tension vs
percent saturation curve decreases rapidly. The following
equation is used to determine the radius:

rc = - 2 baw/Pc........ e et e 4.9
where baw is the air/water surface tension \
Furthermore, the authors adopt the view that Pc is also an
indication of the maximum heaving pressure of a freezing
soil. By adopting Penner’s (1959) statement, based on
results from laboratory tests, that the maximum overburden
pressure to stop heaving appeared to be about twice as great
as the maximum soil water tension required to stop heaving,
the fol]owing equation for computing the maximum suction

potential is obtained:

2Pw = PCc = =2 BiW/PC. it i e e 4.10
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where b6iw is the ice/water surface tension
Unfortunate]y, Equation 4.10 has no physical meaning since
for a given cﬁitical pore radius and for the case of
atmospheric pressure in the ice, the Kelvin equation gives:
Pw = =2 BiW/PC. . it i it e 4,11
Although a valuable attempt to embrace the microphysics of a
frozen soil has been made, the model presented by Guymon et
al (1980) does not correctly consider the suction potential
at the freezing front which, in turn, affects the water
intake flux.

In order to predict heaving forces and the effect of
overburden, Hopke (1980) proposed the adoption of the
generalized Clausius-Clapeyron equation (1.6) to describe
the freezing system with respect to temperature, pore water
pressure and ice pressure. The frozen fringe is indirectly
introduced as Hopke assumes that lensing occurs whenever the
ice pressure is at least equal to overburden. In order to
match experimental data, it appears that it is necessary to
introduce an extra length to the predicted thickness of the
fringe. This extra distance is a totally empirical variable
and is ambiguous in meaning.

The behavior of the model with respect to overburden
will be discussed in Chapter 6. Here, only the assumptions
made concerning mass transfer will be evaluated.

Soil-water characteristic curves of the unfrozen soil
are used in Hopke's simulation. The permeability of the

unsaturated medium is related to the water content through
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Mualem’'s (1976) correlation. As pointed out by Koopmans and
Mifler (1966), the standard data for the drying and wetting
of certain soils (the soil water characteristic curves that
show water content as a function of pore water preésure) can
be used to predict unfrozen water content as a function of
temperature and pore pressure. The temperature and the pore
preséure are related through the Clausius-Clapeyron equation
with Pi = 0. This method is adopted by Hopke and therefore
yields the unfrozen water content which would be obtained in
a closed-system freezing test. The hydraulic conductivity
for frozen soils is assumed to be equal to that of the
unfrozen soil at the same liquid water content, which
results in an inadequate description of the freezing soil
with free access to water.

Finally, Gilpin (1980) developed a simple frost heave
~model which includes the effect of overburden load. His
primary interest was to provide an explanation for all the
‘mechanisms associated with frost heave such as heaving
pressure, rhythmic ice banding and the nature of the driving
force. Although these phenomena and their understanding are
of great importance to frost heave, they are not relevant to
the purposes of this section and will be discussed in
Chapter 5.

Gilpin's model is different from the previous ones
beoéuse thermal and mass balance at the boundaries defined
by Ti and Tf are solved analytically with an iterative

method. If the soil parameters and the boundary conditions
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are specified, the basic equation of his model can be used
to:evaluate the remaining four unknowns dhs/dt, Pu, Ts and
dX/dt. The advantage of this model over that proposed by
Hopke (1980) lies in the fact that no arbitrary value of Ts
has to be defined in order to account for the reality. Ts is
established by satisfying the thermal balance at the
segregation freezing level and the compatibility between the
suction related to Ts by virtue of the generalized
Clausius-Clapeyron equation and the water flux induced by
this suction. Water flux is obviously strongly dependent
upon the permeability of the frozen fringe. Therefore, an
adequate description of the freezing soil with respect to
its permeability is vital to the success of this model which
basically is entirely acceptable. In his model, Gilpin
considers the soil as a packing of uniform sphereé which
enables the derivation of a functional relationship between
permeability and water content. Extending this relationship
to the case of frozen soil, Gilpin adopts an expression
between the permeability and the temperature, which is only
valid for the case of no water flow and is not relevant for
the case of freezing soils with free water supply. The same
limitation as for Harlan's (1973) and Guymon’'s et al (1980)
models again hold: the need to characterize the freezing
system by a functional relationship between the permeability
of the frozen soil and the free energy of the unfrozen
water. Furthermore, this is aggravated by the fact, as shown

in the next two sections, that the freezing characteristics
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4.3 PREDICTIVE CAPABILITY WITH THE INTRINSIC PARAMETERS

One of the most sefious drawbacks of Harlan’s and
Gilpin’s models is the requirement of a functional
relationship which relates the permeability of the frozen
soil to the free energy of it's unfrozen water. This is
further aggravated by the fact that, to date, no
satisfactory methods for measuring the permeability of
frozen soil have been developed.

The model presented in Chapter 3 overcomes the
difficulties associated with Harlan’'s model. It has been
demonstrated that the microphysical parameters of the frozen
fringe can be.replaced by a measurable macrophysical
parameter, its overall permeability, Kf. Moreover, this
parameter is characteristic of a given soil since laboratory
data demonstrated that a unique value of Kf was obtained for
a given suction at the frost front. The overall permeability
of the frozen fringe may be found from controlled freezing
tests with constant temperature boundary conditions as
discussed in Chapter 3.

In order to extend the.ahalysis of frost heave to

.conditions with an advancing frost front, i.e. unsteady heat
flow, the governing equations presented in Figure 3.1 are
formulated with the following assumptions.

The application of the governing equations may be

simplified if one assumes that the thermal properties of the
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frozen zone are independent of the temperature. Furthermore,
th%s study takes the view that the amount of unfrozen water
remaining in the frozen soil is "lumped" at the frost front
by the dimensionless parameter c defined in Chapter 3. It
should be stressed that the program could take into account
non linear variations of the properties of the frozen soil
as well as a relationship between the unfrozen water content
and temperature.

Parametric studies, discussed in Section 4.6, Which
deal with variations in the thermal conductivity of the
frozen and unfrozen soil and variations in ¢ strongly
support the above assumptioné.

As shown in Figure 3.1, the model accounts for variable
values of the segregation-freezing temperature, Ts, and the
overall permeability of the fringe, Kf, with time. This
formulation permits the description of the more general case
where the frozen fringe exhibits variable properties in
reéponse to the degree of thermal imbalance of the freezing
system. Recalling that Ts and Kf have been determined at the
formation of the final ice lens, i.e. close to steady state
conditions, the assumption that 1ittle changes in those
parameters occur during unsteady heat flow appears
attractive as a first trial and permits a test of the mode 1.
The frozen fringe characteristics are considered constant
with time and their values are assigned those measured at
the onset of the formation of the final ice lens. |

The model also assumes implicitly that the
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Clausius-Clapeyron equation holds throughout the freezing
précess at the segregétion-freezing level. As discussed in
Chapters 1, 2 and 3 this can be verified at the base of any
ice lens. However, at the beginning of freezing, no visible
discrete ice lenses are created in freezing soils due to
rapid frost front penetration. However, water flow into the
frozen soil above the segregation-freezing front is not
possible because of reduced permeability. The use of the
Clausius-Clapeyron equation is then valid for this situation
since it is analogous to the case of closed-system freezing
with no water flow where the use of that equation has been
justified in Chapter 3.

The governing equations for one dimensional frost heave
which are summarized in Figure 3.1 may be written in finite
difference form using a scheme proposed by Crank and
',Nicholson (1947). The moving boundary condition is accounted
for by either of the methods described by Murray and Landis
(1959). The advantage of the Crank-Nicho]son scheme is that
~it remains unconditionally stable for all values of the time
step, Dt, which improves the accuracy beyond that in other
somewhat simpler methods. The simultaneous equations so
generated are tridiagonal when written in matrix form. A
simple algorithm derived from the Gaussian elimination
technique for simultaneous equations provides a fast,
efficient solution. The details of the finite difference
. scheme .are summarized in Appendix F. The finite difference

computer program evaluates the total, segregational and
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in-situ heave with time, the temperature distribution with
time and the change in moisture content as a function of
depth and time.

Data obtained from freezing tests in series NS were
compared with the results produced by the predictive
program. The input parameters used for this analysis are as
follows:

1. Overall permeability of the frozen fringe: Kf =

0.8x10-°cm/s
2. Segregation-freezing temperature: Ts = -0.10°C
3. Unfrozen soil permeability: Ku = 10-7cm/s
4. Thermal conductivities:
Ku = 0.35 mcal/(mm.s.°C) = 1.47 mW/(mm.°C)
Kfr = 0.36 mcal/(mm.s.°C) = 1.51 mW/(mm.°C)

Kf = 0.43 mcal/(mm.s.°C) = 1.76 mW/(mm.oC)
The thermal and geometrical boundary conditions have to be
specified for each teSf.

The volume of water drawn into the sample is
transformed to ségregational heave by:

hs = 1.09 VOL/A. ... . o it 4.12
- where A is the cross-area of the specimen.

Figure 4.2 compares the measured total and
segregational heave in»tests NS-1 and NS-2 with the
predicted values. It appears that good agreement is obtained
at the beginning of freezing for about 12 hours, after which
a systematic difference is obtained. However, the computed

rate of heave compares well with the measured value as
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steady state conditions are approached. This is not
suﬁprising since the input parameters characterizing the
freezing system are representative of quasi steady state
conditions correspording to the growth of the final ice
lens. The predicted total heave is approximately 85% of the
observed value at the onset of the formation of the final
ice lens. Although this may be sufficient for an engineering
approach, the simulation does not model the shape of the
actual curves satisfactorily. This is best illustrated in
Figure 4.3 where the water intake velocity, both observed
and computed, is plotted with time for test NS-4. The
measured water intake flux is constant for a period of about
9 hours, then drops slowly with time. The computed velocity
for water migration, on the contrary, shows a drastic change
during the first 10 hours due to rapid frost front
penetration and concomittant changes in the frozen fringe
thickness as the teﬁperature gradient in the frozen zone
decreases. After that period, the change in temperature
gradient shows down, which leads to an almost constant water
intake velocity.

Figures 4.4 and 4.5 present a summary of observed and
computed results for the series NS. Each symbol is
associated with a number which represents the time, in
hours, at which the parameters are compared. If the
predicted values are equal to the measured for a given
parameter, then the representative point would lie on a line

at 45° passing through the origin. Figure 4.4 reveals that
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the model with the assumption that Ts and Kf are constant
dufing unsteady heat flow overestimates total heave at the
beginning of freezing for about 6 to 10 hours and then
systematically underestimates its value. Remarkably, a
constant trend is observed and the best fit 1ine has a slope
steeper than 45° with an intercept on the abcissa at a
positive value. Figure 4.5 demonstrates also that water
intake velocity deviates from observed values at the
beginning of freezing. However, after a period of
approximately 12 hours and especially close to quasi steady
state conditions, good agreement is observed. This arises
from the fact that the characteristics of the frozén fringe
used for the simulation are those measured at the onset of
the growth of the final ice lens.

It is not surprising that a relatively poor prediction
results from the model which assumes that Ts and Kf are
constant throughout the freezing tests. As discussed in
Chapter 3, the shape of the suction profile and more
specifically the suction developed at the frost line
influences significantly the characteristics of the frozen
fringe. During a laboratory freezing test, the suction at
the frost front continually changes. Initially, relatively
long flow paths in the unfrozen soil associated with high
flow velocities give rise to quite high suctions at the
frozen-unfrozen interface. With time, the iength of unfrozen
soil decreases as does the water flux leading thus to

décreasing_suctions at the frost line. This, in turn,
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influences the characteristics of the developed frozen
fringes and is one of the major reasons for the divergence
between prediction and actual measurements observed during

the early stages of a freezing test.

4.4 VARIATIONS OF THE BASIC FREEZING PARAMETERS DURING
TRANSIENT FREEZING

The experimental results obtained in test series NS can
be fitted by varying the intrinsic parameters,i.e. the
segregation-freezing temperature and the permeability of the
frozen fringe with time. If the variation of the
segregation-freezing temperature with time is arbitrarily
chosen within reasonable bounds, it is then possible to back
calculate the value of the overall permeability of tﬁe
fringe with time that matches the water intake flux . The
obvious drawback to this approach is the large memberbof
sgts {Ts, Kf) that can be chosen. To explore the dependence
of frozen fringe permeability on temperature, three
reasonable éegregation-freezing temperature variations with
time were chosen and the resulting overall permeabilities
were calculated. The results are presented in Figure 4.6.

The first two temperature variations, Ts monotonically
increasing from a colder temperature than -0.10°C to -0.10°C
at steady state and Ts constant, both result in similar
frozen fringe permeabilities with time. Both permeability

variations increase slowly to the same maximum between 10
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and 20 hours and then decrease to the same steady state
values. The similarity and proximity of the two curves
cleérly indicates once again for Ts less than -0.10°C the
overall permeability of the fringe is insensitive to
segregation-freezing temperature.

The third temperature variation, Ts monotonically
decreasing to -0.10°C results in a somewhat different frozen
fringe permeability variation than the first two curves. The
backcalculated permeability is approximately constant during
the first hours of the freezing test, increases slightly to
a maximum and then slowly drops to the same value as the
previous cases. The maximum is greater than the previous two
situations but is reached at approximately the same time.
Full investigation of the freezing tests in series NS and E
révea]s that the time at which the maximum permeability of
the fringe is observed with the previous analysis
corresponds more or less to the time at which the zone of _
active lensing preceding the final ice lens is initiated. In
other words, it corresponds to the time at which the
temperature changes in the freezing system have slowed down
allowing for water to accumulate at a given level for a
longer period of time and subsequently to form visible ice
lenses. This is discussed in detail in Chapter 5.

It is of value to report here some recent Russian work
by Ershov et al (1978} where processeé of ice segregation
and formation of frozen soil texture were studied using

methods of time-lapse photography and scanning microscopy.
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Their results showed that the segregation-freezing
tehperature increased continuously from a colder temperature
than 0°C at the beginning of freezing to 0°C at the end of
the test. During the first hours of freezing, the system is
highly unstable with respect to temperature and, in most
soils, no visible ice lenses form during that period. It is
therefore very difficult to estimate the segregation -
freezing temperature during the early phase of a freezing
test. However, after a while, the system may produce visible
ice lenses and the temperature within the sample changes
less rapidly. Consequently, the measurements performed by
Ershov et al are more reliable during the latter phase of
freezing. Nevertheless, their investigation casts light on
the physical processes associated with frost heave by |
demonstrating that variable segregation-freezing
temperatures occur during an advancing freezing front. It is
reasonable to assume that, as visible ice lenses form, Ts of
each new ice lens increases with decreasing rate of frost
front advance. At the beginning of freezing, it can be
argued that the method used by Ersov et al overestimates the
actual value of the segregation-freezing temperature because
the actual level of water accumulation is very difficult to
assess as the ice content changes are not very significant.
On the other hand, it appears that the water flowing
into the frozen soil ié not able to accumulate as far as it
is supposed to because of drastic changes in temperatufe and

consequently in permeability of the frozen soil.
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Accordingly, it is also acceptable to consider that when the
teﬁperature change across the specimen is less intense, the
intake water may peneirate deeper into the frozen zone. It
is therefore speculated that the segregation freezing
temperature starts at a temperature warmer than that
corresponding to the growth of the final ice lens, decreases
during the early phase of freezing to a colder temperature
than Ts at steady stateAconditions and then increases
towards the temperature at which the final ice lens is
initiated as the system becomes more and more stable. A
mechanistic theory of ice lens format%on in fine grained
soils, presented in Chapter 5, accounts for the change in Ts
in the second phase of a freezing test, durihg the process
of active lensing. This theory supports strongly the

- previous statement that Ts increases during that phase of
active lensing. The variation in permeability associated
with a segregation-freezing temperature variation of this
type has been calculated for test NS-1 and plotted in Figure
4.7. It is shown that during rapid frost front advance, the
permeability is approximately conétant. As the zone of
active lensing is initiated, the permeability drops
continuously and ultimately reaches the value determined at
the onset of the formation of the final ice lens. It is
necessary to emphasize the tentative nature of this

argument.
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4.5 ANALYSIS OF FREEZING TESTS USING THE SEGREGATION
POTENTIAL

4.5.1 The Segregation Potential During Transient Freezing

Although the previous analysis provides insight into
the basic processes involved during freezing of soils, a
more attractive approach is to consider the segregation
potential of the freezing soil during an advancing frost
front.

The segregation potential was defined in Chapter 3 at
the initiation of the final ice lens. It can be defined in
general to be the ratio of the water intake flux and the
temperature gradient across the frozen fringe at any instant
t:

SP(t) = v(t)/grad LA 3 I e 4.13
Equation 4.13 demonstrates that SP of any freezing soil can
be easily asCértained at any time because it is possible to
measure quite accurately both water intake flux andr
temperature variations with time in any well instrumented
freezing test. Furthermore, no limiting assumptions on the
nature of the fringe are required.

In order to proceed with an analysis of a freezing
system in terhs of SP, it is necessary to assess the factors
that affect this parameter. Results in Chapter 3
demonstrated that at the formation of the final ice lens,
close to steady state conditions, the suction developed at

the frost front strongly influences the segregation
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potential. Figure 3.10 shows that SP decreases with
inéreasing suctions. It is important to remember that it is
the average suction within the frozen fringe which is the
basic parameter. However, since it is impossible to date to
measure directly this suction, the present study will emp loy
the suction at the frost line instead of the average
suction. This can be justified by the fact that for a given
soil, the suction at the frozen-unfrozen interface is
uniquely related to the average suction as demonstrated in
Chapter 3.

The application of the relationship between SP and Pu
obtained at quasi steady state conditions to the unsteady
heat flow condition when the frost front is advancing, does
not seem to be acceptable. This is deduced from the fact
that for a given suction, Pu, different values of SP can be
obtained dgpending on the state of thermal imbalance in the
sample. For example, in the case of Devon silt, the value of
SP at the onset of the growth of the final ice lens is
approximately 50x10-5 mm2/(s °C) at a suction of -20KPa.
Whereas, another test in which the same suction at the frost
line is obtained during an advancing frost.front results in
a higher value of the segregation potential.

This leads to the view that the segregation potential-
is not related solely to Pu, the suction at the
frozen-unfrozen interface, but is also a function of the
degree of thermal imbalance.

Attempts to establish a relationship between the
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variables of rate of heat extraction, rate of frost
pehetration, and rate of heave, have been made by different
researchers. Conclusions from these studies are
contradictory.

Beskow (13935) demonstrated, with experiments in which
- the air'temperature above the specimen varied between -20°C
and -10°C, that the heaving rate is not always influenced
~significantly by the rate of frost penetration. However,
careful inspection of the frost heaving-time relationship
reveals slight variations in the slopes as the air
témperature is changed.

Later, more controlled freezing tests have confirmed a
definite relationship between heaving rate and frost front
penetration rate (Penner, 1958, 1972) and (Kaplar (1968,
1970). Kaplar (1968) concludes fhat

"The heave rate is dependent on or controlled by the
rate of heat extraction (up to some unknown critical
rate dependent upon the availability of water and
the capability of the soil to conduct the water)"
It has also been shown that the dependence of the heave rate
on frost line penetration rate is different for each soil.

Thermal imbalance can therefore be represented by the
rate of frost penetration. It is tempting to relate the
segregation potential of a freezing soil to the suction and
the rate of frost-line advance. However, since the frozen
fringe is the seat of the segregational process, it can be

shown that, under certain circumstances, a given frost front
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penetration over a given time interval does not necessarily
induce identical changes in the anatomy of the frozen
fringe. This is illustrated very clearly in Figure 4.8, If
two samples of a given soil are subjected to different
geometrical and thermal boundary conditions and compared
upon reaching a given frost penetration rate, there will be
differences in temperature gradients in the frozen and
unfrozen soil. This, in turn, affects the size of the frozen
fringe. 1If, for simplicity, it is assumed that Ts is fhe
same in both specimens, the frozen fringe thickness is then
ful]y defined at time t in both samples. If the frost front
advances in both cases an identical length, DX, during a
period Dt, the result is a change in temperature
distribution in both samples as shown by the dotted line in
Figure 4.8. In this Figure, the ratio of the hatchea area
and the area defined by the frozen fringe at time t can be
interpreted as a measure of the degree of cooling of the
fringe. This illustrates that the frozen fringe cooled by a
different amount in each case. It is therefore proposed to
relate the degree of thermal imbaiance to the rate of
cooling of the frozen fringe during freezing. The rate of
cooling fs defined herein as the change in average
temperature of the fringe per unit time and can be
determined as:

dTf/dt = (grad Tf(t+dt) (dX+d(t)/2))-Ts/2...... L4.14
fhis equation.assumes that Ts is Known during the freezing

process at any time t. As discussed earlier, this is not the
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case. However, assuming a constant value of about -0.10°C
doés not affect significantly the value of the rate of
cooling. Furthermore, Figure 4.9 reveals that the average
rate of cooling can also be approximated by considering the
change of temperature per unit time at the level of the
in-situ freezing temperature. This is given by:

- dTf/dt = grad Tf(t+dt) dX................... 4.15
It should be stressed that these equations hold for any
temperature distribution within the frozen soil provided it
can be assuméd that the gradient temperature in the fringe
is constant, at least for short fringes.

This study now takes the view that a freezing soil can
be characterized during an advancing frost front by the
segregation potential which is a function of two independent
parameters, the suction at the frost line, Pu and the rate
of cooling of the fringe, dT7f/dt. Reanalysis of test data
from series NS and E should demonstrate the uniqueness of.
such a relationship for a given soil. This, in turn, would
then result in acceptable input for frost heave
characterization in the more general heat and mass transfer

formulation.

4.5.2 Freezing Characteristics of Devon Silt

The frost heave characteristic surface (SP,Pu,dTf/dt)
can be determined from experimental data using the following
procedure. A.given freezing test, properly instrumented,

yields the variation of the length of unfréozen soil with
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time. Also, the variation in the thickness of the frozen
soil can be evaluated with time. Combining this information
with the measured temperatures on the side of the sample, it
is possible to calculate the temperature gradient across the
fringe (or near it) at any time t. Equations 4.14 or 4.15,
reformulated for a finite time interval, Dt, yields then the
variation of the cooling rate of the fringe with time.
Typical data reduction obtained for test E4 is shown in
Figure 4.10. It appears that the rate of cooling of the
fringe is very high at the beginning of freezing, decreases
rapidly with time and approaches zero asymptotically, which
represents the steady state temperature distribution. It is
worthwhile to mention here that a freezing test with fixed
temperature boundary conditions provides a.complete range of
“heat extraction rates. The time éorresponding to specific
rates of cooling is then determined from these graphs. The
corresponding measured water intake velocity combined with.
the measured length of the unfrozen soil allow the
assessment of the suction at the frost line by application
of Darcy’s law. Finally, the segregation potential at that
specific rate of cooling is computed using Equation 4.13.
Figures 4.11 to 4.13 summarize the data for values of
the rate of cooling of 1°C/hour, 0.50°C/hour, 0.20°C/hour,
0.10°C/hour, 0.05°C/hour and at the onset of the formation
of the final ice lens. This last relationship has already
been established in Chapter 3. For high rates of cooling,

1°C/hour and 0.5°C/hour some data points do not fit the
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surface. This is not surprising if it is considered that a
mihimum time is required to establish steady state
conditions for water f]ow.through the unfrozen soil as a
change in potential is suddenly applied at one boundary. The
time required for steady state water flow is identical to
the time required to achieve primary consolidation with an
initial triangular pore pressure distribution. This time is
dependent upon the coefficient of consolidation and the
height of the samples. For samples from 5 cm to 10 cm high,
the time for steady state water flow ranges from 1 hour to 5
hours for Devon silt. It should also be stressed that the
height of the unfrozen soil varies as freezing progresses,
accelerating therefore the equalization process.
Furthermore, since SP and Pu are both related to the
measured water flux, the data points will lie inside the
surface, since the water flux is less important than for
steady conditions corresponding to the maximum hydraulic
gradient. This phenomenon only occurs for relatively short
samples in which rates of cooling of 1°C/hour and 0.5°C/hour
are obtained after a relatively short period of freezing,
when the water flow is transient. With time, however, this
phenomenon disappears completely.

The results, shown in Figures 4.11 to 4.13, obtained
for different tests where different boundary conditions were
applied strongly support the view that a freezfng soil is
characterized during an advancing frost front by the

fundamental parameters SP, Pu and dTf/dt. Finally it should
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be stressed that all parameters are directly measurable or
deducible from freezing tests with fixed temperature

boundary conditions. Moreover, no limiting assumptions are
required as was the case for the other basic parameters Ts

and Kf.

4.6 PREDICTIVE CAPABILITY WITH THE CHARACTERISTIC FREEZING
SURFACE OF DEVON SILT

This section is devoted to demonstrate that the
characteristic surface (SP, Pu, dTf/dt) of a given soil can
be used as input to the general formulation of simultaneous
heat and mass transfer in freezing soils. This is achieved
by simulating with the resulting model all the freezing
tests performed in Series NS and E. Furthermore, the
validity and applicability of this model is tested for
variable temperature boundary conditions with time and for
layered samples composed of two different media. Hence, the
effects of freezing path and impeded drainage are
investigated both with the proposed model and

experimentally.

4.6.1 Description of the Frost Heave Computer Model

The mathematical model for heat transfer is identical
to that described in Chapter 3. The formulation of mass
transfer, however, is changed slightly in order to use the

characteristic surface of the freezing soil. In order to be
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able to use this surface in the computer model, it must be
de#inéd with functional re]ationsh{ps. This is done by
fitting the experimental curves SP-Pu (Figdre 4.11 to 4.13)
obtained at different specified rates of cooling with
polynomial functions. The segregation potential at any rate
of cooling is approximated by linear interpolation of known
values of SP for the two closest rates of cooling bounding
the actual rate of temperature change.

The flow chart presented in Table 4.2 illustrates the
solution procedure used in this model. Unsteady heat flow is
first solved respectively in the unfrozen and frozen part of
the specimen. From the resulting temperature distributions,
the temperature gradients at the frost front, grad Tu and
grad Tfr are determined. This, in turn, leads fo the rate of
cooling to the frozen fringe over the time interval, Dt. The
next step is then the evaluation of mass transfer during
that time interval. For the current rate of cooling of the
fringe, SP can be evaluated as a function of Pu as discussed
previously. The water intake velocity is then related to SP
by Equation 4.10. This results in a variation of water
intake flux with the suction at the frost line for the-
current rate of cooling as shdwn in Figure 4.14a. On the
other hand, for a given length of unfrozen soil, the
velocity of water flow is linearly proportional to the
difference in total potential across the unfrozen soil. For
zero potential at the base of the specimen, this implies:

V = lu(t).Pu/Ku = Constant.Pu............... 4,18
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This relationship is also plotted on Figure 4.14a. It is
cléar that compatibility between water flux and suction at
the frost front must be safisfied with respect to Darcy’s
law in the unfrozen soil. This is obtained when the water
intake velocity calculated with SP and Pu is equal to that
bbtained with Darcy’s equation applied to the unfrozen soil
only. In graphic form, the compatibility condition is
represented by the intersection of the two cufves defined by
Equations 4.13 and 4.16. From a computational point of view,
the unique solution (V,Pu) is obtained with an iterative
method in which the difference V(freezing) - V(Darcy) is
calculated for different suctions and the suction for which
this difference approaches zero is determined with a
false-position method as illustrated in Figure 4.14b.

Finally, the frost ?ront advance during the time
interval, Dt, is computed in order to satisfy thermal
balance at the 0°C isotherm. The time is increased by
another increment and the sequence of operations are
repeated until a stationary frost front is attained.

It is generally accepted that the final ice lens is
created when the frost front becomes stationary. The time at
which the.final ice lens was effectively initiated can be
determined from experimental data by subtracting the
thickness of the final ice lens from the total heave
obtained at the end of the freezing test and determine the
time at which the total heave corresponds to that value.

However, the time of unsteady heat flow predicted by the
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model for different freezing tests is always significantly
loﬁger than the respective time at which the final ice lens
was initiated in the freezing specimens. This observation
led to the view that the final ice lens may form slightly
before a stationary frost front is reached. Furthermore,
subsequent advance of the 0°C isotherm results in further
chilling of the frozen fringe reducing the segregational
potential. This view is supported by the mechanistic theory
of ice lens formation presented in the next chapter.

The analysis of the freezing tests used to determine
the characteristic freezing surface reveals that the final
ice lens is initiated in our tests at a rate of cooling of
~the fringe of about 0.01°C/hour. The characteristic surface
for Devon silt is consequently completed by ﬁetermining the
relationship SP-Pu at dTf/dt equal to zero, i.e. for a
stationary frost front. This is done with the same procedure
as discussed in section 4.4 but the time at which the basic
parameters are eva]uatedlcorresponds to the computed time
required to reach a stationary frost front situation. This
relationship is shown in Figure 4.13.

Figure 4.15 represents a three dimensional view plotted
by thé computer using the functional relationshipé
characterizing saturated Devon silt at a given porosity and
freezing under zero applied load. This surface is being used

as input for the freezing soil in the frost heave model.
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4.6.2 Results Predicted with the Frost Heave Mode1

| The results obtained by this model are summarized in
Appendix D. In order to judge the effectiveness and
predictability of this model, it is convenient to report on
the same plot the measured and computed values of given
parameters at a given time.

Similarly to Figures 4.4 and 4.5, total heave and water
intake flux are again used as key parameters in order to
evaluate the adequacy of the proposed model. Each symbol
represents a given freezing test and is associated with a
number which gives the time, in hours, at which the
parameter is compared. Excellent agreement is now obtained
for both total heave and water intake velocity for almost
all the tests carried out in the present invéstigation as
shown in Figure 4.16 and 4.17.

So far, the frost heave ﬁodel has only been tested for
uniform specimens of Devon silt. If the suction at the frost
front is a fundamental parameter then the model should be
able to predict total heave with time for a freezing sample
composed of a layer of Devon silt of properties similar to
those existing in Series NS and E and a second layer of
different permeability, provided that the frozen fringe
remains in Devon silt. A two layered medium results in a
change in the slope of the relation between water flux and
suction at the frost frontnfor a given flow path.
Consequently, as shown Figure 4.15, the velocity of water

sucked to the freezing front is changing as well.
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Figure 4.15 Characteristic Freezing Surface for Devon Silt
Used for Simulation '
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Sample E8 was composed of a 8.3 cm thick Devon silt
1ayer, preconsolidated to 210 KPa and a 2 cm thick porous
stone of relatively high permeability. Sample E9 was
composed of a 8.4 cm thick Devon silt layer, preconsolidated
to 210 kKPa and a 5.1 cm thick Devon silt layer
preconsolidated to 420 kPa. This higher preconsolidation
pressure leads even after rebound under zero applied load,
to a lower void ratio and therefore to a lower permeabi lity.
This latter was determined prior to freezing by a
constant-head permeability test at a temperature of about
+1°C and was found to be approximately .6x10-7 cm/s. |

In both tests, the temperature boundary conditions were
such that the final position of the 0°C isotherm remained
within Devon silt preconsolidated to 210 kPa. This, in turn,
insured that, the frozen fringe is developed in identical
soil (as in series NS and E) whose freezing characteristics
are known. -

The computed total heave and heave by water intake are
compared with actual test data. Also the penetration of the
0°C isotherm with time is compared to measured data. The
results for test E8 and E9 are shown in Figures 4.18 and
4.19. Excellent agreement is obtained in both cases,
confirming thus that the suction at the frozen-unfrozen
interface is a fundamental parameter for a freezing soil.

So far, all the simulated freezing tests were frozen
with fixed temperature boqndary conditions during the whole

freezing period. It is tempting to conclude that the
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Validity of the proposed characterization of a freezing soil
is:therefore restricted to those thermal condftions.

In.SPder to prove that the characteristic freezing
surface, although determined from freezing tests with fixed
temperature boundary conditions, is independent of the
freezing path, freezing tests with variable témperature
boundary conditions were conducted.

Sample E1 was frozen in two stages; Dﬁring the first
stage, the temperatures at the top and the bottom of the
specimen were maintained constant for 24 hours. During that
period, the frost front penetrated appﬁoximately to the
middle of the sample. Tﬁen, the second stage was initiated
by changing the temperatures at both ends in order to force
further penetration of the frost front. During that second
phase, the temperatures were also maintained constant with
time. The warm plate temperature was lowered from +6°C to
+19C. This results, in the early stage of that phase, in
heat flow to both ends of the specimen since fhe temperature
distribution presents a maximum temperature somewhere within
the unfrozen soil. Temperature distribution in sample E1 are
given in Figure C13 in Appendix C. It is worthwhile to
stréss again the importance of temperature distribution in
the determination of the rate of cooling of the frozen
fringe which, in turn, influences the segregation potential.

Figure 4.20 shows the comparison between computed and
measured results for test E1. It is obvious that the model

predicts remarkably well the change and magnitude of the
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rate of heaving that occurred as the temperature boundary
cohditions were changed. Furthermore, the computed frost
front penetrétion is also in agreehent with the measured
temperature profile and the visual observations made after
freezing was completed. Figure 4.21 illustrates that the
model also predicts very well the increase in water content
in the frozen soil. The water content after freezing was
measured for thin slices of the frozen soil as discussed in
Chapter 2.

During test NS-7, the temperatures at both ends of the
sample changed accidentaly by a minor amount as shown in
Figure 4.22. The model predicts relatively well the shape of
the heaving curve with time when used with fixed temperature
boundary conditions. However, the prediction is improved
when the actual variation in thérmal boundary conditions is
taken into account during the simulation. Figure 4.22
illustrates clearly the importance of adequate simulation of
thermal boundary conditions, especially when the warm-plate
temperature is close to 0°C. In these conditions, the
suction at the frost line ranges from atmospheric pressure
to about -10 kPa as shown in Figure 3.10. In that domain,
the segregation potential varies significantly.

The results presented in Figures 4.20 to 4.22 confirm
that the characteristic soil freezing surface (SP, Pu,

dTf/dt) is independent of the freezing path.
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4.6.3 Prediction of Frost Heave in Long Samples

| So far, the frost heave model predicts fairly well the
behavior of relatively short samples, less than 15 cmf
during freezing with free water supply and no app]ied load.
It was decided to freeze longer specimens in order to
investigate the influence, if any, of the initial length of
the sample upon the freezing behavior. Theoretically, since
the characteristic freezing surface remains the same, the
model should predict heave and water {ntake with the same
accuracy as for the previous tests.

Two samples were consolidated to 210 kPa and a height
of respebtive]y 28.0 cm for NS-9 and 18.0 cm for NS-10. The
freezing cell was obtained by assembling three 10 cm high
individual freezing cells. The surrounding insulation was
also composed of three individual féam cylinders. This
resulted in bad contact and preferential thermal flow paths.
Consequently, radial heat flow into the specimens could not
be avoided as shown by the temperature distributions
obtained as the final ice lens was initiated in both samples
- (Figure 4.23).

From a theoretical point of view, the radial heat flow
component has to be accounted for in the global heat budget
within the sample. This requires the derivation of governing
equations of two dimensional heat transfer in cylindrical
coordinates. It requires furthermore the evaluation of the
thefma] conductivities of the cell wall, insulation and in

general of the whole system. This rather tedious task can be
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avoided if one treats the problem as a one dimensional heat
f]éw in which the cold-side temperature is assumed to vary
so that the temperature gradient across the frozen zone is
equal to that measured across the fringe at any time t.

With this approximation, the previous model can be used
to simulate tests NS-9 and NS-10. The basic parameters are
identical to those used to model the freezing of shorter
samples. The variation of the assumed cold side temperature,
shown in Figures 4.24 and 4.25 respectively for NS-9 and
NS-10, was assessed from Figure 4.23. The assumed
temperature corresponds to the intgrsection of the tangent
at 0°C to the actual temperature distribution with the top
surface of the specimen. Since the length of frozen soil
varies with time and because the influence of radial heat
flow increases with increasing height, the assumed
temperature decreases with time.

The simulation of tests NS-8 and NS-10 have been
performed with the condition of constant Tc and with the
assumed variation of Tc with time for both cases. It is
clear, as shown in Figures 4.24 and 4.25 that better
agreement computed and measured heave is obtained if the
cold step temperature varies in order to match the actual
slope of the temperature distribution at the 0°C isotherm
with time. It is also clear, that the characteristic soil
freezing surface is independent of the geometrical boundary
conditions and that the modei can be used for any length of

soil.
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4.6.4 Sensitivity Analysis

Finally, it is of value to discuss the results obtained
from a pafametric study where the sensitivity of the
prediction of total heave and water migration flux in
freezing soils has been determined in response to changes in
the hydraulic and thermal characteristics used as input
data. This analysis was carried out for test NS-1.

As a first step, the permeability of the saturated
unfrozen soil is kept constant. However, the thermal
conductivities of the frozen and unfrozen soil and of the
frozen'fringe are varied. Figure 4.26a reveals that total
and segregational heave areAsensitive to minor changes in
the thermal parameters of the freezing system. The resulting
variations are, however, not very significant and remain
within an acceptable range of abbut +10% for +25% variation
in the thermal properties. The variatioqs in the position of
the 0°C isotherm and the time of unsteady heat flow are more
significant. If the ratio of the chosen thermal
conductivities of the frozen soil and the unfrozen soil is
larger than the actual one, the model overestimates heave
and water intake and predicts deeper frost front penetration
and shorter time of unsteady heat flow. On the ofher hand,
if the adopted values of the conductivities yield a smaller
ratio than the actual one, the frost heave model
underestimates heave and resUlts in a longer unfrozen part
and also a longer time of unsteady heat flow.

Matching therefore cone freezing test with respect to
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depth of frozen soil and water intake rate, can result in an
accurate determination of the thermal characteristics of a
‘;biven soil.
The second parametric study deals with changes in the
-permeability of the unfrozen soil. The thermal parameters
are constant in that analysis. As seen in Section 4.4, the
frost heave model is based upon the relationship between SP
and Pu at different cooling rafes. Variations in
permeability result inevitably in variations of the suction
at the frost front of the same order of magnitude. It is,
therefore, expected that changes in permeability of the
unfrozen soil have an enormous effect on the behavior of a
given freezing soil. This is confirmed by the analysis and-
shown in Figure 4.26b. A change of one order of magnitude in
Ku is associated with a dramatic variation in total heave, .
approximately *150%.

Such large variations in permeability are, however,
unrealistic for laboratory conditions. Moreover, it must be
stressed that the characteristic freezing surface was
established by assuming a given permeabi]ity of the unfrozen
soil in order to infer the value of Pu by Darcy’'s law. The
use of this surface as input is only valid if the
simulations are performed for identical soil with identical
physical properties. If the parametric study is conducted
with a variation of £15% in Ku, the heave is also found to
vary within £15%. Slight variations in permeability due to

soil compressibility are most likely to occur close to the
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frost front where the effective stresses in the unfrozen
sof] are increased due to negative pore water pressures.
This, in turn, produces slight variations in the average
permeability of the unfrozen soil. The accuracy of the
predictions would certainly improve if those minor
variations in permeability were accounted for in the frost
heave model.

It may be concluded that the sensitivity study
demonstrates clearly that the small differences between
computed and measured values presented in Figures 4.16 and
4.17 are easily accountable for by minor changes in the

hydraulic and thermal parameters of the soil.

4.7 FEATURES OF THE CHARACTERISTIC FREEZING SURFACE OF DEVON
SILT

A saturated soil at a given porosity that freezes under
zero applied load can be characterized by a unique
relationship between the segregation potential, the suction
at the frost front and the rate of cooling of the frozen
fringe. Figure 4.15 illustrates in three dimensions the
shape of this relationship.

It is of interest to discuss some important features of
this characteristic freezing surface. As shown in Figures
4.10 to 4.13, the experimental data suggest that é unique
maximum suction at the frost front at which no water flow is

occurring exists at any rate of cooling of the fringe. This
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limiting suction is approximately -80 kPa. For silts, in
geﬁera], cavitation is most likely to occur at suctions of
about -100 kPa. It is, thérefore, suggested that the
limiting suction inferred from the freezing tests
corresponds to the critical suction at which cavitation of
water occurs in the unfrozen Devon silt. This explains
furthermore that the observed limiting suctions are more or
less constant since the soil properties were identical for
all the freezing tests used to determine the freezing
surface. |

Figure 4.15 reveals also that there is a maximum rate
of cooling of the fringe for any suction at the frost front
.at which no water flow to the freezing front is possible.
The 1limiting rate of cooling for Devon silt is approximately
2.5°C/hour. In other words, the frost front penetration is
so fast that the time allowed for water to flow to the
freezing frost is practically zero, and no segregation heave
can occur.

Kaplar (1870} and Penner (1972) suspected that a
limiting rate of frost front penetration at which only "in
situ" water freezing should occur, exists for any soil,
Kaplar found that for gravelly sand this rate was about 1.6
cm/hour. Moreover, it can be deduced from the results
presented in his paper that this parameter seems to be
dependent on the type of-soil. This is also inferred from
the present investigation since the characteristic freezing

surface is unique for a given soil and is most likely
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different for different soils, leading thus to different

values of the limiting rate of cooling.

4.8 SUMMARY

It has been demonstrated that during an advancing frost
front phase, the freezing characteristics of a given soil
under zero applied load are defined by the segregation
potential, the suétion at the frozen-unfrozen interface and
the rate of cooling of the fringe. Moreover, there is a
unique relationship between these parameters. In the light
of these results, it has been concluded that all the frost
heave models that have been proposed in the past are not
complete in describing the freezing soil for unsteady heat
flow conditions since no considerations are given either to
the degree of thermal imbalance, or, in some cases, to the
suction developed within the fringe.

A frost heave model has been proposed for the .
simulation of laboratory freezing tests for one_dimensiona]
heat flow. The input to mass transfer is the characferistic
freezing surface which is determinable from controlled
laboratory freezing tests. The model predicts very well all
the freezing tests conducted during this investigation.

It transpires, moreover, that the suction at the frost
front cannot exceed a limiting suction of about -80 KPa.
This is thought to represent the critical suction at which

cavitation occurs in Devon silt.
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Evidence of a limiting rate of cooling of the fringe is
also provided by the experimental results. For Devon silt,
this limiting rate of cooling is approximately 2.5°C/hour.
For higher rates of cooling, water flow to the freezing
front does not occur.

A parametric study reveals that the model is very
sensitive to variations in permeability of the unfrozen
soil. This, however, can be minimized by careful sample
preparation so that the soil properties of different samples
are constant. Variations in thermal properties of the
freezing system affect to a lesser extent the results

predicted by the proposed frost heave model.



5. FROST HEAVE IN FINE GRAINED SOILS UNDER ZERO APPLIED LOAD

5.1 INTRODUCTION

The first part of this chapter deals with the analysis
of frost heave during retreat of the frost front and when it
is stationary. Both situations can be obtained during the
growth of the final ice lens. A predictive model is proposed
for heave and heave rate during the terminal phase of a
freezing test. |

The second part‘of the chapter summarizes the different
mechanisms operative during freezing of fine grained soils
with no applied overburden. A mechanistic theory of rhythmic

ice lens formation is also presented.

5.2 FROST HEAVE MODEL DURING A RETREATING FROST FRONT
5.2.1 Maximum Thickness of the Final Ice Lens

It was shown in Chapter 2 that the heave reaches an
ultimate value where soil samples are frozen under fixed
temperature conditions with the proviso that sufficient
freezing time is available. This is thought to be associated
primarily with the change in temperature distribution within
the sample in response to changes in height of the specimen

as the growth of the final ice lens continues with time.

185
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Fixed temperature boundary conditions result then in a
deérease in the overall temperature gradient in the sample
and a warming of the base of the ice lens an&’the frozen
fringe. During this process, thawing of the bottom part of
the frozen fringe also occurs. For this reason, the terminal
phase‘of freezing tests in which the frozen fringe thaws
progressively with time has been referred to herein as a
retreafing frost front. It is clear that as the 0°C isotherm
touches the base of the ice lens the frozen fringe will be
completely thawed. Furthermore when the temperature at the
base of that ice lens becomes 0°C, Equation 1.7 indicates
that no suction can be developed in the water film beneath
the ice lens. This, in turn, signifies no further water flow
to the ice lens and hence cessation of heave. Moreover, the
freezing system, i.e. the active and the passive system, is
also in a state of thermal equilibrium provided the
temperature boundary conditions remain stable in time.

At the end of the advancing frost front phase, the
position of the final ice lens is given by lo as seen in
Figure 5.1. During the freezing period, the height of the
specimen increases from Ho to H. The difference, H-Ho, is a
result of the heave which occurréd during the freezing
process. From the previous discussion, it follows that the
ultimate height of the sample results when the temperature
is 0°C at the base of the final ice lens, i.e. when the
distance between the 0°C isotherm and the base of the sample

is equal to lo. For one dimensional heat flow, the
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temperature gradient in the unfrozen soil is then equal to
Tw/lo. The temperature distribution in the frozen pabt is
influenced by the presence of the continually growing ice
lens whose thermal conductivity is higher than that of the
frozen soil by about 20 to 25%. If no radial heat flow
occurs, the temperature profile within the frozen zone can
be approximated by two lines of different slopes, one for
the frozen soil and a steeper slope for the ice lens.
When heave stops, thermal equilibrium anywhere within
the specimen is expressed by:
kKu.grad Tu = ki.grad Ti = kfr.grad Tfr ........... 5.1
This condition can be rewritten if one considers the
equivalent thermal conductivity of the medium composed of
the frozen soil and the final ice lens as
Ku.Tw/lo = kfe.Tc/(X+e).....ovviii .., 5.2
wherekfe=(X+e)/(X/kfr + e/Ki).......... e 5.3

X is the thickness of the frozen soil above the ice
lens
e is the thickness of the ice lens
Combining equations 5.2 and 5.3 and solving for e gives:
Ki |Tc| Ki
S et o T 5.4
Ku Tw kfe
Equation 5.4 yields the maximum thickness that the final ice
lens can grow to during a retreating frost front phase for

the case of one dimensional heat flow. Adding this value to

the height of the specimen prevailing at the end of the
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advancing frost front phase provides the ultimate height of
thé sample under the specified tehperature boundary
conditions.

Unfortunately, it has been found that as the
temperatures reach steady state, the influence of the
ambient temperature of the cold room becomes increasingly
more significant. Heat flows into the sample through the
walls of the freezing cell. Since the heat balance is nearly
achieved, any other heat supply becomes important.
Therefore, another expression for the maximum thickness of
the final ice lens must be derived which includes radial
heat flow. One approach to this'problem is to lump the
radial heat flow, Qr, to the level of the ice lens and to
express the new heat balance for the one dimensional case
as:

Ku.grad Tu + Qr = Kkfe.grad Tfe............. ..5.5
Equation 5.5 is rewritten as
ku' .grad Tu = kfe.grad Tfe................... 5.6
where - ku' = ku + Kkr |
kr = Qr/(A.grad Tu)
Then Equations 5.4 and 5.6 yield the maximum thickness of
the final ice lens as:
ki |Tc] Ki
&;’ Tw kfe
The total amount of heat flowing radially into the sample
per unit time can be approximated by:

P
Qr = (kins/1n Re/Ri).‘E(To(i)fTr).Dh ............ ..5.8
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where Kins is the thermal conductivity of the insulation
| and the cell wall

Ri is the inner radius of the cell
Re is the outer radius of the cell
To(i) is the temperature of the sample for each
element
Tr is the cold room temperature
Dh is the height of each element of soil

Figure 5.2 illustrates the effect of radial heat flow on the

ultimate heave of the soil sample.

5.2.2 Physical Phenomena Occurring During the Terminal Phase

So far, only heat transfer has been used to assess the
ultimate thickness of the final ice lens. No consideration
has been given to the physical mechanisms governing mass
transfer and to the heave - time relationship developed
during the terminal phase.

Freezing tests in which the temperature boundary
conditions are maintained constant with time lead, as
discussed earlier, invariably to a progressive warming of
the base of the ice lens. Equation 1.7 or 3.6 demonstrates
that a concomittant decrease in suction in the waterfilm
beneath the ice lens then occurs. Moreover, this process is
associated simultaneously with a warming of the frozen
fringe coupled with some melting of ifs warmest part. These
mechanisms, in turn, influence the overall permeability of

the current frozen fringe. Most likely, since the average
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femperature of the frozen fringe increases, the overall
pefmeability should also increase in response to a higher
unfrozen water content in the fringe.

Furthermore, these processes may be accompanied by
selective rejection of solutes into the melt by the growing
solid phase (Hallet, 1978). As the soil freezes from top
down, solutes are selectively rejected by the ice phase.
They tend to accumulate at the freezing front but also
diffuse downward, driven by concentration gradients. With
continued preferential rejection of solutes by the growing
ice, the solute concentration in the unfrozen soil increases
progreésively. Therefore, it is clear that the growth of the
ffna] ice lens contributes to solute enriéhment in the
unfrozen soil with time. Through their effect on the osmotic
pressure, solutes will then affect mass transport dﬁring
that phase. Increasing solute concentration below the ice
lens results in a decrease in the suction potential and an
associated decrease in the rate of water migration to the
‘ice lens.

In this study, the suction potential was determined at
the beginning of .the terminal phase from freezing tests with
applied back-pressure. Those suctionsAcompared well with
suctions obtained by virtue of the Clausius-Clapeyron
‘equation whén the temperature at the ice lens, Ts, was
inferred from a measured temperature profile. It is,
therefore, concluded that the influence of solute rejection

can be neglected during the advancing frost front phase in
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our tests. Nevertheless, one should bear in mind that a
stationary frost front for long periods of time could induce
important changes in solute concentration beneath the ice
lens and consequently changes in driving potential.
Neglecting the effect of increasing solute concéntration
results in an upper bound of the thickness of the final ice
lens. For engineering purposes, this approximation is quite
justified.

In summary, the terminal phase is characterized by a
decreasing suction potential whose effect on water transport
is moderated by an ihcreasing permeability of the frozen
fringe as thawing proceeds.

The change in height of the specimen during the
terminal phase produces changes in the temperature
distribution and consequently in its gradient. The heat
deficit or the net heat extraction rate at the ice lens will
therefore also change with time. Since heat is released when
upflowing water changes to ice, it is clear that this amount
of heat will be limited by the current heat deficit at the
ice lens. »

This study therefore, takes the view that, although the
suction generated beneath the ice lens in response to
negative temperatures and, in some cases, damped by the
effect of increasing solute concentration drives water to
the ice lens, the dominant mechanism governing the rate of
water changing to ice.is the current heét deficit existing

at the level of the final ice lens.
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5.2.3 Heave Rate During the Terminal Phase

~ In order to proceed with analysis, Equation 5.4 or 5.7
can be used to predict the maximum thickness of the ice lens
during the terminal phase. The position of its base, lo, is
predicted using the model developed in Chapter 4. It has
been shown that for Devon silt under zero external load, the
final ice lens forms at a rate of cooling of the fringe
equal to about 0.01°C/hour and at a segregation freezing
temperature, Tso, of approximately - 0.10°C. This, in turn,
allows one to deduce the length, lo, from the temperature
disfribution across the active system. The thickness of the
frozen soil above the final ice lens is also determined from
the model analysis. This thickness is constant during the
terminal phase of the freezing test since it is assumed that
the warmest ice lens acts like a cutoff with respect to
water flow. In the frozen soil, water redistribution is
l1ikely to occur over longer freezing periods, but this
process, the importance of which is thought to be minor as
discussed in Chapter 1, does not éffect the value of total
heave.

The prediction of the heave - time relationship>can be
approximated by the following incremental procedure.

The amount of heat necessary to thaw the frozen fringe
is neglected in this analysis. For one dimensional heat
flow, the water migration flux or rate of heaving is
obtained simpTy by:

V = (kfe.grad Tfe - ku.grad Tu)/L............ 5.8
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This equation can be rewritten as:

1 |Tel-|Ts| Tw+|Ts|
( S5

However, Ts being unknown during the terminal phase, it is
impossible to solve Equation 5.9 directly. The
indeterminancy of the previous equation is eliminated if it
is possible to find a relationship between the amount of
heave occurring during this phase and the amount of thawing
of the frozen fringe.

It can readily be shown that when a given percent of
the maximum ice lens thickness has occurred, then the same
percentage of the frozen fringe has thawed if one assumes
that the thermal conductivity of the frozen soil is constant
and that the heat released upon freezing is not taken into
account. This is obviously not the case in freezing tests.
Nevertheless, these assumptions approach reality as the end
of the terminal phase is reached since the heave rate is
significantly reduced which in turn, reduces the change in
the geometrical configuration. During the early stages of
frost front retreat, the assumptions are most critical.
However they lead to a slight overestimate of the rate of
growth of the ice lens since the frozen fringe would
disappear faster with the previous assumptions than in the
case where the heat released during ice formation is taken
into account. The previous assumptions are illustrated in
Figure 5.3.

The time required to reach a given percent of heave,x,
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can be calculated in the following manner:

| () = h(X) / 1.00V. .., 5.10
h{t) / h(max)

(VI(R) + V(h+Dh)) / 2. .. i, 5.11

where X

4

where V(h} and V(h+Dh) are obtained from Equations 5.4 and
5.8 and corespond respectively to a thickness of the
final ice lens of h and h+Dh.
In the case of parasitic radial heat flow, Equation 5.4 is

replaced by Equation 5.7.

5.3 EXPERIMENTAL RESULTS

The previous section postulates that the relationship
between heave and time during the terminal phase is |
determined solely from the thermal'balance within the soil
sample. This section is devoted to demonstrating that the
behavior of laboratory freezing tests can be predicted with
these theoretical considerations. |

Test S1, described in Chapter 2, wés frozen with an
applied baék pressure to the water reservoir. One of the
objectives of this test was to investigate the warming of
the base of the ice lens with change in height of the
specimen. Freezing was consequently allowed with free access
of water until the time at which fhe final ice lens was
initiated. Then, the water line was closed and the change in
pore pressure monitored with time. Since it was the first

test conducted, the system was closed for only 8 minutes in
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order to minimize disturbance. Thereafter, the water intake
lihe was reopened and the ice lens continued to grow at a
steadily decreasing rate as seen in Figure 5.4. After 18
hours of freezing the waterline was closed a second time and
the pore pressure drop was recorded for about 25 minutes.
Freezing in open system conditions then followed until the
water line was closed for a third time, 65 hours after the
beginning of the test. As discussed in Chapter 2, the effect
of cooling the base of the ice lens was also investigated.
For this reason, under open system freezing, the warm-side
temperature was lowered and a simultaneous increase in heave
rate was induced. In the second phase, the freezing system
was closed two more times, for longer periods than during
the first phase, 60 minutes and 120 minutes. Figure B1 in
Appendix B proves that thermal disturbance does not affect
the characteristics of the freezing system over such a
period since the rate of‘heaving obtained shortly after the
water line was reopened is identical to that developed
before it was closed.

Figure 5.4 clearly demonstrates that different pore
water pressure changes are obtained at different stages of
the termination phase. It is possible to evaluate the
approximate maximum drop of the pore pressures for each
closed-system test. By relating the maximum drop of the pore
pressures to the temperature at the base of the ice lens
using the Clausius-Clapeyron equation, it becomes evident

that the temperature at the base of the final ice lens
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increases, i.e. becomes warmer, with increasing height of

the specimen since the drop in pore pressure decreases.

'~ Using X-ray photographs, Penner and Goodrich(1980) also

established that the temperature at the base of the final
ice lens increases with increasing height of the specimen
when the temperature boundary conditions remain constant.

In order to prove that the heat deficit governs the
amount of water changing to ice is a valid assumption, test
S3 was performed. The soil was frozen under fixed
temperature boundary conditions for about 24 hours. At that
time, the freezing system had been in the términal phase for
about 10 hours and the final ice lens was about 3mm thick.
During the following 24 hours, the temperature gradient in
the frozen zone was maintained constant by manua]iy lower ing
the cold-side temperature according to the amount of
measured heave. The warm-end temperature was maintained
constant during the entire process. Provided that the change
in thickness of the ice lens is not too significant,
Equation 5.8 reveals that the water intake rate, and
consequentliy, the heave rate are constant under these
conditions. Figure 5.5 shows that the measured heave rate
during that second phase, .in which the heat flux out of the
sample was maintained constant, is constant. Moreover, as
soon as the temperature boundary conditions are again
constantlwitﬁ time the system goes back to the terminal
phase and the rate of heaving decreases s]owfy with time.

In order to test the validity of the proposed model for



University of Aflberta

201

e
E 3

16.0

10.0

HERYE (MM)

8.0

L 1 1
(4] ) 25 SF .78 100 125

l Growth of Final Ice Lens

150

~-9.0
I

TEMPERATURE (C)

“-0

50 75 100 125
TIHE (HRS)

Q
N
-]

TEST S§-3 (P=0.0; CONSTANT Q-8UT)

150

Figure 5.5 Effect of Net Heat Extraction Rate in Test S3



202

the terminal phase, four freezing tests were performed in
which the final ice lens was allowed to grow close to its
ultimate thickness. Tests NS-11, NS-12, NS-13 show that
fluctuations in cold room temperature as defrost cycles were
initiated influence the heaving rate when the temperature
distribution is close to its final state. This is
illustrated in Figure 5.6. It is clear, when plotting the
variation in room temperature, that the warmer the
cold-room, the lower is the heave rate and vice versa. These
changes in heave rate are induced by minor changes in
temperature distribution as a result of radial heat flow
variations through the sides of the cell. In view of this
phenomenon and since cyclic fluctuations in the cold-room
temperature could neitﬁer be avoided nor minimized, the
insulation method was changed. Instead of using two
styrofoam hollow semi-cylinders which are perforated locally
to allow the connection with thermistors placed along the
cell wall, it was decided to spray a thick layer of urethane
foam on the cell. This proceduhe results in good contacts
everywhere around the cell and significantly reduces any
preferential heat flow along bad contact areas. As shown in
Figure 5.7 the effect of room temperature oscillations has
almost disappeared for test G1 where the new insulation was
used. The measured temperature profile, however, indicates
clearly that radial heat flow, although reduced, is still
occurring as shown in Figure C11 in Appendix C. The

equivalent thermal conductivity resulting in the same amount
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of heat flow through the sides of the cell is then evaluated
with Equation 5.8 and 5.6. For thermal conductivities of the
insulation in the range of 0.029 to 0.063 W/m°C,kr varies
between 0.34 W/(m°C) and 0.71 W/(m°C) for tests NS-12 and
G1.

The unsteady heat flow phase or the advancing frost
front phase is simulated with the model presented in Chapter
4. It is possible to predict the depth at which the final
ice lens is initiated for each test. Equations 5.7 to 5.11
are used to calculate the maximum heave and the rate of
heaving during the terminal phase. Test NS-12 was simulated
with an equivalent thermal conductivity of the unfrozen soil
equal to 0.45 mcal/(mm.s.°C) or 1.88 mW/(mm.°C).

Figure 5.6 compares actual data with predicted results
for test NS-12. The model predicts reasonably the heave
QUring both the advancing and retreating frost front phases.
The model predicts stable conditions at about 3950 hours and
an ultimate heave of 29.7 mm. Test NS-12 was performed for
only 170 hours and resulted in approximately 24 mm of heave.
At 170 hours, the model predicts a heave of about 24.8 mm.
The rate of water intake compares quite well too, despite
its great sensitivity to cold-room temperature fluctuations.

~ Figure 577 shows computed and measured results for test
G1. A parametric study with different Ts was undertaken for
this test to evaluate the sensitivity of the position of the
ice lens which is a function not only of the segregation

freezing temperature but the time of its initiation. This
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parametric study reveals that the ultimate heave is very
sensitive to the position of the base of the final ice lens.
However, it is expected that for field conditions, this *
sensitivity is significantly reduced due to greater
thicknesses of frozen and unfrozen soil. Nevertheless, the
model closely predicts heave and heave rate for test Gi1 for
a segregation-freezing temperature of -0.10°C. The agreement
is optimum for this value of Ts because the computed
position of the ice lens is 23.6 mm from thé base of the
samplie which is ciése to the value of 23.5 mm observed in
the test (Plate 5.1) The segregation freezing temperature
variation of +0.05°C resulted in a variation of about *1 mm
in the position of the ice lens and about *3 mm in the
maximum heave for the freezing conditions of test Gi1.

The equivalent thermal conductivity 6f the unfrozen
soil is 0.42 mcal/(mm s°C) or 1.76 mW/(mm°C) which is less
than for test NS-12 due to the improved insulation.
According to Equation 5.6, kr is about 0.29 mW/(mm °C) which
corresponds to a low thermal conductivity of the insulation
of about 0.03 W/(m °C). Furthermore, Equation 5.8
demonstrates that the total radial heat flow increases with
inéreasing height of the sample. A concomittant decrease in
grad Tu during the terminal phase results in a maximum value
of Kr towards the end of the terminal phase. The model
therefore accounts for variable kr during the refreating
froét front phase. The value of kr or ku’ given previously

for tests NS-12 and G1 correspond to the maximum obtained at
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the end of the freezing test.

Figures 5.5 and 5.4 also demonstrate that, provided the
geometrical conditions at the beginning of the terminal
phase are very close to those obtained in a freezing test,
the model predicts closely the relationship between heave
rate and time. This supports strongly the approximation made
to render Equation 5.9 determinable by assuming that any
percent heave was related to the same percent of fringe
thawing. Moreover, 1t.can be concluded that the rate of
heaving depends solely upon the net heat extraction rate at
the level of the final ice. Finally, radial heat flow
significantly affects the heat balance within the sample.
This, in turn, reduces the heat deficit at the ice lens and
consequently the heave rate. By approximating the total
amount of radial heat flow lumped to the level of phase
change with an equivalent thermal conductivity of the
unfrozen soil, it is possible to predict closely the results
obtained during the terminal phase of a laboratory freezing

test with a simple one dimensional heat flow formulation.

5.4 THE PROCESS OF SOIL FREEZING - A SUMMARY

This section is devoted to the summary and
generalization of the different processes operative during
fine grainéd soil freezing with no applied surcharge.

When a sudden step temperature below freezing is

applied to the surface of a soil sample, unsteady heat flow
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is initiated. The frost front progresses into the soil as a
function of the imbalance of the heat supplied to the heat
removed. The heat deficit forces water to freeze
simultaneously at two different temperatures. Pore water
freezes in-situ at the in-situ freezing temperature, Ti, and
water from an outside source is attracted to the freezing
front where it freezes at the segregation-freezing
temperature, Ts. For fine grained soils, Ts is found to be
approximately between -0.05°C and -0.30°C. The in-situ
freezing temperature is close to 0°C and is primarily
affected by pore size as Ti refers to the warmest
temperature at which ice can penetrate a pore. Both Ts and
Ti are also dependent on solute concentration in the soil.
The unsteady heat flow period is characterized by an
advancing frost front. During this phase, the freezing soil
is characterized by the segregation potential, SP, the
suction at the frost'front, Pu, and the rate of cooling of
the frozen fringe, dT7f/dt. Once the relationship (SP, Pu,
dTf/dt) is determined from laboratory freezing tests for a
given soil, it can be used as input to the general heat and
mass transfer formulation governing freezing soils and any
freezing condition can then be simulated very accurately.
For a given freezing condition, the advancing frost
front phase can also be represented by a relationship
between the net heat extraction rate aﬁd the total heave
rate or the water intake rate. However, this representation

is not unique for a given soil and depends on the boundary
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conditions as discussed in Chapter 7. Nevertheless, it is
entirely valid to represent a single freezing test with such
relationships.

During an advancing frost front phase, when the
freezing step temperature is constant the net heat
extraction rate decreases steadily with time. The
representative point of the freezing soil is then moving on
two loci, one defining total heave rate changes, the other,
water intake flux variations as shown in Figure 5.8. At a
given rate of cooling of the fringe, close to maximum frost
front penetration, the final ice lens is initiated. The rate
of cooling corresponding to the final ice growth is thought
to be dependent on‘soi] type. When the frost front reaches
its maximum penetration, the representative point of the
freezing system is A (ngure 5.8). During the advancing
frost front phase, the rate of water migration affects the
thermal balance within the soil as latent heat is released
during freezing. Thermal equilibrium considerations allow
then the determination of the rate of in-situ water
freezing. This means that high water intake rates retard the
frost front penetration whereas small water migration rates
increase the speed of frost front advance.

However, at point A, thermal balance is such that no
further in-situ water freezing is required. The frost front
is then at its maximum penetration in the soil. If the rate
of heat extraction obtained at this point is maintained

constant by changing the cold step temperature for example,
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the rate of heave will also remain constant. The
representative point of this freezing condition is then
still point A.

On the other hand, if the temperature boundary
conditions are maintained constant with time, water
migration and growth of the final ice lens contribute to
changes in height of the specimen. This, in turn, affects
the temperature profile Qithin the sample and the net heat
extraction rate decreases with increasing height of the
specimen. The representative point of the terminal phase or
retreating frost front situation is then moving on the
straight line which is the locus of heave rates for the
hypothetical case where all heat extracted comes from ice
lens formation with no frost penetration. The slope of this
‘particular line is 1/L. With time, the representative point
}of the freezing system reaches 0 where the neﬁ heat
extraction rate and the heave rate are both zero. This means
that the temperature at the base of the ice lens is O°C‘with
atmospheric pressure in the water film beneath the ice lens.
It must be emphasized that effects of solute beneath the ice
lens are neglected in this conceptual model of freezing. It
also means that the sample is in steady thermal state.

During a stationary frost front situation or during a
retreating frost front phase, the amount of intake water
changing to ice is governed solely by the heat deficit at
the base of fhe ice lens. However, because the temperature

at the ice lens is always negative during these phases, a
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suction potential still exits at the ice lens and forces

water to flow to the segregation freezing level.

5.5 RHYTHMIC ICE LENS FORMATION IN FINE GRAINED SOILS

The analytical frost heave model presented in Chapter 4
considers that segregational heaVe is "lumped" at the 0°C
isotherm during unsteady heat flow. Since the frost front
penetrates continuously into the sample, segregational heave
is uniformly distributed within the frozen soil. In other
words, the model does not predict discrete ice lenses but
predicts the average ice content at any location.

In reality, however, and depending on the type of soil,
it often happens that the soil does not freeze homogeneously
but instead lenses of almost pure ice form, separated by
frozen soil with no visible ice structure
(Taber,1929;Paimer,1967). The thickness of these lenses may
vary from less than 1 mm to several centimeters. They are
also roughly parallel to the 0°C isotherm. The distance
between consecutive lenses increases with increasing depth.
This special ice structure formétion in freezing soils has
been referred to as rhythmic ice banding.

Martin (1959) presented a theory to explain rhythmic
ice banding. It is based on unsteady heat flow conditions
combined with a nucleation temperature appreciably lower
than the temperature required for freezing the most easiTy

frozen soil water. Furthermore, he stipulates that the
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permeability of the unfrozen soil is such that a steady
state heat flow condition can be maintained temporarily,
thus allowing the frost front to stabilize for a while and
the ice lens to thicken. Further frost front penetration is
initiated as the water flux to the ice lens decreases in
response to decreasing permeability of the unfrozen soil.
Martin states that the decreased permeability arises from
the increased negative pressure in the water ahead of the
ice front. Ice nucleates again when the actual temperature
is lowered to the nucleation temperature. Thereafter, the
processes described before repeat.

In summary, this model basically assumes that the ice
lens formation corresponds to temporarily steady state heat
flow conditions with temperature changes'but no further
freezing in the unfrozen soil below the ice lens. After a
while, water supply is reduced due to decreased permeability
of the unfrozen soil and thermal imbalance forces ice to
nucleate somewhere below the former ice lens.

More recently, Miller (1878) proposed that ice lens
initiation occurs when the effective stress in the frozen
soil is zero. This effective stress is equal to Pe - &n
where Pe is the applied surcharge and on is the neutral
stress defined as:

Bn = X(U) u + [1-X(P) ) ui..oovi s 5.12
whefe X(§) is a stress partition function varying with ice
content | | |

ui is the pore ice pressure
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u is the pore water pressure
This model fails in the case of zero applied load where it
is justifiable to consider ui = 0 everywhere in the frozen
soil. This, in turn, implies that bn is negétive and that
the effective stress is then equal to -6n in the case of Pe
= 0. This conceptual model predicts therefore no ice lenses
in a freezing soil under zero applied load which is
obviously not the case in reality.

In the light of recent developments in frost heave
research, that indicate that the ice lens forms somewhere
behind the 0°C isotherm and that there is a frozen fringe
between the ice lens and the unfrozen soil, Martin’s theory
is no longer adequate to describe the mechanism of rhythmic
" ice banding.
| In the following, a new mechanistic theory of ice lens
Vformation in fine-gréinéd soils is proposed that is based
upon continuous frost front penetration during unsteady heat
flow and properties within the frozen fringe that vary in
response to temperature changes.

When a sudden temperature well below freezing is
applied to the surface of moist soil, nucleation of ice
crystals is initiated. Once nucleated, ice propagation into
the unfrozen soil does not require further nucleation as
established in Chapter 1. The ice crystals therefore grow
continuously in the direction of heat remoVal and apply:
pressure against any restraihing boundary. This pressure is

relieved by heaving of the soil in the direction of least



216

resistance (Kaplar, 1970). If no overburden pressure is
imposed and if the self-weight of the overlying soil is
neglected, the ice crystals will be under atmospheric
pressure.

At the beginning of freezing, when the rate of frost
front penetration is high, the water drawn into the sample
flows to an accumulation zone whose location is controliled
by the local permeability. This thickens locally the thin
unfrozen water layers surrounding the soil particles.
Thermodynamic equilibrium is altered and the free energy of
the water is then higher than that of the adjacent ice.
Equilibrium is re-established by freezing some of the water.
In other words, the thickness of the unfrozen water films is
maintained constant at a given temperature by freezing
incoming water. The fast advancing frost front does not
allow water to accumulate at a given level for enough time
to create a continuous ice lens. Assuming no accumulation of
water within the frozen fringe, the suction in the fringe
develops a non-linear profile due to decreasing permeability
of the frozen soil as the temperature decreases (Figure .5.9a
and 5.9b). In the absence of a continuous ice lens,
segregational freezing will occur preferentially along the
top of the soil particles which is a direction of least
resistance. Locally, this will result in non-homogeneous
heave and strain the ice matrix at the top of the frozen
fringe. As seen in Figure 5.8, the continuous ice in the

frozen fringe adopts a rather tortuous and root-like aspect
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in a freezing soil due to the soil structure. The ice matrix
may be considered as anchored within the soil matrix and the
ice is forced to elongate. The non-uniform straining is
thought to develop high strains only locally in the ice at
the top of the fringe and the rest of the ice is essentially
unaffected. The stress condition in the ice at the level of
accumulation is very complicated since ice above soil grains
is most likely unstressed whereas ice between soil grains is
highly stressed. This, in turn, affects thermodynamic
equilibrium and the application of the Clausius-Clapeyron
equation becomes difficult for these conditions.

When the segregational heave is small, i.e., at the
beginning of freezing, the ice may strain without breaking.
However, as the frost front penetration rate decreases, the
rate of temperature change across the sample is also
reduced. Water is then able to accumulate at a given level
for a longer period of time. The adjacent ice is now
strained to a higher degree leading to failure of the ice
grains. Further water accumulation and freezing result in
the formation of a discrete ice lens. This ice lens is now
unstressed and grows onto a roughly planar substrate
composed of soil particles, unfrozen water and the pore ice
at the top of the frozen fringe. The ice of the frozen
fringe is also unstressed for the case of zero overburden.
Under these new conditions, identical to those of Biermans
et al (Chapter 1) the Clausius-Clapeyron equation describes

the thermodynamic equilibrium at the base of the ice lens
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(Figure 5.9c) with the ice pressure equal to atmospheric.

Figure 5.10 represents schematically the process of
initiation and growth of a single ice lens and of the
formation of the subsequent ice lens. Let us consider the
time t at which one or more ice lenses have formed in the
specimen. At this time, another ice lens is initiated at a
given location defined by its particular segregation
freezing temperature, Tsf. Because unsteady heat flow is
still occurring, the frost front advances at some rate
dX/dt. This, in turn, produces changes in the temperature
profile across the sample and more specifically across the
current.frozen fringe. During a time interval, Dt, the base
of the ice lens cools below Tsf and the extent of the frozen
fringe increases by DX. In other words, the frozen fringe
existing at the onset of formation of the ice lehs increases
in length with time and the temperature across it becomes
colder. Consequently, the overall permeability of the fringe
decreases, the flow path increases and the suction potential
developed at the base of the ice lens becomes greater..As
shown in Equation 1.7, for temperatures close to 0°C, the
suction varies linearly with temperature below 0°C. In
contrast, the unfrozen water content and hence the frozen
soil permeability decay more or less exponentially with
decreasing temperature (Johanson, 1977). As long as the
relation between suction and frozen fringe permeability is
such that the water flow entering the fringe is able to

traverse it, water will be drawn to the base of the ice lens
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and thus contribute to its growth. Therefore, during the
time interval Dt the ice lens grows to a thickness eqﬁal to
1.09 V.Dt where V is the average water intake flux. Further
penetration of the frost front results in further chilling
of the current frozen fringe. After a while, the temperature
at the base of the warmest ice lens reaches a value, Tsm, at
which, the permeability of the upper part of the fringe is
so small that water flow is essentially stopped in the zone
of extremely low permeability. Water now accumulates
somewhere below the base of the former ice lens. The new
level of accumu]etion is governed by the local permeability
of the current frozen Fringe which can be associated with a
segregation-freezing temperature of ice lens formation, Tsf.

This process is repeated periodically until steady
state conditions are reached and the final ice lens is
formed at a temperature, Tso.

The results of Section 4.3 demonstrated thet during the
period of formation of the zone of active lensing, the
overall permeability of the frozen fringe decreases steadily
with decreasing rate of cooling of the fringe. During that
particular period, the overall permeability of the frozen
fringe is insensitive to the chosen value of . Ts. The
previous result implies therefore that the unfrozen water
content is also dependent upon the rate of cool1ng Hence,
it can be argued that the critical permeability governing
the position of the different ice lenses is not solely a

function of temperature. In other words, it is plausible to
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consider that Tsf is not a constant during unsteady heat
flow. Furthermore, since the overall permeability of the
current frozen fringe decreases steadily during the
formation of the zone of active lensing, one can expect that
the temperature of ice lens formation, Tsf, becomes warmer
as the rate of cooling decreases. This postulate, which is
very difficult to verify experimentally, is nevertheless
supported by recent work reported by Ershov et al (1978).
The application of the previous mechanism to
uni-directional freezing of a fine-grained soil predicts at
the outset a frozen zone with increasing ice enrichment but
no visible ice lenses due to the rapid change of temperature
across the sample. Then, as the front frost penetration
slows down, very thin and barely visible ice lenses appear.
Their vertical spacing is relatively small due to the high
temperature gradient in the frozen soil. With time, this
temperature gradient decreaseé as a result of further
advance of the freezing front. The frozen fringe thickness
increases and the ice lenses grow thicker with increasing
spacing. As the steady state condition is approached, the
fringe tends to its maximum thickness. This process is
represented schematically in Figure 5.11. For fixed
temperature boundary conditions, this final ice lens will
continue to grow until its suction potential at the base is
atmospheric and no further water flow to the ice lens is
possible. If the water beneath the ice lens is pure, the end

of the ice lens growth corresponds to a temperature of its
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base of 0°C for the case of atmospheric pressure in the ice

lens.
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6. EFFECTS OF APPLIED PRESSURE

6.1 INTRODUCTION

It has been appreciated by workers in the field of
frost action for some 50 years that increased load on a
~ freezing soil can reduce the heave rate. There are several
well documented case records which illustrate the
phenomenon. Beskow (1935) was the first to document that
increased applied pressures cause a decrease in heaving
rates in silty soils.

However, opposing views are found in the literature
concerning the exact mechanism that is operative in the
reduction of frost héaye as increasing stresses are applied
~to a freezing soil. | |

One school of thought developed the concept of the
"shut off" pressure, for which no flow into or out of the
sample will occur. Linell and Kapiar (1959) showed that such
a pressure was found for a variety of soils. Other
supporting laboratory evidence was presented by Arvidson
(1973). These tests showed that when the applied load was
lower than the shut-off pressure water was attracted to tHe_
freezing front and when the applied pressure exceeded the
shut-off pressure, water was expelled. Takashi et al (1974)

in a series of experiments in which the rate of frost front
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penetration was kept constant, also established two
different modes of behavior of moisture migration due to

changes in applied load. Hill (1977) obtained results

similar to those found by Takashi et al (op. cit.).

Despite the fact that there is an enormous amount'of
data reported in the literature to support the concept of
the "shut off" pressure, a second school of thought
promulgates the view that if is not possible to céntrol
independently frost heaving arising from in situ water
freezing and from the ice segregation process by loading the
soil. Penner and Ueda (1977), who subscribe to this second
view, demonétrated that expulsion of water can be followed
by water intake provided sufficient freezing time is
allowed. |

This chapter will analyse freezing tests with applied
pressure in the same way as freezing tests with no applied
surcharge. The characteristics of the frozen fringe are
investigated for a given stress in the sample during an
advancing frost front, at the onset of formation of the
final ice lens and during the retreating frost front phase.

Finally the concept of "shut off" pressure is evaluated
in the light of the results obtained with the general

approach described in this thesis.
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6.2 THE EFFECT OF PRESSURE FROM A THERMODYNAMIC PERSPECTIVE

The application or removal of pressure on the frozen
soil clearly changes the free energy of the ice. This alters
thermodynamic equilibrium and restoration of equilibrium

—requires an equal change in the free energy of the unfrozen
water.

The equality of the free energies can be expressed by
the following general equation (Chapter 1):

Vi.dPi - Si.dT = Vw.dPw - Sw.dT.............. 6.1
If the process is isothermal, i.e. dT=0, the change in free
energy in the ice is DPi. Vi on applying the pressure DP =
DPi. Thermodynamic equilibrium thus requires a change in the
free energy of the bulk soil water equal to

D(DG)w = DPw.Vw = DPi.Vi.......coiivininnnn, 6.2
Equation 6.2 reveals therefore that for thermodynamic
equilibrium, the change in water pressure must be about 9%
greater than the change in ice pressure.

As shown on Figure 6.1, the unfrozen water can be
separated into two different types. The unfrozen water that
is relatively far from the soil particle surfaces can be
considered as capillary water or bulk water. This type of
water is not affected significantly by the solid surface of
the soil particles. It is assumed that the pressure in that
type of free water is related to the ice pressure through
.the Laplace Equation. For fhe simp]ified case of a spherical

interface, this equation reduces to:
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Pi - Pw = 2.6iw/r. ... i 6.3
where r is the radius of the ice-water interface

biw is the interfacial energy of ice/water
If the pressure in the ice is atmospheric, Equation 6.3
gives:

Pwo = = 2.81iW/ro. . oe i e e 6.4
If an applied pressure results in an increase in the ice
pressure from zero to Pi, Equation 6.2 establishes that the
change in pore water pressure in the bulk soil water is
(Vi/Vw)Pii Equation 6.3 now yields:

Pwo = Pe.(Vi-Vw) + 2.8iw/r.............. ... 6.5
Substitution of Pwo by its value given in Equation 6.4
results in

2.6iw (1/ro - 1/r) = Pe (Vi-Vw)/Vw........... 6.6
Since the right side of Equation 6.6 is postive, the term
1/ro - 1/r must also be positive. This implies then that r >
ro.

This simple analysis demonstrates that a change in
external pressure on a frozen soil is also associated with a
change in the unfrozen water content. This change is however
very small since it is only induced by 0.09 Pe/2.0iw.
Moreover, increasing pressures result in increasing unfrozen
water contents sincé_the radius of the ice water interface »
increases with increasing pressures. Experimental evidence
for this relationship is given by Williams (1976), where
changes in water cohtent determined from volume changes of

frozen Tanzania Clay were related to pressure changes. Only
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slight variations in the unfrozen water content were
observed in response to substantial pressure changes.

The second type of unfrozen water can be considered as
being strongly influenced by the solid surface of the soil
particles. Gilpin (1979) proposed a model that includes the
effect of a solid surface in the formulation of the free
energy of that type of water. Thermodynamic equilibrium
provides then the variation of the state variables with
distance from the solid surface. It wés demonstrated that
pressure and temperature affect the thickness of that liquid
film layer. Increasing pressure at constant temperature
results in increasing thickness of the liquid water layer.

For the special case of a discrete ice lens, the
relationship between Pw, Pi and Ts given in Chapter 1
reduces to

Pw = L.In(Ts*/To*) / (VwTo*) + (Vi/Vw)Pe..... 6.7
since it is appropriate to put Pi equal to the applied
external pressure. Freezing tests in which the soil is
prevented erm heaving induce heaving pressures. These
heaving pressures build up with time and reach ultimately a
maximum stable value, corresponding to a condition of no
water flow to the ice lens. It is therefore assumed that for
these ultimate conditions, Pw is equal to zero. Such tests
provide therefore an excellent check of the validity of
Equation 6.7. Rewriting this equation for Pw=0 results in:

- L.In(Ts*/To*)/(Vw.To*) = (Vi/Vw)Pe = 1.09 Pe...6.8

Several investigators, (Radd and Ortle, 1973; Hoekstra,
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1969) conducted this type of freezing test and demonstrated
that the relation given in Equation 6.8 was closely verified
in their experiments.

Finally the application of pressure also influences the
freezing point depression. Equations for different pressure
conditions were given by Edelfson and Anderson (1943) and
more recently by Everett (1961).

For the case where the total pressure change on the ice
equals the total change in pressure on the water, the
following relation is obtained: .

dT/dP = (Vw-Vi)To*/L.... ... 6.9

~where dT is the change in freezing point

dP is the change in pressure
Equation 6.9 reveals that for a change in pressure of 100
kPa, the freezing point is depréssed by -0.0072°C. However;
in a freezing soil, once nucleation has occurred the pore
ice penetrates into the soil as a continuous med ium.
Therefore, this latter aspect of pressure effect is not

relevant to frost heave problems.

6.3 THE EFFECT OF PRESSURE ON THE SEGREGATION FREEZING
TEMPERATURE

The previous section has demonstrated that the effect
of overburden pressure on a freezing soil is twofold.
Firstly, the suction potential established beneath the

warmest ice lens is reduced by an amount equal to (Vi/Vw)Pe.
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This, in turn, affects certainly the rate of water migration
and the rate of heave. Secondly, changes in pressure affect
the unfrozen water content of the frozen soil. Incﬁeasing
the pressure results in a small increase in the amount of
unfrozen water which, in turn, produces changes in the local
permeability of the frozen soil, especially in the frozen
fringe. It is therefore expected that the frozen fringe
characteristics, Ts and Kf, change with applied pressure

changes.

6.3.1 Closed System Freezing
A series of closed freezing tests with applied
backpressure were performed in order to investigate changes
in maximum drop of.the pore water pressure with applied
extérnal pressure. The initial pore water pressure, which is
equal to the back pressure, drops during freezing as a
result of the lower pressure that is generated within the
frozen soil. The maximum drop of the pore pressure
corresponds to equilibrium conditions in the sample. The
pore pressure in the unfrozen soil is then equal to that
generated at a given temperature in the frozen soil and no
water flow to that zone occurs. The maximum drop of pore
water pressure is therefore an indirect measure of the
extent of the active zone in the frozen soil.

The initial and final conditions of the tests in this
series are sumharized in Appendix E. The experimental

apparatus is described in Appendix A. An insulated triaxial
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cell was used in order to apply the back pressure to a 10 cm
diameter soil sample. The cell pressure was applied through
air and was about 700 kPa. The top cap séﬁved to maintain a
constant negative temperature at the surface of the
specimen. Pressure was applied by means of a bellofram. The
bottom plate was maintained at a constant temperature above
freezing.

To start with, the sample was frozen in a closed
system, i.e. no external Water source, under zero additional
pressure. During this stage, a transducer measured the
change in water pressure with time. The pore pressure
initially dropped and after a while stabilized. The second
phase was initiated by applying an additional vertical
pressure. This produced instantaneously a chahge in pore
pressure which was also‘monitored with time.

During the first stage of the test unsteady heat flow
occurs. However, after a while, the temperature profile
reaches steady state conditions and the frost front becomes
stationary. The pore water pressure approaches an ultimate
value during stationary frost front freezing as shown in
Figures 6.2 and 6.3. Those figures also reveal that if the
maximum drop of pore water préssure is related to
temperature through the Clausius-Clapeyron equation, the
maximum temperatures corresponding to the maximum drop in
pore pressure are colder than those obtained in tests where
an ice lens was formed prior to closed system conditions. As

demonstrated in Chapter 1, an ice lens acts like a cutoff to
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water migration and probably also to suction generated
behind that ice lens, in the frozen soil. It is therefore
plausible.that in a closed freezing system, the zone of
frozen soil which influences the pore water pressure in the
unfrozen soil extends deeper into the frozen soil than when
an ice lens forms during open system freezing.

The application of an additional vertical stress to the
specimen produces in both tests an almost instantaneous
equal change in the pore fluid pressure. In test D1, 75 KPa
was applied which resulted in an increase of 71 kPa in pore
pressure, shown by a decregse in the pore pressure drop in
Figure 6.2. Fdr test D3, a pressure of 225 kPa produced an
equivalent change in the pore water pressure as shown in
Figure 6.3.

At this stage, if the seat of the suction potential in
the frozen soil remains at the same location, no change in
the pore water pressure should occur with time. The
experimental results establish clearly that a further drop
of pore pressure with time occurs and reaches ultimately a
new stable value. Since thermal equilibrium was already
attained during the first stage of these tests, the change
in pore water pressure is thought to be related to a change
in the position of the level producing the maximum suction
developéd in the frozen soil that influences the pore water
pressﬁre in the unfrozen soil. In other~w0rds, this study
takes the view that the segregation freezing .temperature

becomes colder with increasing pressure on the soil. This is
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best illustrated in Figure 6.4 where the temperatures
required to produce the maximum pore pressure drop are
calculated with Equation 6.7 and plotted as a function of

applied vertical stress.

6.3.2 Open System Freezing

The drop in the maximum negative temperature of the
active zone, as a result of applied load has been confirmed
for closed freezing conditions only. The next step is to
investigate the general validity of this finding in a
freezing system with free access of water where ice lenses
are most likely to form in the freezing soil. An elegant way
to prove the validity of this proposition is to consider
that for a given temperature profile across the sample, ice
lenses should occur at different levels with different
applied pressures. The higher the surcharge, the colder
should be the segregation freezing temperature of final ice
tens formation.

A test of this type was test C1 which was frozen with
an applied pressure of 160 KPa with free water access and
under fixed temperature boundary conditions. The final ice
lens was allowed to grow until visible. Then, keeping the
temperatures constant at both ends, the sample was unloaded
to 85 kPa. If the segregation freezing temperature is
warmer, as shown in Figure 6.4, this hypothesis predicts
that the new ice lens should grow somewhere below the first

one. After this second ice lens reached a reasonable
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thickness, the sample was completely unloaded. The results
shown visually in Plate 6.1 confirm the validity of the
proposed mechanism of ice lens formation with applied
pressure. Three distinct ice lenses were created under an
approximately constant temperature profile by‘successive
unloadings. It is therefore confirmed that the segregation
freezing temperature becomes colder with increasing applied
pressure. In othervwords, the freezing front moves fur ther
into the frozen soil with increasing surcharge. This has two
further ramifications. Firstly, the length of the frozen
fringe increases. Secondly, the overall hydraulic gradient
acrbss the fringe is also reduced due te increased length of
the fringe and smaller suction potential beneath the ice
lens.

It is appropriate at this juncture to commeﬁt on recent
work by Penner and Walton (1978). Results of the
investigation by Penner and Ueda (1877) are summarized by
Penner and Walton (1978) in graphical form where total heave
rate for given applied loads is plotted against cold-side
freezing temperature. Their results are shown in Figure
6.5a. Since a freezing soil is characterized by a frozen
fringe whose segregation - freezing temperature is a
function of applied pressure, one has to ensure that the
cold side freezing temperature is colder than that
segregation freezing temperature in order to allow the full
development of the frozen fringe in that freezing soil.

Careful inspection of Figure 6.5a reveals a drastic change
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in the slope of total heave rate vs temperature curves for
cold side temperatures close to 0°C dependent on the applied
surcharge. It is found that the higher the applied load, the
colder the step temperature at which the change in total
heave rate occurs. If it is argued that this drastic change
in slope is related to the minimum negative freezing
temperature required to develop the full frozen fringe, the
value of this specific cold side temperature can also be
taken as an indication of the segregation freezing
temperature that exists in the freezing soil for a given
applied load. By faking the derivative of the total heave
rate with respect to cold side temperature. Penner and
Walton concluded that the greatest rate change in ice
accumulation occurs at}colder temperatures as the overburden
pressure is increased. Figure 6.5b summarizes their results.
They concluded furthermore that since the temperature
gradient in the frozen soil was essentially linear, the
temperature axis in Figure 6.5b may be thought as a measure
of the distance from the location of the 0°C isotherm where
the heave phenomenon is occurring. It follows from this that
the greatest rate change in ice accumulation moves further
_into the colder zone as overburden pressure is increased.
Although this result confirms the results found in our
study, one should be careful in the interpretation of
freezing tests in terms of derived parameters such as cold
side temperature ahd fotal heave raté and especially in

their generalization. A critical analysis of Penner and
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Ueda’s (1977) testing procedure and test results is given in

Chapter 7.

6.4 INTRINSIC FREEZING PARAMETERS AT THE GROWTH OF THE FINAL
ICE LENS

As discussed in Chapter 3, a freezing soil can be
characterized by either Ts and Kf or SP. From a practical
point of view, the latter is more appealing since it can be
determined directly from measurable quantities such as water
intake flux and temperature profile. The determination of
the first set of intrinsic parameters requires additional
tests from which the value of Ts can be inferred. However,
the knowledge of the variation oflthese parameters gives a
better insight into the processes involved during freezing
with or without applied pressure.

The results of the laboratory freezing tests with
applied surcharge are therefore presented firstly with
respect té the segregafion potential and secondly with
respect to Ts and Kf in order to emphasize physical

mechanisms occurring as pressure is applied.

6.4.1 Variation of the Segregation Potential with Applied
Pressure

The effect of applied pressure on water migration rate
during freezing was investigated in series C. All samples in

that series were frozen with free water supply. The
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temperature boundary conditions were held constant
throughout each freezing test. The samples were prepared by
consolidating a slurry to a consolidation pressure of 210
kPa. After primary consolidation was complete, the sample
was placed in the freezing cell where it rebounded under
applied pressures less than 210 kPa and consolidated further
for applied surcharges higher than the preconsolidation
pressure. In Chapter 3, it was demonstrated that lateral
friction is not significant for no externally applied load.
However, as load is applied on the sample, horizontal
pressure is induced due to a no lateral strain condition.
This, in turn, increases the actual vertical sthess at the
freezing front during heaving. To minimize the effect of
friction, most of the specimens were frozen from the bottom
upwards so that as the frost front becomes stable, only the
unfrozen part has to be pushed upwards by the heaving soil.
Since the warm plate temperature is about +1°C, the unfrozen
"~ soil length is relatively short and the total lateral
friction is then minimized. Initial geometrical and thermal
boundary conditions and the results obtained in series C are
summarized in Appendix E.

Table 6.1 presents the conditions of the freezing tests
at the onset of the formation of the final ice lens.
Figure 6.6 illustrates the variation in segregation
potential with applied pressure for Devon silt. Experimental
data show that SPo decreases with increasing stress at the

freezing front. Furthermore, it is clear that samples frozen
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Test Pe Vo grad Tf SPo
(kPa) 10-6cm/s °C/cm 10-5mm2/(s°C)

NS&E 0 92

c8 45 43 0.63 68 Tw=+1°C
CS 45 60 1.50 40 Tw=+4.50C
Cc7 60 47.0 0.80 58.7

Cc3 90 56.0 1.29 43.4
Cc10 100 26.0 0.67 38.8
c11 120 26.0 1.0 26.0
c12 120 43.3 1.33 32.6

C5 120 25 0.88 28.4

C6 120 22.4 1.0 22.4

c4 170 10.0 0.56 17.9

c2 - 190 11.7 0.83 14.1
C13 265 8.8 0.71 12.4
C14 400 3.75 1.11 3.4

Table 6.1 Conditions at the Onset of the Formation of
the Final Ice Lens for Series C
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from the bottom upwards exhibit no significant lateral
friction. This is inferred from the fact that the results
obtained from a freezing test performed on a sample placed
inside a cell composed of superposed 1 cm high rings
compares well with the results of a freezing test under the
same applied pressure where the sample froze from the bottom
upwards in a normal cell. The superposed lucite rings reduce
the total lateral friction at the freezing front to that
developed over an individual ring, i.e. over only 1 cm.
Freezing identical samples from the top downwards indicates
that a lower SP is obtained for the same external surchabge.
However, this is expected since the actual stress acting on
the freezing front is increased due to the influence of
lateral friction. The side friction can be evaluated by the
amount of-additional pressure needed to shift the
experimental data points to the SP vs Pe curves on Figure
6.6 obtained for the case of negligible side friction.

As SPo is a function of Pu, Figure 6.6 is only a
partial representation of a freezing soil when external
pressures are applied. The complete characterization of a
.freezing soil under different applied surcharges is given in
Figure 6.7, Figure 6.6 rébresents the intersection of the
general set of curves defined in Figure 6.7 with
approximately a line passing through the origin. For Figure
6.6, the variation in suctions at the frost front is rather
small for the different applied loads. It must also be

emphasized that only a limited amount of data is available
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for the complete characterization of a freezing soil at the
formation of the final ice lens. For this reason, the
relationship between SPo and Putdbtained for zero applied
surcharge is extended to the case with applied pressure.
Therefore, ‘it is assumed that for any applied surcharge, the
critical suction, which is thought to correspond to
cavitation in the unfrozen soil, remains constant.

-Figure 6.7 also indicates that the effect of suction at
the frost front fs reduced with increasing applied pressures
since the slopes of the different curves decrease with
increasing pressure. As pointed out_in Chapter 3, the
suction at the frost front can be directly relafed to warm
plate temperature provided the temperature distribution in
the active system is linear. In this case, the effect of
warm end temperature will be progressively reduced as

pressure is increased.

6.4.2 Variations of Tso and Kfo with Applied Pressure

The analysis of the freezing test results obtained in
Series C with respect to Tso and Kfo requires the
determination of Tso for each surcharge. Section 6.3
establishes that the final ice lens forms at colder
segregation freezing temperatures with increasing pressures.
Two different procedures were used to infer the value of
Tso. Firstly, visual observation at the end of the freezing
test and application of the measured temperature profile

result in the value of the temperature at the base of the
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final ice lens. Since the frozen fringe grows thicker with
increasing pressures, this method provides fair accuracy
with higher loads. Plate 6.2 illustrates the extent of the
frozen fringe for an applied surcharge of 265 KPa and 400
kﬁa. The darker color corresponds to the unfrozen soil and
the lighter to frozen soil.

The second method is to freeze a sample with applied
back-pressure in an open-system until the final ice lens is
initiated. The subsequent drop in pore pressure is recorded
as the water line is closed. The temperature at the base of
the ice lens is then obtained by Equation 6.7.

The segregation freezing temperatures were determined
for 3 tests, C10, C13, and C14. The results are presented in
Figure 6.8. Remarkably, for the testing pressure range, the
variétion of Tso wifh respect to applied pressure can be
approximated by a straight line. This study takes therefore
the simplified view that Tso of the other tests in this
series can be interpolated from this straight line.
Comparison of the interpolated values from the line with
values obtained from visual observations at the end of each
test support fully this assumption.

The overall permeability of the frozen fringe can be
calculated by a combination of Equation 6.7 and 3.36. It
should be emphasized that the suction potential below the
ice lens is reduced as a conséquence of applied pressure.
Implicitly, it is assumed that there is no accumulation of

water within the frozen fringe as external pressure is
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applied. A1l the water entering the frozen fringe freezes at
the segregation freezing level, i.e. at the base of the ice
lens. The results obtained in series C in terms of Kfo are
easily deducible from Table 6.1 and are sﬁmmarized in
graphical form on Figure 6.8. Note that the overall
permeability at different pressures has been normalized with
respect to the permeability obtained for zero external Iload.
Figure 6.8 shows that the average permeability of the frozen
fringe decreases with incréasing pressures and tends
asymptotically towards the abscissa axis. At 400 kPa, the
overall permeability is approximately 25% of that obtained
under zero external pressure.

This result may initially cause some consternation
since it is expected that the permeability should increase
in response to higher unfrozen water contents as pressure is
applied. However, the fact that the segregation freezing
temperature decreases with increasing pressures results in
colder average temperatures in the fringe. Therefore, the
average unfrozen water content in the fringe decreases as
pressure is applied, despite the moderating effect of
increasing pressures in the ice. This, in turn, results in
decreasing permeability of the frozen fringe with increasing
applied load.

Figure 6.9 illustrates the variation in suction
potential at the base of the final ice lens with increasing
surcharge during the freezing tests in series C with frée

water supply. The change in segregation-freezing temperature
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moderates significantly the variation in suction-potential.
A variation of 100 KPa in the external pressure results in
only a variation of 10 KPa in the pore water pressure
beneath the ice lens.

The combination of reduced permeability of the frozen
fringe and reduced overall hydraulic gradient is then

responsible for the reduced heave rates as load is applied.

6.5 THE TERMINAL PHASE OF FREEZING WITH APPLIED PRESSURE

Chapter 5 has established the governing equations for
the terminal phase or the retreating frost front situation
in the case of zero overburden. No water flow towards the
ice lens occurs when the suction pofentia] at the ice lens
becomes zero. Thié happens when the temperature at the base
of the ice lens is 0°C for zero applied surcharge. The no
flow condition for zero applied load can be generalized for
the case of externally applied pressures. Equation 6.5
yields for Pw = 0: »

Ts* = Tox exp(-Pe.Vi/L)...... ... ... 6.10
For engineering purposes, Pe is relatively small and
Equation 6.10 reduces to:

Ts* = To*x (1 - Pe Vi/L)......o i, 6.11
Expressing the segregation freezing temperature in degrees
Celsius, it can readily be shown that the locus of the

points corresponding to atmospheric pressure in the water

film beneath the ice lens is a straight line passing through
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the origin given by the following equation:
Ts = Ts* - To* = -(Vi.To*/L)Pe.............. 6.12

It is of value to plot on the same graph the previous line,
corresponding to zero pressure in the water film beneath the
final ice lens at different applied surcharges, and the
locus of Tso when the applied pressure varies from
experimental data. This latter locus is associated with the
initiation of the final ice lens. As shown in Figure 6. 10,
the two lines converge at a high applied pressure.
‘Unfortunately, data points were not obtained for pressures
higher than 400 KPa. Nevertheless, it seems reasonable that
linear extrapolation of the experimental results yields an
upper bound to the value of the pressure and of the
temperature corresponding to the intersection of the two
lines: At this specific point, the segregation freezing |
temperature of final ice lens formation induces zero -
suction. Consequently, the hypothetical ice lens cannot grow
since no water flow is possible. In other words, this"
intersection point corresponds to the real "shut off"
pressure for which there is no ice lens growth. As shown in
Figure 6.10, this "shut off" pressure is very high for Devon
silt, in the range of 800 to 1000 KPa.

Arguments in Chapter 5 havé demonstrated furthermore
that the retreating frost front phase is associated with a
warming of the base of the final ice lens. During this
terminal phase, the locus of this temperature change can be

represented by a vertical line on Figure 6.10. The end of
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the retreating frost front phase is then given by the
intersection of these vertical lines and the Pw = 0 line.
For zero overburden pressure, the intersection point is the
origin which means that the terminal phase ends when the
temperature at the base of the final ice lens 15 0°C..This
result can be extended to'any applied pressure. As shown in
Figure 6.10, for an applied surcharge of 200 KPa, the final
ice 1en$ is initiatéd at a temperature of -0.25°C and the
heaving will stop when the temperature at the base of the
ice lens reaches about -0.175°C. It should be emphasized
that the retreating frost front situation exists for fixed
température boundary conditions.

Because the line corresponding to the segregation
freezing temperatures at the onset of the formation of the
final ice lens and the envelope of zero pressure %n the
water film beneath the final ice lens converge, the change
in temperature during the terminal phase is maximum for Pe =
0. It decreases steadily as the pressure is increased. This,
in turn, influences the maximum thickness of the final ice
lens. Conversely, since the water intake rate decreases with
increasing pressure, the time needed to reach the same
amount of heave increases considerably with increasing

‘pressure. This explains why the rate of heave in test C13 is
constant over about 100 hours as shown in Figure E.12 in
Appendix E.

The heat balance at the ice lens still governs the rate

of phase change at its base and consequently the rate of
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growth of the final ice lens. Effect of solute rejection is
more important when the frost front is stationary for longer
periods. However, increasing solute concentration beneath
the ice lens does not affect the suction potential at the
level of the final ice lens. This results in an upper bound
for the maximum thickness of the final ice lens and is
therefore on the safe side for engineering applications.

Theoretical analysis simulating the conditions obtained
as the final ice lens is initiated in tests C10, C13 and C14
reveal that steady state heat transfer describes adequately
the observed behavior of the freezing soil during the
retreating frost front phase. The maximum thickness of the
final ice lens can be predicted from:

Ki.|Tc - Tse] Ki
ku.(Tw +|Tse|) Kfr
where Tse is the value of the segregation freezing
temperature at which Pw is atmospheric for the given
external pressure.

To predict the heave rate, the method proposed in Chapter 5
for Pe = 0 is adopted. The results obtained with this
analysis are summarized in Figure 6.11. The analytical
method predicts a maximum thickness of the final ice lens
for test C13 of about 11 mm after 1200 hours of sustained
temperature boundary conditions during the retreating frost
front. For test C14, the thickness of the final ice lens
also approximately.11 mm but the analysis predicts that the

length of the terminal phase is almost twice as long as for
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test C13. Unfortunately, it is not practical to run freezing
tests for such a long period and the actual final ice lens
was only grown for about 120 hours in both tests.
Nevertheless, the observed data agree very well with the

predicted values of ice lens thickness.

6.6 PHYSICAL PROCESSES DURING FREEZING WITH AN ADVANCING
FROST FRONT

The complexity of the freezing process during the
advancing frost front phase emerges from the well known
observation that, for the same soil, water is either
"attracted to or expelled from the freezing front dﬁring the
early stage of this phase. This has alsd been observed in
the tests performed in series C. As shown in Appendix E, it
is clear that attraction occurs when the applied load is
small and that expulsion occurs when the external pressure
is higher. However, despite the fact that water is expelled
during the early stage of freezing, it has been observed
that expulsion of water is only the primary mode of
behavior, and that, after a while, expulsion stops and water
intake occurs. It has also been observed that, in each case,
the volume of expelled water is relatively small.

This bi-modal behavior of a freezing soil with applied
load is very puzzling. No satisfactory»explanation for this

phenomenon has yet been proposed.
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It is possible to gain more insight into the freezing
mechanism with applied pressure by considering the results
obtained in Chapter 4. It hae been proposed that Ts varies
during the advancing frost front phase for zero applied
load. Furthermore, it has been established that the rate of
cooling of the frozen fringe, which is indirectly a measure
of the rate of frost front advance, influences the
segregation potential. Since SP embraces both Ts and Kf, it
can be argued that the rate of frost front advance also
influences the value of Ts.

Another important consideration is the evaluation of
the ice pressure within the frozen fringe. This problem is
easily solved for zero applied load since the ice pressure
is then atmospheric everywhere in the frozen soil. However,
with an applied surcharge, stresses are created in fhe
- sample.

In the unfrozen part, all the load is carried by grain
"to grain contacts, i.e. effective stress. In the frozen
part, a stress partition most likely occurs. If ice can fill
a soil pore without pushing apart the surrounding soil
grains, it can be assumed that the ice pressure is still
atmospheric since the soil grains still carry the load. This
case most likely happens close to 0°C where appreciable
unfrozen water is present in the frozen soil. However, as
the temperature decreases, the ice content increases and the
pore ice in the frozen fringe will carry some of the applied.

load. The pore ice will therefore be stressed. The stress in
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the pore ice is thought to increase with increasing ice
content, hence with decreasing temperatures. At the ice
lens, the problem is again much simpler since the pressure
in the ice is equal to the external pressure Pe. This
statement is verified provided the ice lens is created over
the whole cross area of the sample. Behind the ice lens, in
the passive system, the stress partition is not relevant to
the problem of frost heave since water movement occurs
solely in the active system.

The ice pressure distribution in the frozen fringe is a
function of ice content which has not been détermined to
date in a freezing system with free water supply. As with
the suction profile, only the extreme values of the ice
pressure are known, Pi = 0 at the base of the fringe (at Ti)
and P = Pe at the top of the frozen fringe (at Ts).

A qualitative analysis of the freezing soil with
applied load can now be discussed. It may be assumed that at
the beginning of freezing, the conditions in the frozen
fringe are as shown in Figure 6.12a. It has been established
in Chapter 4 that for high rates of cooling, Ts can be
warmer than Tso, corresponding to the formation of the final
ice lens. The pore water pressure at the segregation
freezing level can be calculated by Equation 6.5. If the
external pressure Pe is larger than the term containing Ts,
a positive pore water pressure is obtafned. Therefore,
depending on the actual pore ice pressure profile in the

frozen fringe and if one assumes that the temperature
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profile in the frozen fringe is linear, different pore water
profiles can be generated in the frozen fringe. As shown in
Figure 6.12a, a typical distribution has been plotted. Water
flows to the freezing front in the upper part of the fringe
and is pushed out of the lower part of the frozen frihge.

With time, the rate of cooling decreases and the
segregation freezing temperature may decrease. Ultimately,
there is a segregation freezing temperature for which no
positive pore water pressure are generated within the frozen
fringe. The freezing system now attracts water to the
freezing front and identical processes as those described
for zero overburden now occur.

It is necessary to emphasize the tentative nature of
this discussion.

The previous analysis led to the view that there is a
critical rate of cooling of the fringe at a given applied
pressure at which water will be drawn into the sample during
freezing. Test data of series C yielded the results
summarized on Figure 6.13. For Devon silt, it is clear that
for a pressure below 120 kPa, water is always attracted to
the freezing front. The conclusions of Chapter 4 establish
that there is a maximum rate of cooling for which no water
is able to flow to the segregation freezing level. This
result has been extended for the case of applied pressure.

For applied surcharges higher than the critical value,
e.g. 120 kPa for Devon silt, the rate of cooling at which

water is drawn into the sample decreases with increasing
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external pressure. It is believed that the relationship
between that critical rate of cooling and applied pressure
is unique for a given soil. This statement is based upon the
fact that there is a unique relationship between SP, Pu and
dTf/dt at a given Pe and that SP embraces Ts.

Figure 6.13 reveals that, at a given pressure water
from an outside source is attracted to the freezing front
when the rate of cooling is smaller than the critical value
of the rate of cooling and is expelled from the sample for
higher rates of cooling.

Takashi et al (1974) presented results of freezing
tests where expulsion of water occurred at a frost front
penetration rate higher than 11 mm/h for an external
pressure of 112 kPa. Attraction of water occurred for the
same applied pressure when the speed of frost front advance
was less than 11 mm/h. Moreover, an identical soil sample
under 212 kPa expelled water during freezing with frost
front advance rates higher than 1 mm/h.

It is of value to realize that the results published by
Takashi et al are identical to those given in the present
study. Furthermore, small changes in applied load are
associated with drastic changes in the critical rafe of
cooling.

Since the volume of expelled water is small, it seems
reasonable to approximate the heave occurring during an
expulsion mode by the heave resulting from the "in situ"‘

water freezing. It is of benefit to note that the unfrozen
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water content increases with increasing pressure, which, in
turn, affects the heave of “"in situ" water freezing. In an
analytical approach, a variation in € with applied pressure
might be an elegant way to account for the physical process
operative during freezing with applied load.

When water is attracted, frost heave with applied load
can be treated similarly to frost heave with zero surcharge.
The freezing characteristics, either Ts and Kf or SP must be
determined from laboratory freezing tests for a range of
applied pressures. The analytical model developed in Chapter
4 is still valid if one considers the change in the input
characteristic freezing surface with applied load and if one
introduces the relationship given in Figure 6.13.

Finally, it is easy to extend the mechanistic theory of
ice lens formation for the case of zero external surcharge
to the case where an external pressure is applied on the
freezing soii. However, Figure 6.12 establishes that the
thickness of the zone of active lensing is affected when
. .external pressure is applied. This results from the fact
that water expulsion may occur during the early stage of
freezing and thus no visible ice lens can form due to lack
of sufficient water. An extreme case corresponds, for
example, to a freezing situation with a high overburden load
in which water is only attracted to the freezing front when
the frost front is almost statfonary. In these conditions,
the sample will exhibit only one ice lens which is the final

ice lens and is grown during the retreating frost front
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phase if the temperature boundary conditions are constant.
This is adequately illustrated in Plate 6.2 where no visible
ice can be seen above the final ice lens in both cases. The

mechanism of discrete ice lens formation is still valid.

6.7 THE HEAVING PRESSURE IN FREEZING SOILS

This section is devoted to the investigation of the
mechanisms which lead to a stable situation at the end of
the terminal phase during open-system freezing test in which
vertical displacement is prevented. This latter category of
freezing tests is widely use to measure the maximum heaving
pressure that a freezing soil is able to préduce.

When a saturated soil is prevénted from heaving, the
total volume of water and solids in a particular soil system
must remain constant.'lf no consolidation takes place upon
freezing, e.a. a coarse grained material, the constant
volume condition requires that some water has to be expelled
from the sample when ice forms. When a fine grained soil is
frozen under a constant volume condition and a pressure
develops, the unfrozen part of the specimen consolidates.
Constant volume of the whole sample is maintained by the
formation of an ice lens in the frozen part.

The heaving pressure develops slowly with time.
Therefore since the ice pressure increases, the frozen
fringe also changes continuously with time. The process can

be described as a continuous movement of the ice lens
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towards colder temperatures as the heaving pressure
increases with time. This process takes place under a
condition of almost constant temperature gradiént once
steady state heat flow is almost obtained. In other words,
the current warmest ice lens is pushed progressively farther
into the frozen soil by a process of melting and refreezing.
The thickness of the frozen fringe increases with time under
these conditions. It can be argued that when the pressure at
the freezing front reaches the "shut off" pressure, as
defined of Figure 6.10, the freezing system should reach an
ultimate heaving pressure. Experimental evidence is
available to confirm the existence of a maximum heaving
pressure for a given soil (Penner, 1959; Hoekstra, 1969).
However, no direct correlation has yet been made between the
measured heaving pressure and the "shut off" pressure
determined from open-freezing tests. It should be remembered
that heaving pressuées are very sensitive to the rigidity of
the experimental apparatus, and that the above mentioned
comparison requires careful testing.

Let us now consider the characteristics of the frozen
fringe as the maximum heaving pressure is approached. The
sample is composed of a frozen part above the ice lens, an
jce lens, the frozen fringe below the ice lens and the
unfrozen part. From a consideration of statics, equilibrium
results in an effective stress in the unfrozen soil equal to
the heaving pressure. This is achieved by consolidation as

mentioned earlier. Furthermore it is clear that the pressure
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in the ice lens must also be equal to the heaving pressure.

For equilibrium to exist, the pore ice pressure profile
in the frozen fringe must adopt a linear distribution as
shown in Figure 6.14. This ice pressure profile associated’
with a linear temperature distribution.in the frozen fringe
results in zero bore water pressure throughout the frozen
fringe. This pressure state in the frozen fringe is then in
equilibrium with.that in the unfrozen soil where the pore
water pressure is also zero. Through progressive melting of
the pore ice of the frozen fringe, the icé content will be
such that the pore ice pressure profile will adapt to the
existing temperature profilé in order to achieve no pore
water pressure gradient in the active system.

The situation at the end of the retreating frost front
phase in open-system freezing with appliéd load is idenfical‘
to the previous case. Final conditions will correspond to a
" linear pore ice pressure profile in the ultimate frozen
fringe. The upper part of the fringe is equal to overburden
and the pore ice pressure at the warmest .end of the fringe

is atmospheric.

6.8 SUMMARY

It has been demonstrated that the segregation freezing
temperature of final ice lens formation decreases with
increasing applied loads. Since the suctioh developed

beneath the ice lens is a function of both temperature and
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ice pressure, it has been established experimentally that
the suction decreases very slowly as the external pressure
increases. Increasing lengths of the frozen fringe and
decreasing driving potentials result in a decreasing overall
hydraulic gradiant in the fringe as applied pressure
increases. Moreover, the overall permeability of the frozen
fringe also decreases with increasing surcharge. It then
follows that increased load depresses the heave rate in
agreement with established findings of workers in the field
of frost action for some 50 years.

This study takes the view that expulsion of watef
occurs during the advancing frost front phase..This'is a
function of applied load and rate of cooling of the frozen
fringe. There is a uniqUe relationship between applied
pressure and rate of cooling of the fringe for which water
is attracted to the freezing front. This relationship
defines two regions in the space (Pe, dTf/dt). The left
region in figure 6.13 corresponds to freezing with water
expulsion and the right region tQ freezing with water intake
if an outside water sourée is available.

It has also been established that the higher the
applied load, the closer to final thermal equilibrium
conditions the sample will start to attract water from the
outside source.

Finally, evidence has been presented for the existence
of a "shut off" pressure for which no water flow to the ice

lens is possible. This "shut off" pressure is defined as the
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applied pressure which produces zero pore water pressure at
the segregation freezing level during steady state heat
flow..This "shut off" pressure is extremely high for
engineéring purposes, in the order of 1000 kKPa for Devon

silt.



7. INTERPRETATION OF LABORATORY FREEZING TESTS

7.1 INTRODUCTION

In this chapter, attention is directed towards the
application of the conceptual frost heave model established
previously to the interpretation of various laboratory tests
reported in the literature. These different tests are also
evaluated with respect to their relevance for the
classification of soils with regard to frost susceptibility.
A standard freezing test which assesses easily the basic |

freezing parameters of any soil is presented.

7.2 ANALYSIS OF FREEZING TESTS AT THE FORMATION OF THE FINAL
ICE LENS

The water intake rate or the total heave rate during
freezing have often been taken as basic freezing parameters.
This has led to the pursuit of a relationship between water
intake rate or total heave rate and other variables such as
cold side step temperature, unfrozen soil length, or rate of
heat 'extraction. It is of value to show how the conceptual
approach described in Chapter 3 can account for the shape of

these relationships. The next sections deal solely with the

275
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parameters at the formation of the final ice lens, i.e.
close to stationary frost front conditions.

At the formation of the final ice lens, the segregation
potential is constant for a given suction at the frost
front. It is clear therefore, that for a given soil,
different relationships between Vo and grad T can be
obtained if the suction at the frost front varies. If, for
example, the testing program is conducted such that at the
~ formation of the final ice lens the same temperature
gradient is obtained with different suctions at the frost
front, the locus of the values of tﬁe water intake rate then
becomes a vertical line as shown on Figure 7.1. Different
freezing conditions may therefore result in an infinity of

curves. Some typical cases are summarized on Figure 7.1,

7.2.1 Water Intake Flux in Relation to Unfrozen Soil Length
Loch (1879) has recently proposed plotting the water

intake rate versus the reciprocal of the length of unfrozen
soil as the frost front becomes stationary. He states:

"If the suction (-Pw) at the frost front is a

constant for a soil, as is expected, one should find

a linear relation between water intake rate and

1/1u.”
The suction at the frost front is thought to be constant
because Loch assumes that the pressure differenée Pi-Pw
across the curved ice-water interface at the frost front is

solely a function of pore size. However, as demonstrated in
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Figure 7.1 Typical Vo-grad T relations at the Final Ice
Lens Formation for a Given Soil
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Chapter 3, the curvature of the interface is not a constant
in a freezing system with free water supply but depends on
both temperature and suct?on. At the frost front it can be
argued that the pore ice pressure is always atmospheric.

In the tests under consideration, freezing took place
in three stages for each sample. The final ice lens was
allowed to grow to an appreciable thickness during each
" stage. The water intake rate was inferred from the total
heave vefsus time relationship associated with the measured
thickness of the ice lenses. This procedure was adopted
since the author believes that the measurement of total
heave is more accurate than that of the Water intake volume
in Loch’s tests.

The experimental results obtainéd by Loch (op. cit.),
shéwn in F are not very convincing since some data points
deviate seriously from linearity. Moreover, one should
expect these lines to pass through the origin which is not
always the case. Loch does not present an explanation for
that divergence.

However, the results given by Loch support the view
that for the same soil, different suctions at the frost
front can deVelop depending on the freezing conditions. This
can be inferred from the bottom part of Figure 7.2 where the
relationship between Vo and grad T is given for three tests
where adequate information was available. If one joins each
point with the origin, two different lines are obtained for

Gulli disturbed soil which means that different suctions at
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the frost front existed for stage 3 and stages 1 and 2 of
this freezing test. Consequently, it is expected that the
curve Vo versus 1/1u for Gulli disturbed soil will diverge
from linearity because their respective points do not always
correspond to the same suction at the frost line. For Dalane
disturbed soil, the plot Vo versus grad T reveals that the
representative points obtained at the end of stage 1 and 2
are situated on a line passing through the origin. This, in
turn, means that the same suction exits at the frost front
in these two stages. Therefore, the experimental data should
be 1ocat¢d on a straight line passing.through the origin on
a Vo-1/1u plot, which is the case as shown on Figure 7.2.

It can therefore be concluded, in the light of Figure
7.2, that the conceptual model presented in Chapter 3 based
'-on freezing tests with Devon silt can be applied to other
soils. Any freezing soil can be characterized by the basic
freezing parameters at the onset of the final ice lens, SPo

and Pu, determinable from simple laboratory freezing tests.

7.2.2 Water Intake Flux in Relation to Applied Pressure and
Cold Step Temperature

Penner and Ueda (1977, 1978) established eXperimentally
that the relation between the logarithm of heaving rate and
P/T, the ratio of overburden pressure and co]d-sfde freezing
temperature is linear in the case of Leda clay and a silt
from the Mackenzie River Valley, N.W.T. This relation is, in

fact, a combination of two linear relationships between the
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logarithm of heave rate and the reciprocal of the cold-step
temperature 1/T, and log (dh/dt) and Pe. The values of the
heave rate was generally taken close to steady state
conditions in the different tests performed by Penner and
Ueda . Therefore, one can argue that dh/dt is equal to 1.09
Vo and that a similar relationship would then exist between
log (Vo) and Pe/T.

It is of value to analyse their tests in the light of
the results presented so far in this thesis. Figure 7.3
summar izes the relationship between the segregation
potential, the suction at the frost front and the applied
pressure at the initiation of the final ice lens in Devon
silt. The plotted results indicate clearly that there 'is a
linear relation within the observed range between the
logarithm of the segregation potential and the suction at
the frost front. There is also a 1ineaf relation between log
(SPo) and Pe fdr a given suction at the frost front. |

Since SPo is the ratio of water intake rate and
temperature gradient across the frozen fringe when the final
ice lens forms, it is clear that if the temperature gradient
is a constant in different freezing tests, the variation in
Vo in those tests will then adopt a similar shape to the
variation of SPo. Furthermore, if the inverse of the
cold-step freezing temperature, 1/Tc, is related linearly to
the suction at the frost front, a linear relationship
between log (Vo) and 1/Tc is to be expected for a given

applied load. This follows readily from the results
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presented in Figure 7.3.

The testing procedure adopted by Penner and Ueda was as
follows. During one freezing test, the cold-step temperature
was lowered in stages. The warm-plate temperature was
supposed to be constant during the whole freezing procedure.
However, as seen in Figure 7.4, it is clear that Tw could
not be maintained constant but decreased as the cold side
temperature was decreased. This was also noted by Hopke
(1980). Each stage was maintained long enough to allow for a
stationary frost front to develop at each successive
position of the 0°C isotherm. This is illustrated in Figure
7.4. Therefore, the rate of:water intake at the end of each
stage corresponds approximately to the conditions of final
ice lens formation. The soil, Leda clay preconsolidated to
400 KPa, was frozen under an external pressure of 200 kPa.

From the results given on Figure 7.4 one can readily
obtain the.relation between the temperature gradient at the
- frost front and the water intake velocity at the end of each
freezing stage. The representative points of each stage are
summarized on Figure 7.5. This plot reveals that different
suctions at the frost front were obtained at each freezing
stage. Although the permeability of the unfrozen soil is not
specified, the suction at the frost front can be estimated -
by Vo.lu, the product of water intake flux and length of the
unfrozen soil. Darcy’s law establishes the equivalence
between (V.lu) and (|Pul.Ku). Therefore, if one assumes that

the permeability of the unfrozen soil remains constant
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during the whole freezing test, Vo.Pu is proportional to the
suction at the frost front.

The vaiue of Vo.lu can readily be calculated for each
freezing stage. The number beside each representative point
on Figure 7.5 indicates the value of Vo.1lu, and -
consequently, is an indication of the relative magnitude of
the suction at the frost front. Remarkably, Penner and
Ueda’'s data confirm also that the segregation potential,
which is the slope of each Iine passing through the orfgin
and the representative points of the freezing test,
fncreases when the suction at the frost front is reduced.
Furthermore, for a given suction, any freezing condition is
represented by a unique line passing through the origin.

Figure 7.5 also establishes that the temperature
gradient across the fringe was more or leés constant in the
four last stages. |

Let us now plot Vo.lu, hence the suction at the frost
front, versus the inverse of cold-side freezing temperature.
As shown on Figure 7.5 a linear relationship is obtained
approximately. For these conditions, i.e. constant
temperature gradient during freezing and linear variation of
Pu with1/Tc, a linear relationship between log (Vo) and 1/Tc
is expected provided that a linear relationship between log
(SPo) and Pu for a given applied pressure exists for that
soil. Experimental data from the previous test, presented in
Figure 7.5, support strongly these arguments. It can be

argued furthermore, that the shape of the relationships
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between the fundamental freezing parameters for Devon silt
are extendable to other soils.

Finally, if the freezing conditions are such that a
linear relationship between log (Vo) and 1/Tc is obtained, a
linear relationship between log (Vo) and Pe/Tc is then to be
expected since it is thought that the relation between 1log
(SPo) and Pe is linear in many soils. However, one should
bear in mind the influence of Pu in the relationship between
SPo and Pe as demonstrated in Chapter 6.

From the previous analysis it can be dgduced that the
heave rate or water intake flux existing at the formation of
the final ice lens is temperature path or freezing path
dependent. It must be emphasized again that the fundamental
freezing surface (SP, Pu, dTf/dt) of a given soil embraces
the freezing path effect by considering the rate of cooling
of the frozen fringe dTf/dt and the suction at the frost
front.

If the freezing conditions at the formation of thé
final ice lens are different from those required to obtain a
linear relationship between log (Vo) and 1/7Tc, no obvious
relationship should be found. This proposition is supported
by the results of the freezing tests conducted during this
investigation. The freezing data of our tests are summarized
in terms of log (Vo) and 1/Tc on Figure 7.6. As shown, the
experimental points are all random except for three tests in
which the temperature gradient was approximately constant

~and in which a linear relationship between Pu and 1/Tc
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existed. These three data points are situated, as expected,
on the same line. However, for the same soil, no definitive
relationship can be obtain from the other representative
points.

Data given by Loch (1978) provide further support to
our views. For Dalane undisturbed soil, the conditions
stipulated previously in order to obtain a linear
relationship between 1/Tc and log (Vo), are fullfilled as
seen in Figure 7.3. As expected, the representative points
of the three different stages during the freezing of Dalane
undisturbed soil are on a straight line. However, the other
data points do not satisfy the required conditions and
consequently no specific relationship appears on Figure 7.7

for those freezing tests.

7.2.3 Concluding Remarks

Penner and Ueda (1978) performed freezing two different
freezing tests. In the first set, the cold-side temperature
was held constant for three successive runs, but the
‘warm-side temperature was changed. The results established
that the heave rate was the same for all three runs as shown
on Figure 7.8.

In the second test, the warm-side temperature was held
constant and in three successive runs the cold-side step
temperature was changed. The results demonstrated that the
heave rate was very sensitive to the cold-step temperature,

as shown on Figure 7.8.
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Before analysing the results presented by Penner and
Ueda, it should be mentioned that the first test of the
second set was run with a step freezing temperature of
-0.40°C. Considering that the soil is clay and that the
external pressure is large, e.g. 200 kPa, it can be argued
that the segregation freezing temperature in these
conditions could be lower than -0.40°C. This, in turn, would
inhibit the development of the frozen fringe in the first
test of the second set. It is therefore expected that the
results obtained in that freezing test are not comparable
with those obtained in the other tests where the
step-freezing temperature was colder.

If one calculates the value of Vo.lu for each test in
‘the first set, different values are obtained. As discussed
previously this product can be related directly to the
suction at the frost front. Since the suction at the frost
front is different for each test, the three representive
points will be situated on three different lines passing
through the origin.

Furthermore, the temperature gradients in the frozen
fringe in each test were such that the three representative
points on Vo vs Grad T plot are situated on a horizontal
line. This is the case of the freezing tests of set 1.

This illustrates very clearly the danger of concluding
too hastily that the warm-end temperature has little effect
on heave rates. Furthermore, it is predictable from the

conceptual model presented in Chapter 3 that the heave rate
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should increase when the cold-side temperature increases
provided that the' suction at the frost front becomes smaller
and that the temperature gradient across the active zone
either increases or remains constant.

The interpretation of freezing tests in terms of
. derived parameters such as water intake velocity, heave
rate, total heave rate, cold-step freezing temperature,
length of unfrozen soil and the generalization of such
particular relationships should be avoided since the results
are very sensitive to the freezing procedure and the
conditions of finq] ice lens growth. It has been
demonstrated that a conceptual model characterizing a
freezing soil with two basic parameters at the formation of
the final ice lens, the segregation potential and the
suction at the frost front accounts for the existing
relationships between the derived parameters found in the

literature.

7.3 INFLUENCE OF THE HEAT EXTRACTION RATE ON THE ICE
SEGREGATION RATE OF SOILS

Several investigators (Kaplar, 1968, 1970; Penner,
1972) emphasized that the heat extraction rate is a
fundamental barameter in thebfreezing process and not the
frost front penetration rate. They suggested, therefore, |
that soils should be tested at the same rate of heat

extraction instead of at the same rate of frost penetration.
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Loch (1979) also subscribed to that view as he proposed that
a comparative heave test should be carried out at a standard
rate of heat extraction. Furthermore, Loch stated:

“"If one is able to maintain this fixed rate of heat

extraction during a test, then heave will be a

sfraight line with time..."
The model presented in Chapter 4 allows one to calculate the
net heat extraction rate at any time. Figure 7.9 summarizes
the curves of net heat extraction rate versus water intake
flux and total héave rate obtained from the simulation of
most of the freezing tests reported in this thesis.

It must be emphasized that all the curves in Figure 7.9
correspond to a given soil freezing under zero applied load.
The straight line passing through the origin is the locus of
heave rates for the hypothetical case where all heat
extracted comes from ice lens formation with no frost
penetration. The slope of this‘particular line is 1/L.

Figure 7.9 reveals that a wide range of heat extraction
rates have been covered during each freezing test.
Furthermore, it is striking that a limiting rate of heat
extraction exists at which no water flow to the freezing
front is possible. For Devon silt, this limiting rate of
heat extraction is approximately 0.4 mW/(mm2.s).

As no further frost front advance occurs, all the
curves intersect the straight line characterizing the final
ice lens formation. As discussed in Chapter 5, the

representative point of the freezing soil is then moving on
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this line if the temperature boundary conditions are
constant with time. It is of value to notice that different
freezing conditions result in different positions of the
intersection of the representative curves and the straight
line, although the unfrozen soil properties are always the
same.

Another important feature is the difference in shape of
the curves representing total heave rate and those
representing water intake flux as a function of net heat
extraction rate. This arises from the fact that when the
heat extfaction rate is high, thermal balance at the frost
front requires a large amount of heat, which is liberated by
freezing in situ pore water. The shape of thé total heave
versus heat eXtraction rate depends on fhe rateof frost
front advance and the amount of heat liberated by the intake
water as it freezes at the segregation freezing level. These
shapes compare quite well with those obtained by Horiguchi
(1878) for various types of zeolites.

The results presented on Figure 7.9 demonstrate clearly
that the net heat extraction rate is not a fundamental
parameter of a freezing soil. This parameter is dependent on
the thermal and geométrical conditions existing in the
sample at any time. However, it can readily be derived from
the basic freezing parameters (SP, Pu, dTf/dt) combined with
the heat balance equation and the frost heave model given in

Chapter 4.
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7.4 ANALYSIS OF FREEZING TESTS IN TERMS OF THE ICE
SEGREGATION RATIO

Hwang (1977) proposed to predict total heave in a
freezing soil with the fota] ice segregation ratio, ISR. ISR
is equal to the ratio of total heave and frozen soil
thickness at the end of a freezing test with constant
temperature boundary conditions. Hwang (op. cit.) assumes
that this ratio is a fundamental parameter of a freezing
soil, which depends upon applied pressure only.

In order to evaluate the relevance of this parameter,
the results of the freezing tests performed during the
present investigation have been analyse& in the following
manner. For each test, total heave is plotted against the
thickness of the frozen soil. This allows one to visualize
the variation of the total ice segregation ratio during a
freezing test. Figure 7.10 summarizes the results obtained
from various freezing tests with zero applied load. It must
be emphasized that all the tests have been performed with
constant temperature boundary conditions. However, the
initial thermal and geometrical conditions were different
for each test. The results presented on Figure 7.10
establish clearly that ISR is not a fundamentai parameter
for a given soil freezing under laboratory conditions since
different ISR are obtained fér the same soil. It is
noteworthy to realize that the final ice lens forms when the

slope of the h-Xf relationship is equal to 1, i.e. when the
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increase in frozen soil thickness is equal to the increase
in the final ice lens thickness. Figure 7.10 indicates also
thaf there is no apparent relationship between the shape of
the different h vs Xf curves which were obtained for the
same soil.

Again, it must be stressed that the variation of ISR
can be predicted using the frost heave model given in
Chapter 4 with the fundamental freezing characteristics (SP,

Pu, dTf/dt).

7.5 A STANDARD LABORATORY TEST FOR FREEZING SOILS

This section summarizes four currently proposed or used
freezing tests which detérmine the frost heave
susceptibility of various soils. Their analysis and
relevance to frost heave characteristics will be critically
reviewed in the light of the conceptual model established in
this thesis.

The conélusions that have been drawn from the analysis
of laboratory data on frost heave testing of Devon silt will
lead to the proposal for a standard ‘laboratory test for

freezing soils.

7.5.1 Review of Some Existing Standard Freezing Procedures
| Three tests currently used in North America are all
based upon measurement of the total heave rate of a soil.

These tests are:
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1. the test of the U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) described by Kaplar
(1965)

2. the Appropriate Freezing Rates Test, proposed by
Penner (1972)

3. the Rapid Frost Heave Test, proposed by Zoller
(1973)

The U.S. Army CRREL-Laboratory classifies soils for
their susceptibility to frost heave, according to their
heave rate in a laboratory test, ip which samples are
subjected to a constant frost penetration rate of about 1 cm
per day.

Soil specimens, 15 cm high, are placed in tapered
lucite mold diameter of 15 cm, and frozen from the top, in
freezing cabinets placed in a 4°C room. fhe specimens are
subjected to a small surcharge of 3.45 kPa and have a free
water supply at their base. At the given frost penetration
rate, 2 weeks are required to completely freeze a sample.

Disadvantages of this technique are numerous:

1. the length of time for testing a sample,

2. the necessity for continuous adjustment of the
cold-side temperature in order to maintain the
constant frost penetration rate

3. bad temperature control of the warm end of the
sample

4. wall friction along the mold which has been reported

by Kaplar (1968)
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5. the interpretation of the data in terms of the
fundamental freezing parameters, SP or Ts and Kf are
very difficult. '

This Jatter point is illustrated in the following.
Figure 7.11 is the projection of the characteristic
freezing surface for Devon silt on a plane defined by SP and
dTf/dt. If one would freeze a sample with a constant rate of
cooling of the frozen fringe and if the suction at the frost

front decreases with time, Figure 7.11 reveals that the
segregation potential increases with time. The freezing path
during this particular procedure is indicated by the
vertical line on Figure 7.11.

If a freezing test would be conducted with a constant
temperatube gradient in the sample, a constant rate of
cooling implies then a constant rate of frost penetration.
This can readily be inferred from Equation 4.14.
Furthermore, in these conditions, the variation in water
intake flux, hence in total heave rates since the componant
of "in situ" pore water freezing is constant, is identical
to the variation in SP. This speciallsituation is
illustrated in Figure 7.11

An early paper by Hayley and Kaplar (1952) corroborates
this special freezing behavior.

The freezing test was started by lowering the
temperature in the cabinet to approximately -1.1°C for a
period of two days, then to -1.7°C for two more days and to

-2.2°C for two other days. After that period of six days,



302

©
o 225
~
o~
E Devon silt
E
P
e
2 1504
FY
c
[
L
[]
a
c
0
-
S  75e
1]
L
[»]
[
7}
ol
0001

dTt dt °C/h

, Heave
dTf/dt = Ct

Grad T = Ct

Time

Figure 7.11 Freezing Test with Constant Frost Penetration
Rate and Constant Temperature Gradient



303

the temperature within the gabinet was changed only by the
amount necessary to maintain the rate 6f penetration of the
0°C isotherm at approximately 6.35 mm/day. Measured
temperature profiles reveal that the warm-plate temperature
declined with time as the cold-side temperature was lowered.
Fortunate]y, this resulted in a more or less constant
temperature gradient in the specimen.

The total heave and the penetration of the frost front
with time is summarized in Figure 7.12 for two New Hampshire
silt samples.

The frost front penetration rate was constant affer 14
days of freezing and approximately 7.5 mm/day. As
'anticipated, the total heave rate increased as the length of
the unfrozen soil decreased with time leading to a decreasé
in suction at the frost front with time.

This freezing procedure is essentially similar to that
adopted by CRREL. The previous example supports ‘again the
view that the model presented in this study is extendable to
any freezing path. It is also clear that the CRREL freezing
technique is inadequate to determine accurately the basic
freezing characteristics due to variability and bad control
of boundary conditions.

The disadvantage of long freezing periods is overcome
in the so-called Rapid Frost Heave Test, as developed by
Zoller (1973).

It is claimed that this test can be carried out in a

laboratory at normal room temperature by simply insulating
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the cylindrical side of the sample with foamed plastic.
Temperature'control at the top of the sample is obtained
with a Peltier thermoelectric cooling element of 13.5 cm
diameter. Thermoelectric cooling has the advantage that the
rate of freezing can be increased substantially and
adjustment for constant frost front penetration rate is
easily done by adjusting the electric current. Testing time
in this technique is reduced drastically by freezing to a
depth of 7.5 cm at a frost penetration rate of 7.5 to 17.5
cm/day. The freezing time is less than a day. Friction is
reduced by the use of a non-tapered mold of stacked lucite
rings, each 2.5 cm high.

One assumption in this test is that the heave rate
stays constant with time, and therefore a short testing time
is permissible. As seen earlier a constant frost front

‘penetration can result in a constant heave rate depending on
the value of the suction at the frost front. However, in
reality the freezing conditions are not that well controlled
and slight variations in the heave rate are frequently
observed.

Another assumption is that the rate of heaving of
soils, subjected to a faster freezing rate than those used
in the CRREL tests is uniquely related to the heaving rate
obtained with the CRREL procedure on the same soil. By
subjecting 5 soils to both testing procedure, Zoller
produced new heave criteria for the CRREL classification

system. The basis of this modification is shown in Figure



306

7.13. This assumption, however, is not general for most of
the soils,since the total heave rate is a function of both
geometrical and thermal boundary conditions as shown in
Figure 7.9. Loch (1979) expressed identical doubts on the
uniqueness of the curve of Figure 7.13.

The test method by Penner (1972) is similar to the
rapid frost heave test reported by Zoller, with the major
exception that Penner suggests use of rates of freezing that
are related to thermal conditions in the field. Because of
variability in these conditions he suggests two tests per
soil, one at less than the minimum rate of freezing and the
other at somewhat faster than the maximum rate of freezing
expected in the field.

However, as already discussed in Section 7.3, the total
heave rate is not uniquely related to the rate of heat
extraction for the same soil. Therefore, one should be |
cautious when.extrapolating laboratory freezing results to
field conditions.

A fourth freezing method can be found in the current
literature. Its procedure and equipment were described by
Loch (1979).

This testing procedure is basically different from the
previous catégory for two reasons. Firstly, the samples are
tested in their undisturbed state. This is based on the
assumption that degree of disturbance and degree:of
compaction have an effect on heave rate. Secondly, water

intake rate is selected as the criterion for frost heave
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susceptibility, instead of the total heave rate.

Tests using this procedure have been carried out by
Loch at the Norwegian Road Research Laboratory. The
cylindrical samples have a height of 10 cm and a diameter of
9.5 cm. Their cylindrical surface is coated by a rubber
membréne. The sample is placed in a holder of stacked
plastic rings with a height of 2 cm each. This set up is
thought to nearly eliminate wall friction.

The test is carried out in a controlled temperature
room at about +0.5°C. This, combined with the presence of
‘insulation with styrofoam spheres around the sample,
practically eliminates radial heat flow into the samples.
The temperatures at the top and base of the sample are
controlled by aluminum cooling plates in which cooled
alcohol is circulated.

Most tests have been carried out with a fixed base
temperature of slightly higher than 0°C and with the
temperature of the top cooler dropping and levelling off at
about -7°C after 24 hours. No control exists over the rates
of heat extraction and frost penetration in this procedure.
In this manner all samples were frozen to the bottom within
2 days. |

This testing procedure is thought to be the most
suitable for the determination of the frost susceptibility
of various soils. However, because the thermistors are
either fixed to the different rings or actually embedded in

the soil, their current positions are not fixed since the
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heaving soil displaces them. Despite that minor
inconvenience, the procedure proposed by Loch can be used to

determine the basic freezing parameters of a soil.

7.5.2 Freezing Tests with Constant Temperature Boundary
Conditions

This paragraph summarizes the conclusions from the
analysis of the laboratory data obtained with freezing tests
carried out under constant temperature boundary conditioné.

- The essential points of the testing procedure will be
presented and some important recommendations given that will
facilitate obtaining the maximum information out of one
single freezing test.

The equipment of the fréezing set-up is given in detail
in Figures 2.1 and 2.2.

The freezing procedure is the following. Saturated
samples of diameter slightly less than the cell diameter are
frozen from the bottom upwards.in order to reduce the effect
of lateral side friction. The samples are coated with a
rubber membrane. For Devon silt, it was established that
when frozen from the top downwards, lateral friction was
noticed when an external pressure was applied on the |
freezing soil. The samples have a free water supply at their
warm side and can heave freely. The freezing cell is placed
in a controlled temperature room at approximately +0.5°C to
+1.5°C. Furthermore, if the freezing cell is heavily

insulated with urethane foam, radial heat flow into the
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sample is negligible during an advancing frost front.

The cold plate and the warm plate temperatures are
maintained constant during the»complete freezing test. This
procedure results then in a period of decelerating frost
penetration followed by a period with a retreating frost
front during which the final ice lens can grow. Thus, during
one single freezing test, the rate of cooling of the current
frozen fringe steadily decreases from a highlva1ue to zero.

The criterion on which frost heave susceptibility can
be judged has been selected as the segregatioh potential at
the formation of the final ice lens i.e. at a quasi
stationary frost front. As established iﬁ the previous
chapter, this parameter is the ratio between the measured
water intake velocity and the temperature gradient across
the active system at a quasi stationary frost front.

The soil is characterized by the segregation potential
- of the final ice lens formation, i.e. for dTf/dt almost
zero. This is justified for field freezing situations, since
the rate of coo]ing is very close to zero due to small
temperature gradients. This is fully explored in Chapter 9.

However, even though the effect of rate of cooling can
be neglected, the suction at the frost front remains an
important factor affecting the segregation potential.

To overcome the necessity of éonducting several
freezing tests in order to invesfigate the relation between
SPo and Pu two procedures can be adopted.

Firstly, if one single freezing test is carried out
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with a warm plate temperature close to 0°C and if the length
of unfrozen soil at quasi stationary frost front is small,
it can be argued that Pu is close to zero and that SPo is
very close to its maximum value. This, in turn, results in
an upper bound of the heave expected in field conditions.

Secondly, if one freezing test is carried out in stages
by varying the temperature boundary conditions and if during
each stage, the final ice lens can grow to a visible
thickness, Chapter 3 demonstrates that different suctions at
the frost fronts are obtained if the warm plate temperature
is different and if the temperature profile in the active
system is linear. With a single freezing test, a significant
range of the relationship SPo vs Pu could therefore be
investigated.

It should be emphasized that the porosity of the soil
tested in the laboratory should be as close as possible to
that in the field. Also, it is not absolutely necessary to
perform a permeability test on the unfrozen soil since the
product Vo.lu represents indirectly the magnitude of the
suction at the frost front.

With an additional assumption on Tsec if its value can
be inferred from visual observations associated with the
temperature profile, it is also possible to determine the
permeability of the frozen fringe from a single freezing
test. This has been fully investigated in Chapter 3.

Finally, it is also noteworthy to point out that if any

solutes are present in the field, the segbegation potential
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determined from a laboratory freezing test on a soil sample
with identical properties embraces the effect of solutes on
the heaving processes. In general, increasing solute

concentrations may be associated with decreasing values of

the segregation potential.



8. NEW FROST SUSCEPTIBILITY CRITERIA

8.1 FREEZING BEHAVIOR OF VARIOUS SOILS

The variation in the freezing parameters in different
soils can be summarized schematically as shown on Figure
8.1. The wide range of existing soils has been separated
into three distinct classes; a coarser material group or
sands, medium sized soils or silts, and fine grained plastic
soils or clays.

Sands have practically no unfrozen water content below
0°C and the segregation freezing temperature is then very
close to 0°C. This results in low suctions at the ice lens
or at the accumulation zone. Low unfrozen water contents -
result also in a very low permeability of the frozen soil.
Therefore, the water intake rate is usually small during
freezing of sands. Expulsion of water is also possible since
the effect of overburden becomes very significant in these
conditions.

. In general, silty soils present an unfrozen water
content of approximately 10% to 20% of the total moisture
close to 0°C. The unfrozen water content decreases with
decreasing temperatures. The segregation freezing
temperature of that class of soils, depending on the value

of the permeability of the frozen soil, is much colder than

313
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for the previous soil category. The combination of
relatively high suctions at the ice lens and high overall
hydraulic gradfent in the frozen fringe produce high
segregation potentials hence highly frost susceptible soils.

In the third class of soils, i.e. clay soils, higher
unfrozen water contents with a smooth transition zone over a
wide range of negative temperatures result in significant
segregation freezing temperatures. These températures range
between -0.4°C to -0.8°C or may even be colder. The suction
at the freezing front.is then quite high. However, because
of the relative low hydraulic conductivity of the unfrozen
soil, the overall hydraulic gﬁadient in the frozen fringe is
significantly reduced. This, in turn, affects the water
intake flux and hence the segregation potential.

The effect of applied pressure can be extended to these
categories of soils. Figure 8.2 illustrates the different
behavior of these three soil classes with applied pressure.
One should bear in mind that the curves presented in Figure
8.2 are only schematic. Nevertheless, the general aspect
that can be grasped from this figure is very close to the
reality. |

| It appears from Figure 8.2 that the maximum heaving
pressure, as defined in Chapter 6, increases significantly
as the average particles size decreases. In other words, it
is expected that the maximum heaving pressure in clays is
much higher than that in sands. As shown in Figure 8.2, the

maximum heaving pressure is directly related to the
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Figure 8.2 Max imum Heaving Pressure for Different Types of
Soils
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segregation freezing temperature at the formation of the
final ice lens under zero applied surcharge.

Penner (1967) and Hoekstra (1969) established clearly
that the maximum heaving pressure was controlled by pore and

particle size, confirming thus the previous concept.

- 8.2 FROST SUSCEPTIBILITY DURING AN ADVANCING FROST FRONT

As discussed in Chapter 7, the segregation potential at
the formation of the final ice lens, measured in a standard
laboratory freezing test, is representative of the frost
heave susceptibility of a soil. In order to propose a new

frost susceptibility classification, the segregation
| potential of various soils has been calculated from the
results of freezing tests reported in the current
literature.

The soil used in Series S was sampled from a different
location and exhibits slightly different properties as seen
in Appendix A than the silt used to perform the quantitative
tests in this study (series NS, E, C, D). The permeability
of the unfrozen soil was inferred from the consolidation
tests. A value of approximately 10-7 cm/s was adopted. The
conditions obtained at the onset of the formation of the
final ice lens are summarized in Tabie 8.1.

The relationship between SPo and Pu is illustrated in Figure
8.3. By comparing Figure 3.11 and Figure 8.3, it may be

concluded that the freezing tests reveal changes in the



318

Table 8.1 Segregation Potential of the Formation
of the Final Ice Lens in Series S

Test Tw Po Vo grad T SPo

oC cm 10-6mm/s °C/cm 10-5mm2/(S°C)
st 2.85 2.4  73.0 .23 59
S1 1.20 1.6 61.5 0.81 76
S2 3.6 2.8 80.0 1.32 61
S5 3.4 2.6 78.0 1.35 58
S7 0.41 1.0 52.0 0.51 102

e e e e de e e G e e R T G em e e M e W M e e e e e YR v en e e s MR e e e e e G A A e e e e e e e e

overall properties of the freezing soil. Moreover, minor
changes in the unfrozen soil propértiés result in quite
appreciable changes in the segregation potential. The soil
‘used in Series S has a smaller precentage, approximately
20%, of clay size particles than the soil used in Series NS
which contains approximately 28% clay size particles. The
maximum segregation potential obtained for Devon silt of
series S is approximately 130 x 10-5 mm2/(s°C) and for Devon
silt in serfes NS SPo is around 160 x 10-5 mm2/(s°C)
Analysis of the tests reported by Loch (1979) and
summarized on Figure 7.9 permits one to determine the range
of SPo for Gulli soil and Dalane soil, both disturbed
samplies. For Gulli soil, which is described as a clayey
silt, SPo is found in the range of 20 x 10-5 to 50 x 10-5
mm2/(s°C) whereas for Dalane soil, which is given as a silty
clay. SPo varies from 38 x 10-5 to 50 x 10-5 mm2/(s°C) and
over. Different suctions at the frost front are responsible

for that range. Unfortunately, total information is not
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available to back analyse the results of the other freezing
tests. Nevertheless, it is felt that SPo is very sensitive
to soil type. This is further supported by the results
presented in Table 8.2.

This table summarizes some of the results that can be
deduced from several freezing tests in which the basic
parameters are adequately described.The values of the
segregation potential corresponds approximately to the
formation of the final ice lens.Since the permeability of
the unfrozen soil is not given, the actual suction at the
frost front cannot be inferred. However, it may be argued
that the suction is close to 0 because the warm plate
temperature was close to 0°C in most of the freezing tests.
Table 8.2 reveals several important features of freezing
soils.

Firstly, analysis of test results reported by Kaplar
(1968) on New Hampshire silt, support our experimental
findings that the segregation potential is independent of
cold side freezing temperature if the suction at the frost
front is the same. Since the samples were frozen close to
their bottom, the suction at the frost front should be very
close to zero in the three tests conducted by Kaptlar. For
these conditions, the segregation potential, as expected,
was more or less constant.

Another striking point is that for the same type of
soil, e.g., New Hampshire silt, an extremely wide range of

segregation potentials has been found. Careful scrutiny
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reveals changes in density and initial moisture content.
This, in turn, is thought to affect both degree of
compaction and amount of fines in the soil. The positive
effect of the degree of compaction on heave rate was shown.
clearly by Penner (1959) and Zoller (1973). It is therefore
possible that such a wide range can be obtained for the
same, or apparently identical, type of soil. This is further
evidence of high sensitivity of the segregation potential to
any changes in the structure and in the chemistry of the
soil.

Figure 8.4 presents a summary grouping of the few tests
reported in Table 8.2 and the tests conducted by the author.
It was decided to plot the segregation potential of the
final ice lens formation versus the perceptage of soil
particles finer that 0.005 mm. This value was chosen
arbitrarily and corresponds to fine silt sizes and clay
sizes in the soil. It can be seen that there is no distinct
grouping of the data. One should bear in mind that these
points cdrrespond to different degrees of compaction, and
different structura]bcompositions. The difficulty associated
with the considerable overlap of such a relationship can
eaéily be overcome if a standard freezing test fs conducted
as described in the previous section.

Based on Figure 8.4, a frost susceptibility
c]assification can be proposed ranging from negligible to
extremely high frost susceptible soils.

As pointed out by Penner (1967) the most obvious factor
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is the particle size. As seen in Figure 8.4, the domain
bounding the observed data has a parabolic shape with a
maximum for approximafe]y 10% to 20% finer particles than
0.005 mm. This result supports Penner’'s views. However, it
is clear that this indirect assessment of frost
susceptibility is not sufficiently reliable to overcome the

need for direct testing.
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8.3 FROST SUSCEPTIBILITY DURING A RETREATING FROST FRONT

Figure 8.4 suggests that a silty sand and a silty clay
may have the same segregation potential. If these two
different types of soil would freeze under the sameA
conditions, it would be expected that the heave at the end
of unsteady heat flow would be approximately of the same
order of magnitude. Slight variations should be expected due
to differences in thermal conductivity and in unfrozen water
content.

However, the segregation freezing temperature of the
final ice lens formation is different in these two types of
soil. From the earlier discussions in this thesfs, it
emerges that the silty sand soil has a warmer segregation
freezing temperature than the silty clay since the unfrozen
water contents are strongly dependent on particle size.
This, in turn, influences the thickness of the final ice
lens grown under fixed temperature boundary conditions , see
Equation 5.4. A colder segregation freezing temperature
results in a.thicker frozen fringe for a given temperature
gradient.

It is therefore proposed that there is an additional
consideration to the previous frost susceptibility criterion
derived for.unsteady heat flow only. This supplementary
criterion concerns the growth potential of the final ice
lens during a stationary or retreating frost front

situation.
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Figure 8.5 is a schematic representation of the
relationship between the growth of the final ice lens and
segregation freezing temperatures. It is clear, that
although a silty sand and a silty clay possess the same
segregation potential, the maximum thickness of the final
ice lens in a silty sand is much lower than that in.a silty
clay. Furthermore, the heaving processes may reach its
stable situation, i.e. cessation of heave, much faster in
silty sands than in clay soils. In that latter case, heave
may continue for tens of years if the temperature boundary
conditions could be maintained constant for such a long
period.

However, even within a life time of a structure i.e. 30
years, significant differences due to differences in final
ice lens growth may be observed.

From Figure 8.2, it transpires that a freezing test in
which the maximum heaving pressure is measured indicates, in
a relative manner, the magnitude of Tso for zero overburden
and hence 'is an indication of the growth potential of the
final ice lens.

Depending on the freezing condition, either natural or
artificial, the engineer must decide whether the first
criterion or both should be used in order to detérmine the

degree of frost susceptibility of the soil.
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8. ANALYSIS OF FIELD PROBLEMS

9.1 INTRODUCTION

This chapter is devoted to the application of the
results from laboratory freezing tests and the frost heave
concepts established previously to some practical problems
that might be encountered in the field.

in the first section, simplifications to the theory are
introduced which make the solution to freezing problems more
amenable. One such field situation where frost heave is of
crucial importance is the construction of pipelines in
Northern Canada and Alaska to carry chilled natural gas.t
Freezing of soil beneath the pipeline may occur for tens of
years, resulting in pipeline heave in the unfrozen regions
of the discontinuous permafrost zone.

A model to calculate the amount of heave under a
chilled gas pipeline is presented in the following sections.
This model is used to evaluate and to predict the results of
a field test program reported by Slusarchuk et al (1978).
The test program is concerned with the behavior of four
sections under various conditions at the freezing test site.

Finally, a simple method for predicting frost heave is
presented at the end of this chapter. This simple model

summarizes the main points established by this thesis.
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9.2 SIMPLIFIED FREEZING CHARACTERISTICS FOR FIELD CONDITIONS

Chapters 3 to 6 have dealt exclusively with laboratory
freezing conditions. As established in these chapters, a
freezing soil is characterized either by its segregation
potential, SP, or by its segregation-freezing temperature,
Ts, and by the overall permeability of the frozen fringe,

" Kf. These parameters are dependent upon applied pressure,
Pe, suction at the frost front,_Pu,.and rate of cooling of
the current frozen fringe, dTf/dt.

Field conditions initially may appear more complicated
than controlled laboratory conditions. Many soils are
fissured in their upper section and the number of fissures
usually décreases rapidly with depth. The mass permeabi}ity
in fissured soils may be two or more orders of magnitude
higher than that of intact soil. Water percolation occurs
along the fissures and small potential differences are then
sufficient to drive the liquid. Theréfore. the presence of
fissures affects the suction at the frost front since the.
length of the flow in intact soil is reduced significantly.
During field freezing conditions, the water flux to the
freezing front isbusually very small and high mass
permeability results then in small suctions at the frost
front. This study adopts the view that the frost heave
characteristcs of a freezing soil in field conditions
correspond practically to the case Pu = 0. As discussed in

Chapter 3, this leads to an upper-bound for the computed
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frost heave and is consequently on the safe side for
engineering purposes.

In the field, the frost front hay penetrate to
significant depth below the water table. This, in turn,
implies that high pore water pressures can exist at the
frozen - unfrozen interface. This pressure at the frost
front can be viewed as a back pressure which increases the
free enefgy of both the water and the ice in the frozen
fringe.The phase equilibrium is therefore not significantly
affected as discussed in Chapter 2. Consequently, although a
positive pore water pressure may exist at the frost front,
the freezing characteristics of the current frézen fringe
are very close to those obtained in the ]aboratoryAwhen Pu
is atmospheric. Furthermore, since water is only driven
under a total potential difference, the actual flow rate is
not affected by the relative depth of the frost front to the
water table because the static pressure or back pressure is
applied everywhere in the fringe.

Another simplification for field conditions can be made
with regard to the rate of cooling of the fringe. Due to the
increased thickness of the frozen soil and to the reduced
frost front penetration rate when comparing laboratory with
. field conditions, it can readily be shown that the rate of
cooling of the current fringe is veryAshall soon after the
beginning of freezing. For example, if the frozen soil is 1
m thick and if the temperature gradient is 0.1°C/cm, frost

penetration rates of 1cm/h and 1mm/h would produce
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respectively rates of cooling of 0.1°C/h and 0.01°C/h. It is
therefore argued that the soil freezing characteristics in
field conditions may be approximated by the characteristics
corresponding to the formation of the final ice lens
obtained in standard laboratory freezing tests, i.e. when
dT7f/dt is close to zero.

Finally, the influence of the overburden as the frost
front penetrates deeper can no longer be neglected. The
effect of overburden becomes even more important if
additional berms or other types of surcharge are introduced.
The effect of applied load on the freezing parameters is
accounted for in the following manner:

|Ts| = |Tso] + a.Pe......iviiiiiii s, 9.1
log Kf = log Kfo - b.Pe...........coviii, 9.2
where Pe is the pressure at the freezing front in MPa
a is a soil constant relating the decrease in Ts to
the increase in Pe.
b is a soil constant relating the decrease in Kf to
the increase in Pe.
the subscript o refers to the parameters at Pe=0
Equations 9.1 and 9.2 can be obtained from laboratory
freezing tests as discussed in Chapter 6. Furthermore, the
constants a and b correspond to freezing tests in which Pu =
0 and to the formation of the final ice lens, i.e. dTf/dt
- close to zero.
It will be shown that the complex relationships between

Ts and Kf or SP and (Pu, dTf/dt, Pe) obtained in laboratory
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freezing tests can be reduced to a very simple relationship
between the freezing parameters and Pe in the case of field

conditions.

9.3 ANALYSIS OF THE PERFORMANCE OF A CHILLED PIPELINE AT
CALGARY, ALBERTA

In order to study the behavior of a chilled,
large-diameter gas pipeline buried in frozen frost
susceptible soil, a field test facility was constructed by
Northern Engineering Services in Calgary, Alberta in 1973,
Four test sections using 1.22 m diameter pipe were buried in
a frost susceptible silt, and have been maintained at a
temperature of -8.5°C for about 7 years and is still
operating. The results of these full-scale tests are given
by Slusarchuk et al (1978) and detailed data can be obtained
from the interim report presented by Northern Engineering

Services Company limited in (1975).

8.3.1 A Frost Heave Model fbr Freezing Under a Pipe
9.3.1.1 Advancing Frost Front
The specific geometrical conditions of freezing
under a chilled gas pipeline governs the fofmulation of the
heat flow that must be considered in the frost heave model.
The general equations of heat and mass transfervshould be
formulated in a two dimensional space fdr the case of

freezing around a pipe. However, it is convenient to
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approximate the total heave occurring beneath the centerline
of the pipe by a simplified model which assumes radial heat
flow.

The general non-dimensional form of the equation of
heat conduction in cylindrical polar co-ordinates (r, 8, z>
reduces to the two dimensional equation for the case where T
is independent of z:

1/&(dT7/dt) = d2T7/dr2+1/r(dT/dr)+1/r2(d27/d62)....9.3
where & is the thermal diffusivity of the medium.

The sector beneath the pipe shown in Figure 9.1 is one
of circular symmetry along the centerline which results in
d2T/d62=0 and Equation 8.1 simplifies to:

1/(dT/dt) = d2T/dr2+1/r(dT/dr) ..o, 9.4

In a freezing soil, Equation 9.4 holds independently in

the frozen soil and in the unfrozen sﬁi]. Both‘continuity of
‘temperature and heat flux must be satisfied at each

boundary. For the case of radfal heat flow beneath the pipe,
the mathematical formulation for the boundary conditions is:

T

Tc for r = ro

T =Ti = 0°C for r = X(t) + ro

T=Tw for r = ro + X(t) + Z(t)

at the 0°C isotherm, per unit area:

kf.grad Tf = ku.grad Tu + V.L +€.n.L.dX/dt
The heat-conduction equations are solved numerically

using the finite difference schemé proposed by Crank and
Nicholson (1847). The moving boundary condition associated

with the penetration of the frost front is accounted for by
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a supplementary node at the frozen-unfrozen interface. As
illustrated in Figure 9.1, the nodes are unequally spaced in
the frozen zone due to frost Heave and equally spaced in the
unfrozen soil. Tw represents the initial ground temperature
which is assumed constaht at large depths. The details of
the finite difference formulation are summarized in Appendix
F.

Water flux to the freezing front is calculated using
Darcy’'s law for the two layered medium composed of the
frozen fringe and the intact unfrozen soil:

Vs CHW/ T K et e 9.5
where K’ = 1/(1u/Ku + d/Kf)
d = Ts/grad Tf
Hw = Pw/ w = (L/Vw:&w) In Ts*/To* + (Vi/yw.bw)Pe
1 is the length of the active system
lu is the length of intact unfrozen soil between the
frost front and the closest fissure.

Ts and Kf are obtained from Equations 9.1 and 9.2. The
frost heave model accounts for variable length of the flow
path in intact unfrozen soil which allows one to model
changes in permeability. However, since Ku is two or three
orders of magnitude larger than Kf, the water flux is not
very sensitive to variations in 1lu.

When the soil is not fissured, i.e. fat clays, the
length of the flow path in the unfrozen soil significantly
increases. Equation 9.5.is still valid but the

characteristics of the frozen fringe no longer correspond to
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Radial Heat Flow

Figure 8.1 Conditions Associated with Freezing Under a
Pipeline
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Pu=0. An adequate frost heave computation therefore requires
use of the freezing characteristics corresponding to the
actual suction at the frost front. For complicated
geomatrical conditions, this suction may be calculated from
a conventional seepage analysis and used as input to the
frost heave model.
The previous frost heave model evaluates the pressure
at the freezing front as follows:
Pe(t) = Pov + Jp-X(t) + Pad.......coovnnn... 9.6
where Pov is the initial overburden pressure
6? is the unit weight of the frozen soil
Pad is an additional pressure
This additional pressure must be introduced when the
- surcharge is increased either by the placement of a berh
during freezing or by restraining loads applied during
freezing by means of hydraulics jacks and reaction piles.-
Pad is a function of time since the width of the frost bulb
changes with time. The plan area of the bulb, A, also
changes and the vertical stress Pad can be calculated from:
Pad(t) = External Load/A(t).................. 9.7
9.3.1.2 Retreating Frost Front
When the temperature boundary conditions are fixed
with time, the frost front reaches a maximum penetration
after a given freezing period. This coincides with the
growth of the fiha] ice lens during which the frost front
retreats.

The results established in Chapter 5, namely that the
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heat balance at the ice lens governs the magnitude of the
heave rate, is also adopted for field conditions. However,
due to the geometry of the problem, the equations used to
determine the maximum thickness of the final ice lens are
more complicated.
The temperature distribution in the frozen and unfrozen
zone is given by the steady state distribution around a
cylindrical heat source as a function of radius r as:
T =Ta - (Ta-Te) In(r/ro)/In(Re/ro).............. 9.8
where Ta is the temperature at the inner surface
Te is the temperature at the outer surface
ro is the inner radius
Re is the outer radius
The temperature gradient at any point within the
cylinder is obtained by taking the derivative of T with
respect to r in Equation 9.8:
dT/dr = -(Ta-Te)/(r.In Re/ro)..........oviuun.. 9.9
Equation 9.8 gives
lgrad Tf| = -Tc/{Ro.In Ro/ro).........c...... 9.10

where Ro = ro+X

Te = 0°C
Ta = Tc »
lgrad Tu| = -Tw/({ro+X) In R/ro+X)...... T 9.11
where R = ro+X+Z
Ta = 0°C

Te = Tw
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The ultimate heave is obtained when the suction at the
base of fhe ice lens reaches zero. As established in Chapter
6, the temperature at the ice lens is then refated solely to
the pressure in the ice lens by:

Tse = -Pe. Vi.To*/ L. e .9.12
Equation 9.12 signifies that when the temperature at the
base of the ice lens reaches Tse, the pressure in the liquid
film beneath the ice lens is atmospheric and water flow to
the ice lens ceases.

Figure 9.2 illustrates the conditions at the beginning
and at the end of the retreating frost front phase. The
position of the final ice lens is a function of both
temperature distribution and applied pressure as indicated
in Equation 9.1, The maximum thickness of the final ice lens
can be obtained from Equation 9.13 which represents the

condition of thermal balance at t of the terminal phase:

Kf.|Tc-Tse|/(R1.1n R1/ro) = ku.|-Tw+Tse|/(R1.1n R2/R1)..9.13
where R1 = ro + Xs +e

R2 = ro+ Xs +e + s

Zs is the length of unfrozen soil at the beginning

of the retreating frost front phase

Xs is the length of frozen soil at the beginning of

the retreating frost front phase

e is the maximum thickness of the final ice lens

In Equation 9.13, e is the only unknown and the

solution can readily be found with an iterative method using

a computer analysis as shown in Appendix F.
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The heave vs time relationship during the terminal
phase is calculated by adopting the same assumptions as
those made in the model for one dimensional frost heave in
laboratory simulations. This is to say that 100% heave has
occurred when the temperature at the ice lens reaches Tse
and that 50% heave has occurred when the temperature at the

base of the final ice lens is equal to (Ts + Tse)/2.

9.3.2 Site Conditions and Soil Properties

The moisture content of the test facility soil varied
between 18 and 22% and the plastic 1imit of the soil between
14 and 18% with a liquid 1imit of 24 to 31%. Grain size
~distributions were determined from samples of soil from
different depths and showed that, in general, the soil
éontéined 13% sand sizes, 64% silt sizes and 23% clay sizes.

The depth to the free ground water table was monitored
in open standpipes and in August 1973 was found to lie
between 2.3 and 2.6 m below original ground surface. The
results of in-situ field permeability tests indicated that
the Darcy coefficient of permeability was between 0.6 and
1.10-4 cm/s. Visual inspection of undisturbed Shelby tube
samples indicated that a number of fissures were present in
the soi].. |

Northern Eng. Services Ltd. (1975) conducted a series
of laboratory freezing tests bn-remoulded and undisturbed
Calgary silt. The freezing temperature, Tc, applied on the

surface of the specimen was maintained constant during a
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freezing test. However, as in Penner and Ueda’'s (1977)

tests, the warm plate temperature was not controlled and
decreased with time. This accounts in most tests for the
continuous advance of the frost front. Furthermore, as
established in Chapter 6, an advancing frost front
aséociated with a pressure at the freezing front may create -
water expulsion. Therefore, in some tests where the frost
front did not reach a stable position and where Pe is
relatively high, the tests results should be used with
caution.

Figure 9.3 presents the results of the analysis of the
freezing tests reported by Northern Eng. Services (1975) in
terms of permeability of the frozen fringe at the formation
of the final ice lens. Since the length of unfrozen soil at
the end of freezing was very small, it is argued that the
calculated parameters of the frozen fringe correspond to Pu
= 0. Furthermore, since the properties of Calgary silt are
very close to those of Devon silt and since it was not
possible to infer Ts from the reported results, it is
assumed that the relationship Ts-Pe established for Devon
silt is also very close to that for Calgary silt. It is
clear that this difficulty could be avoided by considering
the segregation potential. However, the model used to
predict the growth of the final ice lens requires the value
of Ts and Tse. Furthermore, it has been demonstrated in
Chapter 3 that the calculated permeability of the frozen

fringe is not sensitive to the value of Ts.
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The results plotted on Figure 9.3 show significant
scatter. This scatter arises from several factors. The most
important one is the variation of the suction at the frost
front in different freezing tests. Another source of this
scatter is the variation of type of freezing, i.e.
stationary frost front or continually advancing frost front.
Finally, the quality of testing and testing procedure may be
questionable.

Despite the scatter, the data plotted on Figure 9.3
show a similar trend for the relationship between Kf and Pe
obtained for Devon silt, namely that Kf decreases with

increasing Pe.

9.3.3 Comparison of the Freezing Characteristics in Field
and Laboratory Conditions

This section considers the hypothesis that the
characteristics of the frozen fringe under field conditions
are identical with those developed under laboratory
conditions when Pu = 0 and at the formation of the final ice
lens.
~In order to verify this previous statement, the freezing
conditions of the control section, which was buried 0.75 m
below nominal ground surface were simulated using the field
 frost heave model. The parametefs Kfo and b in Equation 9.2
- were varied in order to fit bést the experimental heave-time
relationship. The other input parameters necessary to solve

_the heat and mass transfer formulation were taken from the
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interim report (1975).

The ground temperature was inferred from the
thermistors readings and taken as +6.5°C. This temperature
was considered constant at a depth of 15 m below the
original position of the pipe’s base. From Equation 9.8, it
can readily be shown that the temperature distribution in
the upper part of the soil is not very sensitive to changes
in initial length of unfrozen soil greater than 15 m.

The temperature in the pipe was maintained at about
-10°C by circulating chilled air through the pipes. In
reality, the temperature in the pipe varied between -10°C
and -7°C with fluctuations in ambient atmospheric
temperature. A mean value of about -8.5°C was adopted for
the simulation. Furthermore, during the first 50 days of
freezing, the pipe temperature was assumed to decrease
linearly from -3.2 to -8.5°C.

The thermal conductivities of the frozen soil and the
unfrozen soil were taken respectively as 1.8 W/ (m°C) and
1.5W({m°C). The quantity of unfrozen water remaining in the
frozen soil was taken as 10% of the initial water content.

The initial overburden pressure was estimated to be
apbroximately 11 KPa. After 400 days, a berm was added on
the top of the pipe which increased the stress on the
freezing bulb by approximately 6.4 KPa.

Since the water table was at the same level as the base
of the pipe, the soil was assumed to be fully saturated with

a porosity of about 0.38. The permeability of intact
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unfrozen soil was taken as 0.15 x 10-5 cm/s.

The relationship between Ts and Pe is given by Eduation
8.1. The coefficient a is identical to that for Devon silt
and is 0.75 °C/MPa.

Figure 9.4 summarizes the results obtained from the
frost heave simulation with different values of the
parameters Kfo and b. An initial conclusion from these
results in Figure 9.4 is that the heat-conduction problem
has been adequately formulated since the frost front advance
with time agrees very well with the measured position of the
0°C isotherm. -

It is important to stress that the actual position of
the frost front was determined by means of temperature
measurements and that a check by drillihg was also
performed, which increases significantly the reliability of
the results of the reported fié]d tests. It is noteworthy to
recall that, in this thesis, the position of the frost front
is taken with respect to the initial position of the base of
the pipeline. This is similar to laboratory tests in which
the location of the 0°C isotherm was taken with respect to
the initial height of the specimen. The frost front given in
the report by Northern Eng. Services refers, in reality, to
‘the thickness of the frozen soil beneath the pipe which
includes total heave. The thickness of the frozen soil is
easily obtained by adding both total heave and frost
penetration. The advantage of taking the depth of the frost

front with respect to the original position of the pipe lies
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in the fact that the different phases, advancing and
retreating frost line, are readily observable.

The model analyéis reveals that unsteady heat flow
associated with an advancing frost front occurs for about
2000 days or 5.5 years. The maximum frost penetration is
approximately 2.3 m. This, in turn, prbduces a stress at the
freezing front of about 52 kPa, which is relatively low. It
is interesting to note that in that small stress range,
actual frost heave can be fitted by a number of different
relationships between Kf and Pe. If the stress rahge is
larger, this is no'longer the case as seen in Figure 9.5.

If the relationships Kf - Pe obtained from the back
analysis of the results of the control section are plotted
on the same graph as an expected laboratory relationship for
this material given in Figure 8.3, both the field and
laboratory freezing parameters will fall within an
acceptable range. This is clearly illustrated on Figure 9.5.

The computer model also iﬁdicates that the rate of
cooling of the current fringe was less than 0.01°C/h after
about 40 days. This result justifies therefore the use of
the freezing parameters at the formation of the final ice
lens obtained in laboratory freezing tests with constant

temperature boundary conditions.

8.3.4 Variations in Freezing Characteristics in Field
Conditions

Variable soil conditions along the pipeline
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signigicantly influence the amount of heave during the
initial freezing period. This is apparent from the results
of the control section where total heave profiles along the
pipeline show differences at both ends of the pipeline as
shown in Figure 9.6. However, it is interesting to note that
these heave profiles remain more or less parallel after
about 100 days. This indicates that differences occur during
the first 100 days and thereafter heave and heave rates are
quite unifbrm along the pipeline. Figure 8.7 illustrates
these observations.

This high sensitivity of heave during a short period is
thought to be associated mainly to variations in the fissure
pattern, which results {n variation in the length of flow
path in intact unfrozen soil. This, in turn, produces
variations in suctions at the frost front and hence in the
freezing characteristics. Furthermore, during the early
stage of . freezing, higher rates of cooling increase the
sensitivity of the freezing parameters with respect to
suction at the frost front. Therefofe, during the early
stage of freezing, the simple field frost heave theory will
be associated with these limitations.

For these reasons, a maximum value of frost heave or an
upper bound can be computed for each case by considering
that the permeability of the frozen fringe is given by
Equation 9.2. In order to investigate the effect of changes
in the permeability of the current fringe during the first

100 days of freezing, it is possible to adopt a simple
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expression for this variation
Kf(t) = (s + (1-s) . t/100)Kf. ........ .ot .9.13
where t is the elapsed time in days
Kf is obtained from Equation 9.2
s is a dimensionless constant specifying the rate
of change in permeability.

Figure 9.8 shows the variation of total heave and frost
penetration for the control section for different values of
s. This graph demonstrates that variable freezing
characteristics of the frozen fringe during the early stages
of freeziqg can significantly affect the shape of the

relationship between total heave and time.

9.3.5 Prediction of Heave in the Case of Deep Burial, Gravel
Pad and Restrained Pipeline ‘

It is now of benefit to investigate if the field frost
heave model can be used to correctly assess the amount of
heave for different test sections. Four separate sections of
pipe, each 12.2 m long, were buried under different |
conditions at the test facility. These conditions were
represented by the control, deep burial, restrained and
grave] sections.

The pipe at the deep burial section was buried 1.68 m
below nominal ground surface. The effect of the additional
overburden on the rate of heaving was investigated at this
section. At the restrained section, the pipe was buried 0.75

m below nominal ground surface similar to the control
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section. The pipe at this section could be restrained by any
desired constant load. At the gravel section, the pipe was
also buried at 0.75 m below ground surface. However, the
trench was dug im deeper and backfilled with gravel so that
the pipe rested on a 1m layer of gravel. The effect of
replacing the frost susceptible soil directly under the pipe
with non frost susceptible soil was studied at this section.

In those three sections, the stresses at the freezing
front are higher than those obtained in the control section
and are approximately 60 to 150 kPa. The freezing parameters
will therefore be taken as Kfo = 2.0 x 10-°% cm/s and b = 4
cm/s.MPa. As shown on Figure 9.5, this relationship is a
good approximation of the laboratory freezing results over
- this large stress range. Moreover they are also best fit to
the Control Section behavior.

The initial overburden for the deep burial seétion is
18 kPa, for the gravel section 34 KPa, and for the
restrained section 11 kPa. The loading history for the
restrained section is given in Figure 9.11. For both the
gravel and the deep burial sections a surface berm has been
added which increases the stress at the frost bulb by about
6.4.KPa after 400 days of freezing.

The results of the computer simulation are summarized
on Figures 9.9 to 8.11 and compared with actual field
measurements, which correspond to 1600 days of freezing
(Morgenstern, 1980). An upper bound is obtained by

considering Kfo constant during the whole freezing phase.
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However, due to rapid freezihg in the early stage, a more
realistic heave has been computed by allowing a linear
variation of Kf during the first 100 days. This is achie&ed
by taking a value of s between 0 and 1.

Figure 9.11 illustrates the simulation of the
restrained section for different freezing parameters. The
field data indicate clearly that considerable differential
heave along the pipe section occurred. The maximum heave can
be closely predicted if, in addition to the freezing
parameters deduced from laboratory tests and from the
results obtained for the control section, a value of s equal
to 0.15 is used. However, the minimum heave is closely
predicted if the permeability of the frozen fringe is taken
as Kfo = 1.1 x 10-° cm/s and b = 4 cm/s.MPa.

Inspection of these figures demonstrates that the field
frost heave model adequately predicts both total heave and
frost front penetration for a variety of conditiohs.

The previous énalysis also reveals that for the
tempefature conditions at the Calgary test site, an
advancing frost front occurs for about 1500to 2500 days,
which also compares well with observations.
| The excess pore pressure immediately béneath the frost
front along the center 1ine of the pipe can also be
predicted by the model. For the control section, the
pegafiye excess pore pressure beneath the frost line was
calculated to be in the range of -0.8 to -0.2 kPa. The frost

heave model predicts that the negative pore pressure reduces
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with frost penetration. Since the piezometers (Terra Tec
Model P-1022) installed at the test site have an accuracy of
0.6 KPa, such small negative pore pressures could not be
measured. This is consistent with the field observations

reported by Slusarchuk et al. (1978).

9.3.6 Maximum Thickness of the Final Ice Lens

When the frost front reaches its maximum depth, further
growth of the final ice lens forces the frost front to
retreat if the temperature boundary conditions are assumed
to remain constant with time. However, in the field total
thawing of the frozen fringe requires much more time than in
the laboratory tests. In this latter situation, Chapter 5
establishes that the terminal phase is approximately 150 to
300 days long. The app]icatién of the field frost heave
model to the condition when the frost front retreats yields
the maximum possible heave that can be obtained for each
field test at Calgary. The results are summarized on the

following table:

Section Ultimate heave . Heave at

(m) 30 years (m)
Control 2.0m at 3000 years 0.98m
Deep Burial 2.0m at 3200 years 0.96m
Gravel 2.20m at 3440 years 0.92m

Restrained 1.70m at 3520 years 0.84m
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8.3.7 Conclusions

The field frost heave model for simulating frost heave
beneath a chilled gas pipeline is in reasonable agreement
with the field observations for different pipeline sections.
This étudy establishes that frost heave in field conditions
can also be treated as a problem of impeded drainage to a
freezing front. The magnitude of the suction generated at
the freezing front is related to the segregation freezing
temperature, Ts, and to the pressure in the ice, Pe. The
water that flows to this front is moderated by a thin frozen
zone of fow permeabilityi Furthermore, it has been
demonstrated that the permeability of the frozen fringe
developed in the field compares well with that determined
from laboratory tests when Pu is close to zero. For
practical consideratioﬁs, freezing tests should be carried
out with a warm plate temperature close to 0°C. This will
result in a small thickness of unfrozen soil at the onset of
the formation of the final ice lens and therefore in a small
value of the suction at the frost front. In order to
eliminate any parasitic effect of friction, it is
recommended that freezing takes place from the bottom
upwards.

It is noteworthy to stress that a fixed femperature
boundary in the unfrozen soil Teads invariably to the
formation of a final ice lens. This may not be the case in
reality since the actual boudary condition is rather a

specified geothermal heat flux. Therefore, it is expected
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that several thick ice lenses should be observed in the
field as the frost front becomes almost stationary. However,
dué to the very small temperature gradient in the frozen
frozen fringe, no significant difference in heave rate
predicted with the simple boundary condition assumed in the
present model or adopting the actual fiéld thermal boundary
conditions should occur.

Finally, it must be emphasized that the previous
analysis of frost heave in terms of Ts and Kf could also be
carried out in terms of SP, at least during the advancing
frost front phase. An example ofAthis alternative method for

heave predictions is given in Section 9.6.

8.4 PRACTICAL RESULTS FOR THE DESIGN OF A CHILLED GAS
PIPELINE IN DISCONTINUOUS PERMAFROST

It is now of value to use the field frost heave model
to study the effects of variations in pipeline freezing
temperatures, ground temperatures and the effect on heave of
different thicknesses of insulation around the pipe.  The
frost heave model proposed by Hwang (1977) is also evaluated

in this section.

8.4.1 Influence of Pipeline Temperature
Figure 9.12 illustrates the variation in total heave
and frost penetration be]ow the original position of the

base of the pipe for different values of the pipeline
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temperature. The ground temperature was taken as +2°C. The
parameters for the freezing soil are:
Tso = -0.10°C a = 0.75 °C/MPa-

Kfo = 2x10-% cm/s b = 4 cm/s.MPa

Several consequences of altering the pipeline
temperature can be noticed. Colder freezing temperatures
result in higher total heave and larger frost penetration.
The time required to initiate the retreating frost front
phase increases with decreasing pipe temperatures. For Tc =
-10C, the frost line will reach its maximum penetration
after about 3 years, whereas for Tc=-10°C the frost front
will continue to advance after 30 years of freezing.

Figure 9.12 also reveals that the relationship between
Tc and total heave is not linear. A ffeezing temperature
five times colder results only in a heave of 1.35 times
larger. This arises from the fact that drastic freezing
temperature changes are associated with drastic changes in
frost penetration but not in temperature gradients in the
frozen fringe. Since the thickness of the current fringe is
related to the temperature gradient and recalling Equation
9.4 which demonstrates that the water flux is more or less
inversely proportional to the frozen fringe thickness, the

previous results then follow readily.

9.4.2 Influence of Ground Temperature 7
Figure 9.13 illustrates the variations in total heave

and frost penetration below the original position of the
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pipeline’s base for different ground temperatures. The
freezing temperature of the pipe is constant for all the
simulated cases and is takeﬁ as -8.5°C. The parameters of
the freezing soil have been slightly altered in order to
study the sensitivity of total heave on these parameters.
For this analysis Kfo is 1.4x10-% cm/s and b = 1.5 cm/MPa s.

The results presented in Figure 9.13 warrant further
explanation. The model predicts that the highest heave is
obtained for the warmest ground temperature. This is
contrary to the prediction by the model presented by Hwang
(1977) for the case of the upperbound frost heave of a pipe
based on energy considerations. Hwang (op. cit.) predicts
that the colder the ground temperature, the higher the
resulting frost heave. The field frost heave model predicts
that the colder the ground temperature, the deeper the frost
penetration into the unfrozen soil. Therefore, if the pipe
temperature is the same in all cases, it is clear that the
temperature gradient across the current fringe decreases
with increasing depth, hénce when Tw decreases. This, in
turn, increases the length of the frozen fringe with a
concomittant decrease of the overall hydraulic gradient,
which reduces water flux to the freezing front and hence
total heave.

It should also be emphasized that the stresses at the
freezing front increases with depth. Therefore low stresses
are associated with warmer ground temperature whereas higher

stresses develop with colder ground temperature thus also
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affecting heave rate.

For colder ground temperatures, the frost front
penetrates deeper and takes longer to reach its maximum
depth. As indicated on Figure 9.13, "in situ" water freezing
contributes more to the total heave in the case of a colder
ground temperature. This explains the fact that total heave
is not that sensitive to ground temperature variations.

Before continuing the exploration of different design
considerations for a chilled gas pipeline, it is of interest
to evaluate the validity of the upper bound solution of
frost heave proposed by Hwang (1977). His basic idea is to
consider that all the heave comes from the formation of a
unique ice lens. During that hypothetical process, the frost
front is not penetrating into the unfrozen soil and the
thermal balance reduces to:

Kf.grad Tf = ku.grad Tu + V.L............... 9.15
This equation is then used to cé]culate V as time and |
geometry change. Hwang’'s simplified theory is represented by
a straight line of slope 1/L passing through the origin on a
plot V vs net heat extraction rate. If the results of our
model are plotted on the same graph (Figure 9.14) it becomes
clear that Hwang’'s model is unrealistic as it leads to a
considerable overestimation of the heave. Furthermore, if it
is assumed that only one pure ice lens forms below the pipe,
it is obvious that the colder the ground temperatdre, the
smaller grad Tu which means that if Tc is constant, the

higher V and consequently the higher the heave. (Equation
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9.15)

Figure 9.14 also reveals that the range of net heat
extraction rates observed shortly after the beginning of
freezing beneath the pipe is about two orders of magnitude
smaller than those obtained in laboratory conditiohs(Figure
7.8). This is one more piece of evidence that the
characteristics of the frozen fringe are independent of the
amount of net heat extraction rate. Therefore, it is
justified to assess these freezing characteristics from

laboratory tests.

9.4.3 Influence of Pipe Insulation

Figure 9.15 illustrates the effect of insulating the
pipeline. The selected ground temﬁerature was +2°C and the
pipeline temperature -8.5°C. Frost heave was calculated for
different insulation thickness. Thg thermal conductivity of
the insulation was considered to be 10 times smaller than
that of the frozen soil. A 5 cm thick insulation reduces
total heave by about 20% whereas a 15 cm thick insulation
reduces total heave by approximately 45%. Conversly, the
frost penetration is also reduced with increasing thickness

of the insulation.

8.5 ANALYSIS OF LABORATORY MODEL PIPELINE TESTS

Northern Engineering Services (1975) conducted a number

of model pipeline experiments in the laboratory. The aim of
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these tests was to obtain qualitative information on the
effects of temperature on the development of the frost bulb
around a buried pipéﬁine operated at a temperature below
0°C. Qualitative information was also sought with respect to
frost heave. The dimensions of the laboratory model are
presented in Figure 9.16.

Since the heat flow below the centerline can reasonably
be approximated by one dimensional radial heat flow, the
mode 1 presented‘in this chapter can be used to simulate
frost front penetration and heave for these laboratory
models studies. The simulation of the frost penetrétion
required variable pipeline temperatﬁres. This is due to poor
temperature control in those tests as reported by N.E.S.
(1875). A1l the tests were conducted on remolded Calgary
silt obtained from a depth of 2 to 2.9 m.

Tests U-1, U-2, and U-3 were run consecutively to
assess the effect of alternate freezing and thawing on
pipeline performance. For tests U-2 and U-3, the initial
conditions correspond to the final conditions at the end of
the thawing cycle for the previous test, i.e. test U-1 and
test U-2. The initial ground temperatures below the pipe are
therefofe warmer than expected which accounts for shallower
frost penetrations. Test U-5 and U-6 are essentially
duplicate tests and the soil had not been previously frozen
in either case. The results of these tests are summarized in
Figure 8.17. Each of these tests was compared with the

results of the model presented in this chapter. In order to
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fit correctly the frost penetration, both cold side and warm
side temperature were varied in the model analysis during
the early freezing phase. However, thereafter the
temperature remained constant. For test U-2, U-5, and U-6
the pipe temperature was -2.2°C and -6°C for test U-3. The
warm side temperature was around +2°C,

The model analysis reveals that the best fit for tests
U-2 and U-3 is obtained with a permeability of the frozen
fringe of 1.4 x 10-° cm/s and that test U-5 and U-6 are best
fitted with Kf = 1 x 10-° cm/s. Comparing these results with
those obtained with one dimensional freezing tests on small
samples and those inferred from the field tests reported in
Figure 9.5, it is remarkable how well the freezing
characteristics inferred from the pipe model tests match
those deduced from conventional freezing tests.

Another important result is that the properties of the
frozen fringe depend upon freeze thaw cycles. It appears
that the freezing potential of a soil is increased after one
freeze-thaw cycle and remains more or less constant during
further freeze thaw cycles. This increase in permeability of
the frozen fringe is thought to be associated with a change
in structure of the soil.

Finally, tests U-5 and U-6 clearly demonstrate that for
the same freezing temperafure in the model pipe, the deeper
the frost front, the smalier the resulting heave. This
result confirms that colder ground temperafures which lead

to deeper frost penetrations are actua]ly.more favourable
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conditions with regard to pipeline heaving than warmer

ground temperatures.

9.6 A SIMPLE METHOD FOR PREDICTION OF FROST HEAVE DURING AN
ADVANCING FROST FRONT

It is of value to summarize the main points established
by this investigation so far and to propose a simple method
for predicting frost heave in any soif under various
freezing conditions. The objective of this method is to
allow the designer to assess approximately but in a straight
forward manner the amount of heave that may occur over a
given time. The following appﬁoach is thought to be very
useful to highway des{gn engineers who are faced with
problems of seasonal frost heaye and shallow frost

penetration.

9.6.1 A Simple Frost Heave Calculation
The input data required for a solution are as follows:

1. The relationship between surface freezing
temperature and time: Tc = Tc(t)

2. The relationship betweenvdepth of frost front and
time: X = X(t)

3. The laboratory relationship between @he segregation
potential, SP, and the applied pressure at the onset
of the formation of the final ice lens: SP = f(Pe)

In the previous laboratory tests, the warm plate
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temperature should be close to 0°C in order to
ensure small values of Pu.
Once the above data are known, a frost heave prediction may
be carried cut in the following way.

The movement of the frost front may be represented by
the equation

X(t) = Bot.explg) e eeen 9.16
The constants B and g may be determined either from a
geothermal analysis with appropriate boundary conditions, or
from.existing solutions for identical problems. Also, for
certain types of problems, the frost line advance may be
obtained readily from either the Stefan Formula or the
modified Berggren Formula.

Knowing the position of the 0°C isotherm at any time,
the temperature gradient across the frozen zone méy be
approximated as:

grad T(t) = Tc(t)/(X(t)+h(t))............... 9.17

where h(t) is the total heave that occurred at time t

X(t) is the frost penetration below original ground

surface at time t.
Equation 9.17 assumes implicitly that the temperature
distribution in the frozen soil can be approximated by
steady state one dimensional heat flow. Furthermore,
variation in thermal conductivity with temperature is also
neglected.

Finally an upper bound by frost heave is computed by

considering freezing characterisfics obtained from
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laboratory tests in which Pu is close to zero. Since the
segregation potential varies with applied pressure, this
latter is evaluated as

Pelt) = Pov + §f. (X(t)+h(t))..oevnneeen.nn 9.18
and the water intake flux is then given by:

| V(t) = SP(Pe).grad T(t)..........vvivnn .9.19
The integration of Equation 9.19 over a time interval Dt
yields directly the segregational heave:

Dhs = 1.09 V(t).Dt......covvvviiiiinnn. 9.20
and the total heave is obtained by adding to this the amount
of heave, Dhi, arising from the freezing of in-situ pore
water during Dt: |

Dh'=Dhs + Dhi............. .o, 9.21
where Dhi = 0.08 €.n.Dx |
The total heave developed with time is then simply obtained
by adding all the elementary heave amounts.

It must be emphasized that the segregation potential
can be easily determined from laboratory freezing tests, as
discussed in Chapters 3 and 7. Furthermore, a knowledge of
Ts and Kf is not required since SP embraces both of them.
Also, it should be stressed that SP takes into consideration
all the addifional factors affecting heave, such as salt

concentration and structure of the soil.

9.6.2 Analysis of Some Field Tests
The analysis of in situ freezing tests reported by

Aitkens (1974) and Haas (1962) is presented in the following



377

to illustrate the utility of the simple frost heave
calculation.

Aitkens (op. cit.) conducted an investigation from
August 1960 to March 1966 to determine the extent to which
seasonal frost heave can be reduced by application of a
surcharge stress on the ground surface. The test site was
located near Fairbanks, Alaska. Permafrost started at a
depth of about 1.4 to 1.8 m beneath the ground surface. The
groundwater table was near the surface throughout the summer
and at the start of the freezing season. The soil is a gray
or brown silt of fairly uniform gradation, containing
organic matter in layers or pockets.

The ground freezing temperature for the model analysis
was inferred from the air freézing index as fo}iows. The
simplest method of introducing an arbitrarily prescribed
surface temperature into a method for ca]culating‘frost
depth in unfrozen soil is by the use of the Stefan solution.
This solution assumes a linéar temperature profile in the
frozen soil, énd ignores the temperature distribution in the
unfrozen soil. If the surface temperature variation with
time is denoted by the function Tc(t), then the depth of the
- frost front may be glyen as (Nixon, 1973):

X = ((2.Kf;(Tc(t).dt)/L).eXp(O.S) ............... 9.22
6 [+]
Jch(t).dt is the area under the surface
()

temperature-time curve and is termed the Freezing
Index. (FI)

If, for example, one assumes that seasonal ground surface
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temperatures vary as a half sine wave between time 0 and
time te and denoting the maximum value by Tmax, the
expression for Tc is:
Tc = Tmax.sin (K.t/te)...... ..o, .9.23

where Tmax = (FI1).XK /2.te
The frost penetration is then obtained by:

X = (Kf.FI.{(1-cos(K.t/te))/L).exp(0.5).......... 9.24
As demonstrated by Nixon (1973), the Stefan solution for the
step decrease in surface temperature results in a
significant over-estimation of the freezing rate as the
Stefan number increases. The_Stefan number is defined as
Cf.Tc/L and the solution given by Equétion 9.24 assumes that
the "sensible heat" CfTc is small in comparison with L.

The results presented by Adtken (1974) have been
compared with the results computed with the simple frost
heave model. The frost front penetration was approximated
using Equation 9.24. The actual data were approximated by
taking an adequate value for the thermal conductivity of the
frozen soil. The freezing index and time (te) were obtained
from the data reported by Aitken. Different values of SP are
used in order to match the observed heave. Figures 9.18 and
9.19 summarize both experimental and computed heave and
frost penetration with time and for different surcharges.

Figure 9.20 represents the.relationship between SP
obtained from the analysis of the field tests and Pe.

It is of value to compare SP for Fairbank silt obtained

~in laboratory conditions with those inferred from the field
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tests. The segregation potential for Fairbanks silt from
various locations were calculated from data reported by
Kaplar (1974). The sémples were all frozen with a specified
rate of frost advance. SP was found to vary between 300.10-5
and 27x10-5 mm2/s°C. The segregation potential inferred from
the field test is approximately 65x10-5 mm2/s°C, which is in
the lower part of the previous range. It is noteworthy to
point out that the amount of organic matter in Fairbanks
silt is variable. This is thought most likely to account for
the wide range of SP in the laboratory. |

The simple frost heave model predicts relatively well
the shape of observed heave in Aitken’'s tests, provided'the
correct SP is used.

Another verification of the applicability of this
simple method can be made by simulating the field tests
reported by Haas (1962). His paper reports some results of
field observations on suitably prepared field plots. Four
soils, ranging from a fat clay to a sand with fines, were
used. The freezing temperature also varied like a half sine
over the whole freezing period. The freezing index of the
second freezing season (1959-60) was approximately 1000°C
days. Figure 9.21 to 9.23 compare the field results with
those obtained with the simple frost heave model when the
frost penetration is matched using Equation 9.24. Again, the
model provides a reasonable prediction of the shape of heave
vs time for a single value of the segregation potential.

The Unified Soil Classification System defines Pike Bay
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soil as a clayey sand, poorly graded sand-clay mixture. From
.the back-analysis, its SP was about 70 x 10-5 mm2/s°C. The
same classification system defines Oﬁeco sand as a poorly
graded sand with little or no fines. Its SP was found to lie
between 50 to 63 x 10-5 mm2/s°C. Finally Laminga silt is
classified as an inorganic silt with low plasiticity and
very fine sand particles. Its SP deduced from the field
results is about 100 x 10-5 mm2/s°C.

These values of the segregation potential seem
reasonable and compare relatively well with the values of SP
obtained from laboratory freezing tests on similar types of
soils summarized in Chapter 7. _

Within the framework of the assumptions made in the
formulation of this simple frost heave model, relationships
have been derived to calculate readily the amount of frost
heaving for various freezing conditions. It has been
demonstrated with a number of case histories that the
segregation potential, SP, in field situations is of the
same order as that determined from laboratory.freezing
tests. This result considerably increases the confidence in
the use of controlled laboratory freezing tests in order to
predict frost heave in field conditions.

The fundamental freezing parameters of various soils
that have been studied in the present work are summarizéd in
the followingbtables. Table 9.1 gives the
segregation-freezing temperature, the permeability of the

frozen fringe and the segregation potential for both
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laboratory and field freezing conditions. The values
reported in this table have been extrapolated to the case of
zero external surcharge, i.e. Pe = 0.

It has been established that the previous freezing
parameters vary with applied pressure. The following
relationships can be used to calculate the variation of

these parameters:

|Ts| = |Tso| + a.Pe

log Kf log Kfo - b.Pe

log SP log SPo - c.Pe
where a,b,c are constants for a given soil and for a given
suction at the frost front. Table 9.2 gives the

value of these constants for the case of Pu=0.



Kfo
10-1'%cm/s

SPo

Reference

10-5mm2/(S°C)

New
Hamshire
Silt
(1ab.)

Calgary
Silt
(lab.)

Gulli
Clayey
Silt

Dalane

-0.10
(assumed)
-0.16

(Pe=34KkPa)

-0.65

-0.45

Silty Clay

Calgary
Silt
Field

Fairbanks

Silt

Pike Bay

-0.10
(assumed)

sandy clay

Oneco
Sand

Laminga
Silt

=0>
=-10kPa)
=-20KkPa)

U100 O
NOO
0 OO
ccc

10.5-16.7
7.4

10.0-20.0

170
92
55
50

500

100-200

20-40

40-50

90-250

Konrad
(1980)

Loch and
Kay(1978)
Hayley and
Kaplar(1952)

N.E.S.(1975)

Penner and
Goodrich
(1980)

Loch (1979)
(lab.)

Loch (1979)
(1lab.)

Slusarchuk
et al.
(1978)

Aitken(1974)
(Field)

Haas (1962)
(Field)

Haas (1962)
(Field)

Haas (1962)
(Field)

Tab]e 9.1 Summary of Typical Values of Freezing Parameters
Obtained for Both Laboratory and Field Conditions
Under Zero Applied Load.
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Soil a b c Reference
°C/MPa cm/S.MPa mm2/S.°C.MPa
Devon 0.75 2.3 4.2 Konrad
Silt , Laboratory
Calgary 0.75 2.5-4.0 3.8-9.0 NES (1980)
Silt (assumed) Laboratory
0.81 1.34 -- Penner and
Goodrich (1980)
Laboratory
0.75 4.0 7.0-9.0 Slucharchuk et
(assumed) al (1978)
Field
Fairbanks -- -- 20.9 Aitkens (1974)
Silt Field

Table 9.2 Summary of Typical Values of Parameters a, b, ¢
Obtained for Both Laboratory and Field
Conditions.
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10.. CLOSING REMARKS

The general characteristics of frost heave during the
freezing of fine grained soils have been accounted for in a
conceptual model that distinguishes between a passive system
and an active system. The active system{ which is the seat
of the segbegational process, is composed of the frozen
fringe and the unfrozen soil. The passive system is defined
as the frozen soil above the segregation freezing level.

It has been established that a quantitative theory of
ffost‘heave coupling heat and mass transfer requires the
Knowledge of the freezing chafacteristics of the soil. This
study also demonstrates that these freezing characteristics

are deducible from controlled laboratory freezing tests.

10.1 LABORATORY FREEZING CONDITIONS

Freezing tests where temperature boundary conditions

- are constant with time lead invariably to the formation of a

final ice lens. At the formation of this ice lens, it has
been shown that frost heave can be treated as a problem of

impeded drainage to this ice lens through a medium which is

composed of the unfrozen soil and the frozen fringe. This

study also indicates that the frost heave characteristics at

the formation of the final ice lens are defined either by
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the segregation freezing temperature and the overall
permeability of the frozen fringe or by the segregation
potential. |

It has also been shown that the freezing
characteristics are strongly affected by the average suction
in the frozen fringe. This suction is related uniquely to
the suction at the frozen-unfrozen interface. Since the
latter can easily be determined, it has been taken as a
fundamental parameter characteristic in freezing soils. The
experimental data reveal that the frozen fringe permeability
and the segregation potential decreasg with increasing
suction at the frost front. However, the
segregation-freezing temperature is only slightly affected
by suction changes. |

The present study also establishes that for a given
suction at the frost front and under zero load, the water
intake flux is proportional to the temperature gradient
across the fringe at the formation of the final ice lens. It
then follows that the segregation potential at the formation
of the final ice lens in a given soil is constant for a
given suction at the frost front. The previous result also
signifies that the segregation freezing temperature and the
permeability of the frozen fringe developed for the previous
conditions are independent of temperature gradient and hence
of the cold-side temberature. |

During an advancing frost front phase, i.e. unsteady

heat flow, the previous characteristics of a given soil are
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dependent on the degree of thermal imbalance. This second
parameter has been introduced by means of the rate of
cooling of the frozen fringe which is the rate of change of
the average température of the current frozen fringe. This
parameter embraces both geometrical and thermal conditions.
This study establishes that a unique relationship between
the segregation potential, the suction at the frost front
and the rate of cooling of the fringe exists in a freezing
soil.

The frost heave model has been used to simulate
laboratory freezing tests for one dimensional heat flow. The
input to mass transfer is the characteristic freezing
surface (SP, Pu, dTf/dt) which can be determined from
controlled laboratory freezing tests. The mode! was able to
predict closely the results of all the freezing tests
conducted during this investigation since the characteristic
freezing surface is to a first approximation independent of
the freezing path. Any attempt to use other less fundamental
parameters such as net heat extraction rate, frost
penetration rate, or the ratio of heave and frozen soil
thickness to predict frost heave in laboratory tests would
result in some success for specific freezing paths. However,
because the forementioned parameters are freezing path
dependent, they cannot predict all freezing paths as this
model does. It is possible to deduce these ad hoc parameters
from the fundamental ones. It transpires, moreover, that the

suction at the frost front cannot exceed a limiting suction
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which is thought represents the critical suction at which
cavitation occurs in the unfrozen soil.

Evidence of a limiting rate of cooling of the frozen
fringe is also revealed by the experimental results. For
Devon silt, this limiting rate of cooling is approximately
2.5°C/hour. For higher rates of cooling, water flow to the
freezing front does not occur.

The present investigation demonstrates that the
freezing characteristics of a soil vary with applied
pressure. It has been clearly established that the
segregation freezing temperature at final ice lens formation
decreases with inéreasing applied loads. This is associated
with a decrease in the overall permeability of the frozen
fringe. The segregation’potenfial, at the formation of the
final ice lens, decreases also with increasing external
surcharge. It then follows that increased load depresses the
heave rate, which has been recognized in the field of frost
action for some 50 years.

Water expulsion during advancing frost front is a
function of applied load and rate of cooling of the fringe.
There is a unique relationship between these two parameters
for which water is attracted to the freezing front. This
relationship predicts that the higher the applied surcharge,
the closer to final thermal equilibrium conditions the
sample will start to attract water from an outside source.

Evidence of a "shut off" pressure has been presented

for which no water flow to the ice lens is possible. This
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"shut off" pressure is defined as the applied pressure which
produces an atmospheric pressure in the water films at the
segregation freezing level. For engineering purposes, this
"shut off" pressure is very high, in the order of 1000 KPa
for Devon silt.

During a retreating and a stationary frost front, frost
heave results from the growth of the final ice lens. In
these conditions, the heave and the rate of heave are
determined solely by the net heat extraction rate at the
freezing front. The growth of the final ice lens stops when
the temperature at its base reaches the value that produces
an atmospheric pressure in the adjacent water film. This
final temperature is a function of applied load and is equal

to 0°C when there is zero overburden.

10.2 FIELD FREEZING CONDITIONS

During freezing of a small specimen, there is a
substéntia] variation of rates of cooling and suctions at
the frost front. However, due to the larger scale of field
conditions and to high mass permeability of the unfrozen
soil, these parameters do not vary significantly during
field freezing. It has been shown that an upper bound to
frost heave can be computed if the freezing characteristics
obtained from laboratory testing correspond to the onset of
the formation of the final ice lens and to a suction at the

frost front close to atmospheric pressure. This is easily
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achieved in a constant temperature freezing test in wHich
the warm side temperature is close to 0°C. The
characterisfics of a freezing soil in field situations
reduces simply then to either a relationship between the
segregation freezing temperature, the permeability of the
fringe and applied load or a‘relationship between the
segregation potential and applied pressure.

The predictive power of the field frost heave theory,
in which the freezing soil is characterized by either one of
the previous relationships, has been shoWn through the
successful detailed analyéis of the performance over several
years of a chilled pipeline and of subgrade behavior during

seasonal freezing.

10.3 FROST HEAVE SUSCEPTIBILITY CRITERIA

This study of freezing soils led to the proposal for
two frost heave susceptibility criteria. The first one is
valid during an advancing frost front situation. The
segregation potential at the onset of the formation of the
final ice lens has been found to reflect the degree of frost
heave susceptibility. Furthermore, the segregation potential
of a freezing soil is very sensitive to soil structure,
unfrozen water content, salt concentration and many other
factors. Its determination, however, is extremely simple in

a controlled laboratory freezing test.
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In general, silty soils have the highest segregation
potential whereas sands and fat clays have lower segregation
poientials of about the same order of magnitude.

While sands and fat clays may exhibit the same amount
of heave during an advancing frost front, the thickness of
their final ice lens is much different: For this reason, a
second frost heave susceptibility criterion has been
introduced which holds only when the frost front retreats.
In this final phase, the present investigation establishes
that given time the final ice lens will grow thickest in

clay, thinner in silts and practfcally not at all in sands.

10.4 RECOMMENDATIONS

The investigation performed here has been directed
towards the establishment of the physics of freezing soils
in laboratory one dimensional freezing. Although many field
problems are multidimensional in nature, frost heave can be
calculated with the freezing characteristics obtained for
one dimensional heat flow provided that the thermal problem
can be solved using numericél models.

The comparison of the freezing characteristics obtained
during laboratory freezing with those inferred from field
freezing situations appears to require the highest priority
at the present state.

Furthermore, the study of the effect of freeze thaw

cycles on the segregation potential of a given soil would be
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of great importance to highway engineers who are faced with
seasonal freezing and thawing. It would also be of value to
study the effect of salt concentration on the segregation
potential, since addition of salt to a freezing soil
significantly reduces the heave rate.

Finally, the analysis of the tremendous amount of
well-documented laboratory tests in the available literature
in terms of the segregation potential wi]] certainly greatly
enhance the present state of Knowledge concerning the

behavior of freezing soils.
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APPENDIX F

Finite Difference Simulation of Frost Heave
1. One Dimensional Heat Flow
2. Radial Heat Flow

3. Simple Frost Heave Calculation
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