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SUMMARY

Frost heave is an important consideration in the design of buried
chilled pipelines. A procedure for calculating the émount of heave under a
chilled gas pipeline is presented based on a finite-difference formilation
of the heat and mass transfer in saturated soils. The frost heave of the
soil is characterized in terms of the segregation potential concept
developed in earlier papers by the authors. Good agreement is found
between the predictions of heave obtained with this procedure and that
observed in long-term full-scale experiments at a test site in Calgary,
Canada. Additional calculations are presented to explore the influence of
pipeline temperature, pipe insulation and ground temperature on frost heave

of buried pipelines.

INTRODUCTION

Burying a chilled gas pipeline in permafrost preserves the frozen
state, prevents undue thermal degradation, and thereby resolves most of the

problems associated with pipeline operation in ice-rich ground. However,
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where the pipeline passes through unfrozen soil, the ground around the pipe
freezes. Because of the presence of fine-grained soil along the right-of-
way, the potential for frost heaving may exist for many kilometres of a
pipeline route. Two important new design considerations arise under these
conditions. First, how much frost heave will occur over the lifetime of
the project? Second, how much differential heave will occur and will it
lead to unacceptable strains in the pipe? For example, where the pipeline
crosses from frozen to unfrozen and back to frozen zrcund, it will be
restraired from heaving where it is buried in frozen soil but will be
subjected to heave across the unfrozen soil. Can this differential heave

lead to distress?

Frost action in soils has received considerable attention in the
literature. It is well known that frost heave is not only caused by
freezing of in situ pore water, but also by water flow to a freezing front.
This water flow is induced by a suction gradient that developes in the
frozen soil. Although considerable research has been devoted to the frost
heave process, there has been no general agreement on an engineering theory
that would allow prediction of the amount and rate of frost heave as a

function of the soil type, applied load and boundary conditions.

This paper proposes a basis for calculating the amount of heave under
a chilled gas pipeline based on a finite-difference formulation of the heat
and mass transfer in saturated soils. The frost heave concepts used in the
modelling have been established previously by Konrad and Morgenstern (1980,
1981 and 1982) and will be summarized briefly below. The model is used to

evaluate and predict the results of a field test program in Calgary



reported by Slusarchuk et al. (1978). The Calgary test facility consists
of four 120-cm pipe test sections buried in a frost-susceptible silt.

These pipeline sections have been in operation since 1974 and maintained at
a temperature of ~8.5°C. Finally, the frost heave analysis will be used
to evaluate certain aspects of the design of a chilled gas pipeline
particularly with respect to the effect of pipe insulation and variations

in pipe operating temperature and in-ground temperature on frost heaving.

THE FROZEN FRINGE IN FREEZING SOILS

In a fine-grained soil, not all of the water within the soil pores
freezes at 0°C. 1In some clays, up to 50% of the moisture may exist as a
liquid at -2°C. This unfrozen water is mobile and can migrate under the
action of a suction gradient. The characteristics of unfrozen water in
frozen soils have been reviewed by Anderson and Morgenstern (1973) and
Tsytovich (1975). Clear evidence of mass transport through a frozen zone
underneath an ice lens was given by Dirksen and Miller (1966) and Hoekstra
(1966). This led Miller (1972) to propose that an ice lens in a freezing
soll grows somewhere in the frozen soil, slightly behind the frost front,
i.e., the warmest isotherm at which ice can exist in the soil pores. This
temperature depends mainly upon pore size, applied pressure and solute
concentration. In silty soils, the average pore size is relatively large
and the frost front is then close to the 0°C isotherm. The temperature at
the base of the ice lens (or freezing front) is referred to here as the
segregationfreezing temperature, Ts’ because the segregational heaving
process takes place at that isotherm. The frozen soil between the frost
front and the freezing front is called the frozen fringe. Direct evidencé
for the existence of a frozen fringe has been published by Loch and Kay

(1978), and Konrad and Morgenstern (1982b). 1In addition to these



considerations, Hoekstra (1969) and Mageau and Morgenstern (1979) published
experimental data indicating that frozen soil on the cold side of the
warmest ice lens (or freezing front) had little to no effect on the rate of
water migration to that lens. That is, an ice lens acts like a cut-off

with regard to water flow into the frozen soil,

From an gngineering point of view, it appears therefore that the
mechanics of frost heave can be regarded as a problem of impeded drainage
in a two-layered incompressible system to an ice-water interface that
exists at tie ireezing frout (TS isothern). Substantial suctions are
generated at this interface but the frozen fringe is the major source of
resistance to water flow to the segregation front due to its low
permeability, (Konrad and Morgenstern, 1980). Consequently, frost heave
characteristics of a freezing soil should be related to the characteristics
of the frozen fringe. Hence, it would appear necessary to obtain precise
knowledge of the distribution of temperature and permeability within the
frozen fringe. Rather than pursue this, we have taken the view that
precise point measurements of permeability, temperature and suction would
not ultimately be of direct value in a predictive theory; instead, unique
and overall frozen fringe characteristics of a given soil should be
deducible from controlled laboratory freezing tests and these frost heave
characteristics should constitute input parameters to a general theoretical

formilation of simultaneous heat and mass transfer.

SOIL FREEZING CHARACTERISTICS FOR LABORATORY TESTS

As mentioned above, in order to develop a useful frost heave theory,
the characteristics of the frozen fringe must be measured or inferred from

laboratory tests. Konrad and Morgenstern (1980, 1981 and 1982)



demonstrated that representative parameters can be obtained in the labor—
atory without detailed measurements at the scale of the frozen fringe.

This section summarizes the results of the laboratory freezing program.

One-dimensional freezing tests with fixed cold and warm plate
temperatures were conducted for various applied surcharges on about 10-cm
diameter and 10-cm high soil samples. Temperature profiles were obtained
throughout the test by means of thermistors installed in the cell wall,

Water intake or expulsion and heave were monitored with time.

Two distinct phases of frost heave may be recognized for this type of
freezing test: frost heave during an advancing frost front created by a
positive net heat extraction rate; frost heave corresponding to the growth

of the final ice lens initiated at maximum frost front penetration.

During the advancing frost front phase or transient freezing, it has
been demonstrated that a given freezing soil can be characterized either by
its segregation—freezing temperature, Ts' and the overall permeability of
the frozen fringe, if, or by its segregation potential, SP (Fig. 1).

The segregation potential, itself explicable in terms of detailed
characteristics of the frozen fringe (TS, Ef), is readily obtained from the
laboratory tests, as it is the ratio of the water intake flux and the
temperature gradient in the frozen soil near the frost front. Furthermore,
SP constitutes the necessary coupling parameter between heat and mass flow

required to predict frost heave. These parameters of the freezing soils



are dependent upon applied pressure at the freezing front, Pe’ suction at
the frost front, Pu’ and rate of cooling of the current frozen fringe, Tf.
The rate of cooling during transient freezing, related to the degree of
thermal imbalance within the soil, is defined here as the change in average
temperature of the frozen fringe per unit time and can be approximated by
the change of temperature per unit time at the 0°C isotherm (Fig. 2) using

the following relationship:

i"f = T, (8t=1) = grad T (¢ + At) AX (1)
where AT is the change in temperature during a time step At=1 at the
level of the frost front at time, t,
grad T is the temperature gradient,

AX is the advance of the frost front per unit time.

A unique frost heave characteristic surface (SP, Pu’ ff) for a given
applied pressure can be determined for a given soil from controlled
freezing tests. By fitting functions to the experimental relations between
SP and Pu at different rates of cooling and providing interpolétion
procedures, the surface shown in Figure 3 can be used to characterize mass
transfer in freezing Devon silt (Konrad and Morgenstern, 1982a) for zero
applied load. The frost heave model using the previous input predicted the
observed behaviour of all the freezing tests conducted in this investiga-—
tion remarkably well. It has also been demonstrated that these frost heave

concepts established for Devon silt can be extended to any fine—grained‘

soil.



It has been known for a long time that applied pressure inhibits frost
heave. The influence of pressure can be explained in terms of stress-
induced changes in unfrozen water content within the frozen soil. This in
turn affects the segregation—freezing temperature and the overall
permeability of the frozen fringe, and hence SP. Konrad and Morgenstern
(1982b) established that the segregation-freezing temperature of a given
so0il becomes colder with increasing applied pressures. A£ the formation of
the final ice lens, a simple expression was found t; fit experimental

results:

lTS| = |TSO‘ + APe (2)
where T_ is the temperature of the freezing front for an applied pressure,
5
Pe’

Tso is the temperature of the freezing front for zero surcharge,

A is a soil constant,

Experimental data also showed that the average permeability of the frozen

fringe decreases with increasing applied surcharge and may be fitted by:
K, =K _e °© 3)

where Ef is the permeability of the frozen fringe at a given surcharge, Pe’

Kfo is the permeability for zero applied load,

B 1is a soil constant.



In freezing tests with applied surcharge, it has been observed, both
by the authors and others, that water may be first expelled from the sample
but later attracted to the freezing front. Konrad and Morgenstern (1982b)
established that expulsion of water occurs only during the advancing frost
front phase. Moreover, it is a function of applied pressure and rate of
cooling of the frozen fringe. When the rate of cooling is close to zero,
i.e., close to thermal steady state, water is always attracted to the
freezing front, provided that the applied pressure is smaller than the real
"shut-of f" pressure for which no water flow to the ice lens is possible.
This shut-off pressure is too high to be of interest for practical

applications.

Figure 4 shows the experimental relationship between SP and applied
pressure (for Devon silt) for the case of atmospheric pressure at the frost
front (i.e., Pu = 0) and at the formation of the final ice lens

(i.e., T, = 0). This relationship is readily expressed by:

£
SP=SP e °© (4)

where SPO is obtained for zero applied pressure,

a is a soil constant.

As sepafate supporting evidence, Figure 7 presents data reported by
Northern Engineering Services (1975) for Calgary silt. Despite some
scatter, which is attributable to both natural variations and variation in
freezing procedure, it is clear that Equation 4 is also valid for Calgary

silt. This empirical finding suggests that only a limited number of well



controlled freezing tests on any one soil may be required to adequately
characterize its segregation potential over a wide range of overburden

pressures,

SOIL FREEZING CHARACTERISTICS FOR FIELD CONDITIONS

The previous laboratory studies have shown that the frozen fringe is
the seat of the segregational process in freezing soils. The authors take
the view that the overall characterisﬁics of the frozen fringe developed in
the field should be identical to that developed in laboratory freezing
tests. In other words, it is argued that the temperature at which
migratory water freezes should not depend upon whether the soil is frozen
in the field or in the laboratory. This proposition should also hold for
the average ice content of the frozen fringe, hence for its overall
permeability, and its segregation potential. Obviously, one has to ensure
that the soil sample and the parameters affecting the segregation potential
are representative of the field conditions. Sample representation should
be achievable by using undisturbed soil specimens or at worst by compacting
remoulded soil to the field density. Evaluation of the parameters
affecting SP, i.e., suctlon at the frost front, rate of cooling of the
frozen fringe and applied pressure, appears, at first sight, to require a
substantial number of tests and this might seem to be a serious limitation
on the practical use of the frost heave model that has been developed.
These problems can be overcome by seeking an upper-bound value to frost
heave and by considering the following simplifications inherent in field

freezing conditions.

Because of the relatively .large thickness of the frozen soil in the
field, the small temperature gradients and the small frost front penetra-

tion rate when compared with laboratory imposed thermal regimes, it can
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readily be shown that the rate of cboling of the frozen fringe in the field
is very small soon after freezing begins. For example, if the frozen soil
is 1 m thick and the temperature gradient in the frozen fringe is 0.1°C/cm,
a frost penetration rate of 1 mm/h produces a rate of cooling of about
0.01°C/h. It is argued, therefore, that the soil freezing characteristics
in field conditions may be approximated by the characteristics of the
frozen fringe corresponding to the formation of the final ice lens obtained
in laboratory freezing tests with conétant temperature boundary conditions,
i.e., where T_ is close to zero. This, however, does not imply that a

f

single ice lens is growing in the field.

Since the segregation potential decreases with increasing suctions at
the frost front, an upper-bound of frost heave can be computed by taking Pu
close to atmospheric pressure. In a laboratory test this would correspond
to a warm plate temperature close to 0°C to ensure small values of Pu since
the length of unfrozen soil at the formation of the final ice lens would be
very small. This assumption is not too conservative, because in many field
freezing conditions Pu will be small enough to ignore owing to the presence
of fissures in the soil resulting in large soil mass permeability. The
upper—bound solution also assumes that water is abundantly available at the

freezing front.

Finally, as the frost front penetrates deeper, the influence of
overburden cannot be neglected. The effect of overburden becomes even more
important if additional loading from berms or other types of surcharges are

introduced. From the previous laboratory studies and considering that an
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upper-bound of frost heave is obtained by neglecting transient cooling of
the frozen fringe and assuming zero suction at the frost front, the field

frost heave characteristics of a given soil simply reduce to:

ITgl = ‘Tso‘ tA Pe
-aP
{ and or SP = SP e € (5)
o)
-BP
= _ = e
Kf = Kfo e

where the subscript o refers to freezing under no applied load.

It appears, therefore, that only a limited number of well controlled
freezing tests may be required to adequately characterize the segregation
potential of any freezing soil in the field over a wide range of overburden
pressures. In practice, three freezing tests using constant temperature
boundary conditions and different applied surcharges covering the expected
range in the field suffice to define the field frost heave characteristics.
One should ensure a warm plate temperature close to 0°C (say + 1°C) and
enough freezing time to grow the final ice lens. By using cold step
temperatures of about -5°C to -8°C and about 10-cm high samples, the time
required to reach the maximum frost front penetration and hence the final
ice lens growth is relatively short (less than 1 day). Therefore, the
field frost heave characteristics of any soil, using undisturbed or
reconstituted samples, can be obtained in less than 4 days using a single

freezing cell.

A SIMPLE FROST HEAVE MODEL FOP. FREEZING AROUND A CHILLED PIPE

Frost Heave During an Advancing Frost Front

Frost heave results from a complex interaction between heat and mass
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transfer in freezing soills. Fourier's general equation is widely used to
model heat transfer in freezing ground when conduction dominates.
Appreciable simplifications are achieved by assuming that the thermal
properties of frozen soil are independent of the temperature and there is
no convective heat transfer. Moreover, the amount of unfrozen water
remaining in the frozen soil is lumped at the frost front by a
dimensionless parameter. Although these parameters influence slightly the
position of the 0°C isotherm and the rate of frost penetration, realistic
predictions of frost heave depend on the accuracy of mass transfer
wodeiling, i.e., the use uf adequate parameters characterizing the

segregational process in freezing soil.

The heat and mass transfer for the case of freezing around a buried
pipe should be formulated in two-dimensional space. Furthermore, ambient
air temperature variations with time should also be taken into account in
order to simulate ground temperature variations around the pipe. This may
render the mathematical formulation of the problem too sophisticated for
many engineering purposes. As the direction of ice lensing is always
perpendicular to the heat flow, pipe heave will result essentially from ice
formation in a sector beneath the pipe. Thus, it is convenient to
approximate the temperature distribution beneath the centre line of the
pipe by a simplified model that assumes radial heat flow. Furthermore, air
temperature variations will be neglected in the following but could be

considered with ease in a more comprehensive analysis.

The general non-dimensional form of the equation of transient heat
flow in cylindrical polar coordinates (r, 8, z) reduces to the two-
dimensional equation for the case where the temperature, T, is independent

of z:
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2 2

1 dT _ 4'T 1l dT d’T
o dt + r dr + 2 62 (6)

dr2 r d

=

where a is the thermal diffusivity of the medium.

The sector beneath the pipe shown in Figure 5 is one of circular

. 2
symmetry along the centre line which results in g~%5= 0, and Equation 6
dse
simplifies to:
1 dT dzT 1 dT
a2t Tar @

Equation 7 holds independently in the frozen soil and in the unfrozen
soil. Both continuity of temperature and heat flux must be satisfied at
each boundary. For the case of radial heat flow beneath the pipe, the

following temperature boundary conditions are considered:

3
il

T forr=r
c o
T=T, =0° forr =1 + X(t)
i o

%%-= 0 at large depth for r = r, + X(t) + Z(t) (8)

where z is the cold side temperature or pipe temperature,
rO is the radius of the pipe,
X(t) 1is the thickness of the frozen soil at time, t,

Z(t) is the thickness of the unfrozen soil at time, t.
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In freezing saturated soils, internal heat created by the phase change
of the water is liberated at two locations: at the base of the warmest ice
lens where the migratory water freezes with a heat release equal to VL,
and at the frozen-unfrozen interface where the pore water freezes as the
frost front advances with a heat generation equal to enL %%u For
simplicity, the latter heat generation is lumped to the 0°C isotherm.

The continuity of heat flux can readily be expressed at the 0°C
isotherm per unit area as:
ke G, =k G v+ em B | (9)
where k is the thermal conductivity,
v is the water migration rate,
dT/dr is the temperature gradient,
the subscript f and u refer, respectively, to frozen and unfrozen,
€ is a dimensionless factor taking into account the proportion
of water remaining unfrozen in the frozen soil,
n is the porosity of the unfrozen soil,
L is the latent heat of freezing of water,
%%' is the rate of frost front penetration.
The heat—conduction equations are solved numerically using the finite

difference scheme proposed by Crank and Nicholson (1947). The moving
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boundary condition associated with ﬁhe penetration of the frost front is
accounted for by a supplementary node at the frozen-unfrozen interface. As
illustrated in Figure 5, the nodes are unequally spaced in the frozen zone
because of frost heave and equally spaced in the unfrozen soil. The

details of the finite difference formulation are given by Konrad (1980).

Total frost heave is the combination of the segregational heave, hs’
and the amount of heave, hi’ arising from the expansion of in situ pore
water during freezing. For a time interval, At, incremental total frost

heave is obtained from:
Ah = 1,09 vAt + 0,09 £ n AX (10)

According to an earlier paper by Konrad and Morgenstern (1980), the water
flux, v, to the freezing front may be calculated for each time step using

Darcy's law in the frozen fringe with the following equation:

Hw _ :
v=o K an
Pw 1 (L T: Vi
where H = — = ——-[vf-ln §;-+ V—-P ](Clausius—Clapeyron equation, Konrad
v Yy v Yw o w €

and Morgenstern, 1982b) and represents the suction potential
at the base of the warmest ice lens,

T#* is the segregation-freezing temperature in K and is obtained
from Equation 5,

T: is the temperature of the freezing point of pure water in K,

Y i1s the unit weight of water,
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V& and V are, respectively, the specific volume of water and ice,

~I

is the overall permeability of the frozen fringe obtained
from Equation 5,
d” is the length of the frozen fringe which can be computed

T
s

fromd = mf.
Alternatively, the water flux, v, to the freezing front may also be
obtained using the segregation potential of the freezing soil (Equation 5)

from:
v = SP (Pe)grad Tf (12)

Since the frost heave parameters, Ts’ Ef and SP, are dependent upon

applied pressure, the model evaluates the pressure at the freezing front as

follows:
Pe(t) = Pov +ovg X(t) + P a (t) (13)

where POv is the initial overburden pressure,

" is the unit weight of the frozen soil of thickness, X(t),

Pad is an additional pressure.
The additional pressure must be introduced when the surcharge is increased
during the freezing process, either by the placement of a berm above the
pipe or by restraining loads applied by means of hydraulic jacks and
reaction piles. Moreover, P . is a function of time since the width of the

ad
frost bulb changes with time (Fig. 5). The present analysis does not take



-17-~

into consideration the resistance to upward motion of the frozen bulb.
Since SP decreases with increasing pressure, this simplification results in

a conservative frost heave prediction.

For many soils (silty sands to sandy silts), field freezing conditions
result in suction at the frozen-unfrozen interface small enough to ignore
and the previous equations for water flow are applicable. However, for
clays, significant suctions at the frozen-unfrozen interface may exist as a
consequence of the relatively low permeability of clays. Equation 11
should, therefore, be rewritten for a two-layered medium composed of the
frozen fringe and the unfrozen soil (Konrad and Morgenstern, 1980).
Obviously, for accuracy the frost heave characteristics of the frozen
fringe should correspond to the range of the actual suctions at the frost

front in the field.

Growth of the Final Ice Lens

The pipeline proposed to carry chilled gas from northern Canada and
Alaska to southern markets, once built, may operate for tens of years.
Therefore, sufficient time for transient freezing to be completed is
available and it is of particular interest to develop a frost heave model
when the frost front does not penetrate further into the unfrozen soil.

For these conditions, frost heave corresponds to the growth of the “final"
ice lens. 1In reality, because of variations in thermal regime associated
with the field, small fluctuations in the frost depth may occur and several
ice lenses may, therefore, be expected. An upper—bound of frost heave

during this.phase is obtained by neglecting these variations, as will be

shown later.
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Experimental data given by Konrad and Morgenstern (1980) show that if
the heat extraction rate is not maintained artificially constant during the
growth of the final ice lens, the heave rate decays monotonically with time
and frost heave will ultimately stop. Konrad (1980) established that this
was related to the warming of the base of the final ice lens as the height

of the samples increases with time because of ice lens growth.

Experimental results have shown that the dominant mechanism governing
the rate of heaving of the final ice lens is the current heat deficit
existing at the segregation front. Frost heave prediction is, therefore,

obtained from:

dh _ 1,09 ar. . 4T
Frai e LS G o P S el (14)

where the temperature gradients on each side of the freezing front are
obtained from the steady state temperature distribution around a cylindical
heat source in which the geometrical boundary conditions vary with time as

the ice lens grows thicker.

For saturated soils, the ultimate heave is obtained when the suction
at the base of the warmest ice lens reaches zero. By setting Pu =0 in the
Clausius—Clapeyron equation (Equation 11), one readily obtains the
temperature, Ta’ for which the pressure in the liquid film beneath the ice

lens is atmospheric, as a function of applied pressure:

-P Vv,

° — e 1 °
Ta( Cc) = 1 Tg (°K) (15)
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DESCRIPTION OF THE CALGARY TEST FACILITY

In order to study the effects of a chilled gas pipeline buried in
frost susceptible soil, a frost heave program was undertaken in Calgary by
Northern Engineering Services Co. Ltd. (N.E.S.) for Canadian Arctic Gas
Study Limited. This program involved a field test facility, a laboratory
testing program and model pipeline studies. The results of these full-
scale tests are given by Slusarchuk et al. (1978) and Carlson et al.
(1981); detailed laboratory data can be obtained erm the interim report

presented byN.E.S. (1975).

Site Conditions

A site was selected in the University of Calgary area which was
characterized by an upper soil strata (8 m) of frost susceptible nature and

a high water table ensuring a ready supply of water to the freezing front.

The moisture content of the test facility soil varied between 18% and
22% and the plastic limit between 14% and 18% with a liquid limit of 24% to
31%. Grain size distributions were determined from samples taken at
different depths and showed that, in general, the soil contained 13% sand

sizes, 64% silt and 23% clay sizes.

The depth to the free groundwater 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 x 10-% and 1.10-% cm/s. Visual inspection of undisturbed Shelby tube

samples indicated that a number of fissures were present in the soil.
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Description of test facility

The main objectives of the field test facility were to monitor the
performance of a chilled pipeline buried in unfrozen soil, to determine the
effect of increasing overburden pressures in reducing frost heave and to
examine the effects of replacing some of the frost susceptible soil beneath
the pipe with gravel. Therefore, four separate sections using 1.20-m
diameter 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 gravel sections. At the control section, the pipe
was buried 0,75 m below nominal ground surface. This represented the
minimum "normal” burial situation and was taken to be the base condition
with which the other test sections were compared. The pipe at the deep
burial section was placed 1,70 m below nominal ground surface, in order to
study the effect of additional overburden pressures on heave rate. At the
restrained section, the pipe was buried 0.75 m below nominal ground surface
and loading of the pipe through the restraint beam was achieved using
two hydraulic jacks (it is important to note that the restraint was a
constant loading restraint and not a "no displacement™ restraint). At the
gravel section the pipe was buried 0,75 m below nominal ground surface, but
the trench was dug 1 m deeper and backfilled with gravel. Cross sections

of the four test pipeline sections are shown on Figure 6.

The pipe temperature in all sections was maintained at -8.5°C for
about 7 years and the facility is still operating. The chilled air began

to circulate through the buried pipe sections on March 20, 1974.

Temperatures, vertical displacements (heave), and pore water pressures

were measured in the ground around the freezing pipe.
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Calgary silt freezing characteristics from laboratory tests

N.E.S. (1975) conducted a series of laboratory freezing tests on
undisturbed Calgary silt samples. Frost heave and amount of water flowing
into or eut of the samples were measured for various applied surcharges.
The samples were frozen with a constant cold side step temperature but the
warm end temperature was less controlled. This resulted, in some cases, in
a continuous frost front advance without the formation of a final ice lens,
which is a typical feature of tests performed with constant temperature
boundary conditions. Moreover, as discussed by Konrad and Morgenstern
(1982b), water expulsion will occur in freezing tests with applied pressure
depending on the rate of cooling of the current frozen fringe, hence on the
rate of frost front penetration. Therefore, the results of some freezing
tests performed by N.E.S. in which the applied load was relatively high and
in which the frost front did not reach a stable position should be used

with caution.

Figure 7 presents the results of the analysis of the freezing tests
reported by N.E.S. (1975) expressed in terms of the segregation potential
at the formation of the final ice lens or near it. Since the length of the
unfrozen soil at the end of freezing was very small, it is argued that the
calculated freezing parameter, SP, corresponds actually to the case where
Pu’ the suction at the frozen-unfrozen interface, is close to zero. SP for
each test is readily obtained by dividing the measured water intake
velocity by the temperature gradient in the frozen soil near the 0°C

isotherm.

Despite some scatter which is attributable to both natural variations

of soil and variations in testing procedure, and in suction at the frost
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front, it should be to stressed that the relationship between the .
segregation potential and applied pressure for Calgary silt is similar to
that obtained for Devon silt (Konrad and Morgenstern, 1982b) using well
controlled laboratory freezing tests. For Calgary silt, the mean value of
frost heave characteristics can be accounted for in a simple manner by the

following equation:

--a-Pe
SP SP e (16)

where SPO 230 % 105 mm?2/(s°C)

9,5 MPa~!

]

a

Due to the important scatter, these frost heave characteristics may be
bounded by introducing in Equation 16, SPO(max) = 300 x 10-° mm 2(s°C) and

SP (min) = 180 x 10-5 mm2/(s°C), a remaining the same.
o

COMPARISON BETWEEN PREDICTION AND FIELD OBSERVATIONS

At any time, the frost bulb around the buried pipes could be deline-
ated from the ground temperature readings to an accuracy of about 10 cm.
The movement of the frost bulb with time around the deep burial section is
shown in Figure 8. From the actual shape of the frost bulb it appears at
first sight that the simplified model assuming radial heat flow in a sector

beneath the centre line of the pipe will be adequate for engineering

purposes.

The results of the model simulation, i.e., frost heave and frost

penetration below the centre line of the pipe, will be compared to the
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observed data in order to confirm the fundamental concepts of frost heave
mechanics put forward by the authors and to validate the field frost heave

model and its engineering applicability.

The freezing conditions prevailing at each instrumented section of the
Calgary test site were simulated using the field frost heave model
presented previously. The main input parameters necessary to solve the
heat transfer formulation were taken from the N.E.S. interim report (1975)

and can be summarized as follows.

The ground temperature was inferred from the thermistor readings and
taken as +6.5°C. The condition of zero heat flux was applied at a depth of
15.6 m below the original position of the centre of the pipe. Parametric
studies revealed that the temperature distribution in the upper part of the
soil is not very sensitive to the location of the lower boundary for depths

greater than 15 m.

The temperature in the pipes 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°C to -8.5°C which closely represents the actual conditions.

The thermal conductivities of the frozen soil and the unfrozen soil
were taken, respectively, as 1.8 W/(m°C) and 1.5 W/(m°C). The amount of
unfrozen water remaining in the frozen soil was taken as 107 of the initial

water content. Since the water table was at the same level or even higher
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than the base of the pipes, the soil was assumed to be fully saturated with

a porosity of about 0.38,.

Control Section

As shown in Figure 7, the data obtained from laboratory freezing tests
on Calgary silt present some scatter. In order to evaluate the influence
of this scatter in SP on frost heave and frost penetration, the similation
of the control section will be performed with the upper, mean and lower
values of the segregation potential determined from the laboratory tests
(Eéuation 15). The initial overburden pressure in the field was es:imated
to be 11 kPa. After 400 days, a berm was placed on the top of the pipe,

which increased the stress on the freezing bulb by approximately 6.4 kPa.

Figure 9 summarizes the results obtained from the frost heave model
using as input the different values of the segregation potential of Calgary
silt. An initial conclusion from these results is that the heat—-conduction
problem has been adequately formulated with radial heat flow beneath the
pipe, since the computed frost depth with time compares very well with the
measured position of the 0°C isotherm. It is worthwhile to stress that the
actual position of the frost front was determined by means of temperature
measurements and that a check by drilling was also performed, which
increases significantly the results of the reported field tests. In
Slusarchuk et al. (1978), the position of the frost front was given with
respect to the pipe's base, which is a datum that varies with time as a
result of frost heaving. In Figure 9, the position of the frost front is
taken with respect to the initial position of the base of fhe pipe. This
has the advantage of recognizing readily the different phases of frost

heave, i.e., one where the frost front advances and another one with a
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"quasi” stationary frost line. The thickness of the frozen soil at any
time is obtained by adding both total heave and frost depth. The maximum
frost penetration is approximately 2.3 m, which produces a stress at the

freezing-front at the end of transient freezing of about 52 kPa.

Using the upper-bound value of the segregation potential of Calgary
silt as input parameter results in a slightly smaller frost penetration
than observed but in an overprediction of frost hea&e. Also, the time
required to reach the maximum frost penetration is about 1300 days which is
significantly less than observed. Witn the lower-bound value of SP, the
simulated frost penetration is slightly deeper than the measured one and
the predicted total heave at any time is smaller than the actual observa-
tions. Using the mean value of the segregation potential given by
Equation 16 yields the best approximation of both field frost heave and
frost depth below the pipe. This parametric study reveals that frost heave
is more sensitive to variations in SP than frost penetration. For
instance, if the values of frost heave and frost depth computed with the
mean value of SP are taken as reference, a 20% increase in SP results in an
increase in frost heave of 23% and a decrease in frost penetration of 10%,
whereas, a decrease of 20% in SP produces only an 11% reduction in frost
heave and a 7% increase in the frost depth. These results are consistent
with the fact that internal heat released at the freezing front
significantly affects the position of the 0°C isotherm. It is well known
that high water intake rates retard the frost penetration, whereas small

water migration rates increase the speed of frost front advance.

It is also expected that for an equal relative change in SP (positive

or negative) different relative changes in frost heave will occur, since
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the thickness of the frozen soil influences significantly the temperature
gradient near the 0°C isotherm in the case of radial heat flow. For a
constant pipe temperature, higher temperature gradients near the frost
front will be obtained for shallower frost penetration and induce higher
frost heave rates according to Equation 1l1. Furthermore, the relationship
between temperature gradient and thickness of frozen soil is not linear and

thus accounts for the difference in frost heave variations.

This parametric study thus confirms that acceptable frost heave and
frést peuetration predictions were obtainsd with the fizid model for either
the upper or lower bound values of the segregation potential of Calgary
silt, the best simulation being obtained with the mean value of SP
obtained from laboratory freezing tests. It is also encouraging that Nixon
(1982) has successfully predicted the heave of circular freezing tests

using essentially the same model and data.

The frost heave model indicated also that the rate of cooling of the
frozen fringe was less than-0,01°C/h after about 40 days of freezing. This
result justifies, therefore, the use of freezing parémeters corresponding
to the formation of the final ice lens in laboratory freezing tests with

fixed temperature boundary conditions.

Heave Prediction for the Deep Burial, Gravel and Restrained Sections

It is now of benefit to apply the field frost heave model with the
average characteristics deduced from the laboratory testing in order to
assess the amount of heave for the deep burial, gravel and restrained

sections. In those three sections, the stresses at the freezing front are
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higher than those obtained in the control section and are approximately 60

to 150 kPa. This permits testing of the model over a wider stress range.

The "initial overburden for the deep burial section 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 12. 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 simulation are summarized on Figures 10 to 12
aud coupared with actual field measurements, which correspond to about

2000 days of freezing (Carlson et al, 1981).

Inspection of Figures 10 and 11 demonstrates that the field frost
heave model adequately predicts both total heave and frost penetration for
the deep burial and gravel sections. At the restrained section (Fig. 12)
the actual frost heave is about 75% of the predicted value and the actual
frost depth is greater than the predicted one. If the simulation is
performed with the lower limit of SP, the prediction is significantly
improved. Furthermore, it is of value to stress that major differences in
heave rate are observed for the first 200 days of freezing and that
relatively good agreement is obtained thereafter. This may suggest
variable soil conditions and high sensitivity of frost heave parameters to
these conditions in the upper parf of the soil. Furthermore, during the
early stage of freezing, higher rates of cooling of the frozen fringe will
also affect SP and therefore the heave rate. However, the assumptions made

in the frost heave model (Pu = 0 and Tf = 0) will yield conservative

results.
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Final Remarks for the Calgary Test Site Results

In the previous analysis, the excess pore pressure immediately beneath
the frost front can also be calculated by the model by assuming a given
length of flow in intact unfrozen soil and its permeability. For the
control section, the negative excess pore pressure beneath the frost line
was calculated to be in the range of -0.8 kPa to -0.2 kPa, assuming a
permeability of the intact unfrozen soil of about 10-5 cm/s. The frost
heave model predicts that the negative pore pressures in the unfrozen soil
decrease with frost penetration. Since the piezometers (Terra Tec Model
?-1022) installed a: the test site have an accuracy of (0.6 kPa, such small
negative pore pressure changes could not be measured. This is consistent

with the field observations reported by Slusarchuk et al. (1978).

The previous analysis also reveals that for the temperature conditions
at the Calgary test site, an advancing frost front occurs for about 1500 to
2500 days and that a final ice lens will grow with a “"quasi” stationary

frost front.

The application of the frost heave model to simulate the growth of the
final ice lens for the temperature boundary conditions that remain constant

with time yields the results summarized below:

Section Heave at 30 years (m)
Control 0.98
Deep Burial 0.96
Gravel 0.92

Restrained " 0.84
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Since the frost front is relatively shallow (<2.5 m), the freezing
system will be very sensitive to variations in thermal regime associated
with changes in air temperatures. Therefore, it is expected that several
ice lenses will form in the field. The previous figures are thought to
represent an upper—bound of frost heave, since field data after 1980 have
shown that thg actual frost heave rate fluctuates in response to summer and
winter temperatures. During the summér the measured frost heave rate is
almost zero as the base of growing ice lens temperature warms up, which may
¢ven resull in some thawing. This moderating effect is not taken into

consideration in the frost heave simulation reported here.

PRACTICAL RESULTS FOR THE DESIGN OF A CHILLED GAS PIPELINE
IN DISCONTINUOUS PERMAFROST

The data obtained from the Calgary test facility validated the field
frost heave model presented herein as well as the general concept of frost
heave mechanics recently put forward by Konrad and Morgenstern (1980,
1981, 1982). Additional support is given by Nixon (1982). It is now of
value to use the field frost heave model to provide information for
different environmental conditions and on the utility of several design
alternatives, as they might be used in a pipeline project. The effect of
variations in pipeline freezing temperatures, ground temperatures and

pipeline insulation on frost heave will be analyzed in the following.

Influence of Pipeline Temperature

Figure 13 illustrates the variation in total heave and frost

penetration below the original position of the base of the pipe for
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different values of the pipeline temperature. The initial ground
temperature was taken as +2°C in order to simulate the conditions that
might be found in southern discontinuous permafrost areas along a pipeline

route. The parameters for the freezing soil are given by Equation 16,

Several consequences of altering the pipeline temperature can be
noticed. Colder freezing temperatures result in higher total heave énd
larger frost penetration. The time required to attain the maximum frost
front penetration increases with decreasing pipe freezing temperatures.
For Tc = ~1°C, the frost line will reach its maximum penetration after

about 3 years, whereas for Tc = -10°C the frost front will continue to

advance even after 30 years of freezing.

Figure 13 also reveals that the relationship between TC and total
heave i1s not linear. A freezing temperature five times colder results in a
heave only 1.35 times larger. This arises from the fact that drastic
freezing temperature changes in the pipeline are associated with drastic
changes in frost penetration but not in temperature gradients in the frozen
fringe as shown in Figure 13. Since the thickness of the current fringe is
related to the temperature gradient, and recalling Equation 11 which
demonstrates that the water flux is more or less inversely proportional to

the frozen fringe thickness, the previous results then readily follow.

Influence of Ground Temperature

Figure 14 illustrates the variations in total heave and frost
penetration below the original position of the pipeline base for different
ground temperatures. The freezing temperature of the pipe is constant for

all the simulated cases and is taken as -8.5°C. The parameters of the
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freezing soil have been slightly altered in order to study the sensitivity
of total heave with respect to these parameters. For this analysis, SPo is

equal to 175 x 10-°> mm?/(S°C).

The results presented in Figure 14 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) based on energy considerations for the case of the upper-bound
frost heave of a pipe. Hwang (op. cit.) predicts that the colder the
ground tewperature, the higher the resulting frost heave. The present
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. Hence,
when the ground temperature decreases (Fig. 14), this in turn increases the
length of the frozen fringe with a concomitant 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
increase with depth. Therefore, low stresses are associated with warmer
ground temperature, whereas, higher stresses at the freezing front develop

with colder ground temperature, thus also affecting heave rate.

For colder ground temperatures, the frost front penetrates deeper and
takes longer to reach 1ts maximum depth. As indicated in Figure 14, in

sltu water freezing contributes more to the total heave in the case of a
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colder ground temperature. This explains the fact that total heave is not

that sensitive to ground temperature variations.

Influencé of Pipe Insulation

Figure 15 illustrates the effect of insulating the pipeline. The
selected ground temperature was +2°C and the pipeline temperature -8.5°C.
Frost heave was calculated for different insulation thicknesses. The
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%. Conversely, the frost penetration is also

reduced with increasing thickness of the insulation.

Soil — Pipeline Interaction

One of the main objectives of the research program on frost heave
mechanics was to establish fundamental frost heave parameters of soils in
order to develop a procedure for forecasting the heave of a chilled buried
gas pipeline, under both unrestrained and restrained conditions. The
examples cited previously demonstrate that unrestrained heave is predicted
in a reasonable manner. Restrained heave may also be predicted by
calculating the normal stress required to deform the pipeline encased in
frozen soil in a differential manner. This stress can then be used as an
externally applied stress in the frost heave calculation to moderate the
predicted heave. 1In this way, an iterative solution can be developed for
soil-structure interaction analyses of differential frost heave. Guidance

in these calculations 1s given by Nixon, Morgenstern and Reesor (1983).
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CONCLUSION

During freezing of small soil specimens in the laboratory, substantial
variations in the rate of cooling of the frozen fringe and of the suction
at the frost front (frozen-unfrozen interface) occur, leading to important

variations in the segregation potential of the soil.

Contrary to this, these parameters do not vary significantly during
field freezing; this is partly because of the larger scale of field
conditions resulting in relatively small temperature gradients and thus in
sméll raves of cooling of the frozen fringe, and partiy because of a higher
mass permeability of the unfrozen soil due to fissures, thus reducing the
suction at the frost front. It has been shown by the present study that a
realistic upper—bound to frost heave for field freezing conditions can be
computed if the freezing characteristics of a fine-grained soil used as
input correspond to those obtained from laboratory freezing tests,

provided:

(1) the density of the soil sample used in the laboratory testing is
essentially the same as that existing in the field;

(2) the freezing characteristics reflect the conditions at the onset of
the formation of the final ice lens, i.e., a "quasi” stationary frost
front;

(3) the suction at the frost front is relatively small. In a laboratory
test this would correspond to a warm plate temperature close enough to
0°C to ensure a small length of unfrozen soil and, hence, small values

of the suction at the frost front.
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The freezing characteristics of a soil subjected to freezing in the
field then reduce simply to a relationship between the segregation

potential, SP, and the applied pressure at the freezing front given by:

1
w
]
1]

Ssp

Both soil constants, SPo and a, can be obtained from controlled freezing

tests with constant temperature boundary conditions. Furthermore, only a

few tests are required to adequately define the previous relationship.

The predictive power of the field frost heave model, in which the
freezing soll is characterized by the previous relationship, has been shown
through the successful detailed analysis of the performance, over several
years, of the chilled pipeline sections at the test facility at Calgary,

Alberta.

In conclusion, although many field problems are multidimensional,
frost heave can be calculated very simply using the freezing
characteristics obtained from one-dimensional frost heave tests, provided
that the thermal problem can be approximated either with an analytical

solution or using approximate numerical models.
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