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Abstract

A study was conducted on the thaw consolidation behaviour of fine grained
permafrost soils, which are commonly found in the Mackenzie Valley, Canada. In
1971, Morgenstern and Nixon proposed a thaw consolidation theory. A
laboratory study has been carried out with a focus on the consolidation behaviour
of thawing fine grained permafrost soils for a case where the thawing soil
consolidates under its own weight. Numerical modelling was carried out to
predict the temperature behaviour and moisture migration observed in the
laboratory. The design of the laboratory apparatus is discussed and the results
are evaluated in comparison with the numerical and theoretical predictions. The
finite element software are proved useful in predicting the soil thermal and
hydraulic behaviour. Although the laboratory results and that from the thaw
consolidation theory developed by Morgenstern and Nixon (1971) cannot be
compared directly due to many uncertainties, the laboratory results are in

reasonable agreement.

Résumé

En 1971, Morgenstern et Nixon ont avancé une théorie sur la consolidation des
sols lors du dégel. Une étude en laboratoire a été conduite en mettant I'accent
sur le comportement de consolidation du pergélisol a grains fins durant le dégel
lorsque le sol qui dégéle est consolidé par son propre poids. De la modélisation
numérique a été réalisée pour prédire le comportement de consolidation du
pergélisol. La conception de l'appareil de laboratoire est examinée et les
résultats sont évalués en comparaison avec les prédictions numériques et
théoriques. Le logiciel de modélisation numérique s’est avéré utile pour prédire
le comportement thermique et hydraulique du pergélisol. Malgré le fait que les
résuitats obtenus en laboratoire et ceux obtenus en vertu de la théorie
développée par Morgenstern et Nixon (1971) ne peuvent étre comparés

X



directement a cause des nombreuses incertitudes, les résultats de laboratoire

sont raisonnablement comparable aux résultats théoriques.
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1 Introduction

The area of this research is the field of cold region engineering. With a
combination of climate change and an increasing demand for construction as
well as oil and gas development in cold regions, there is a need for a better
understanding of permafrost behaviour when thawing. Further knowledge of this
process will allow engineers to find the most suitable solutions when dealing with
geotechnical hazards and major problems that arise when soil thawing occurs in

permafrost regions, such as landslides and thaw settlement.

This study examines the thaw consolidation behaviour of fine grained soil

samples from permafrost ground from the Mackenzie Valley, Canada.

1.1 General

The Mackenzie valley is located in the Northwest Territories, Canada.
Permafrost underlies more than 50% of the ground surface in Canada
(Johnston, 1981) and underlies most of the Mackenzie valley (Aylsworth et al.,
2000). Permafrost is defined as “the thermal condition in soil or rock of having
temperatures below 0°C persist over at least two consecutive winters and the
intervening summer” (Brown and Kupsch, 1974). There are two major divisions
of permafrost, namely continuous permafrost and discontinuous permafrost, as
shown in Figure 1.1. For permafrost to persist, the freezing index (degree days
below 0°C) must generally be greater than the thawing index (degree days
above 0°C) (Dyke, 2000). Furthermore, the depth of permafrost varies from very
thick near the north (>100 m) to thin in the extreme south (<5 m) (Aylsworth et
al., 2000). Overlying permafrost, there often lies an “active layer” that annually
thaws in the spring/summer and freezes in the fall/winter. The thickness of the
active layer is dependant on climate, vegetation, geomorphology, hydrology and
the permafrost soil properties (Nixon, 2000). Deposits of ground moraine (till)



are most commonly found in the Mackenzie valley and also underlie many other

surficial sediments (Aylsworth et al., 2000).

L Confirueus Maurtan
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Ottawa
Figure 1.1 Permafrost coverage in Canada (after Geological Survey of Canada, 2007)

Recent proposals to develop natural gas fields in the Mackenzie Delta have
triggered a need for further understanding of the freezing and thawing processes
in permafrost soils. Thawing of permafrost is a major problem for construction
purposes in areas of continuous and discontinuous permafrost. In pipeline
construction, the phenomenon of thawing can be associated with many things,
such as heat transfer from oil in the pipelines, clearing or disturbance of
vegetation in the pipeline right-of-way, construction equipment activity or
placement of an embankment over an organic layer (Nelson et al. 1983, Nixon
and Pick, 1985). Forest fires and climate change (i.e. high summer
temperatures and high precipitation) must also be taken into consideration

during pipeline design and construction in permafrost zones.

There is a concern that global warming, or climate change, may accelerate the

degradation of permafrost, consequently triggering an increased number of



landslides. As shown in Figure 1.2, global surface temperatures are on the rise.
From this data, scientists at Cambridge University have calculated that the
global average near-surface temperature has increased by approximately 0.60 +
0.2°C since 1856 (Houghton et al. 2001). These scientists have also computed
a warming rate of 0.17°C per decade since 1976. According to the 2007
Intergovernmental Panel on Climate Change (IPCC), a warming of about 0.2°C
per decade is projected for the next two decades (IPCC 2007). Moreover,
climate scientists from around the world have established that average global
temperatures could increase by 1.4 to 5.8 degrees Celsius by the end of this
century (Government of Canada, 2004). With these projections in mind, it is
evident that the increase in global temperature from one year to another cannot
be predicted with certainty. However we can definitely expect a slow decrease
in both the extent and thickness of permafrost in the Mackenzie Valley due to
the projected warming trend.

0.6
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Figure 1.2 Global mean surface temperatures from 1856 to 2005 (from Global warming
art, 2007, after Houghton et al., 2001)
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There are numerous problems associated with thawing of permafrost soils. If
there are buildings or structures constructed over the soil, they may settle or
even collapse if the settlement is not evenly distributed. Differential settlement
might also occur where a pipeline has been installed, causing the pipes to break
or leak. Landslides may be triggered if the thaw boundary reaches the
permafrost soil and excess pore water pressures are generated, causing a

decrease in the internal shear strength of the soil.

For engineers, one of the most important problems that arises from thawing of
permafrost is landslides. Hence, assessing the stability of either naturally
occurring permafrost slopes, or of new slopes formed by earthworks, is of great
and obvious importance in the field of civil engineering in cold regions,
particularly geotechnical engineering. In 2000, approximately 3400 landslides
had been mapped in the Mackenzie Valley (Aylsworth et al., 2000). Although
some of these landslides are the result of river erosion, many are related to
thermal changes in the ground and thawing of permafrost. In cohesive soils,
such as silty clay found in the Mackenzie Valley which are usually ice-rich, the
thawing material behaves as a fluid, thus producing a landslide. Thawing of
permafrost is a very important process to understand in order to minimize the
amount of landslides occurring in the Mackenzie Valley and to develop new

methods of permafrost slope control.

A landslide may be triggered if thawing depths exceed the active layer and
penetrate in to the permafrost, thus decreasing its shear strength. When a
landslide takes place, the underlying permafrost is exposed to the atmosphere.
The warm summer months will cause the underlying ice to melt, thus inducing
continued thawing and retrogressive landslides, year after year. It is essential to
understand the thawing processes in order to prevent such landslides from

occurring.



Based on field investigations and previous research, researchers have found
that there is a transient layer between the active layer and the permafrost layer
(Shur et al., 2005, Wang et al., 2005). The active layer is subjected to annual
freeze-thaw cycles; however, the depth of thaw is highly variable. Because of
annual weather fluctuations, there is a part of the permafrost that will undergo
occasional freeze-thaw cycles without causing slope failure. This describes the
transient layer - a transition zone between the active layer and the underlying
permafrost layer. The transient layer is a relatively new concept that is important
in landslide and slope stability analysis seeing that landslides may occur if the
thaw line exceeds the transient zone and penetrates the ice-rich permafrost
(Wang and Lesage, 2007).

Finally, when permafrost soils thaw, a significant amount of water and pore
pressures are generated, which may induce a landslide. Landslides that are
caused by excess pore water pressures are commonly found in the fine-grained
permafrost soils of the Mackenzie valley. This following section will review the

concepts of thawing of permafrost soils and related pore water pressures.

1.2 Thawing and pore water pressure

When fine-grained soils freeze, ice in the form of ice lenses is accumulated in
the soil, causing it to heave (Saarelainen, 1999). When the ice in the soil thaws,
the resulting water is liberated and drains out, causing further volume change in
the soil. Due to thawing of the soil, there is “an excess pore pressure setup
relative to the final independent pore pressure state” (Lee et al., 1983). Excess
pore pressures are defined as “the amount by which the pore water pressure
exceeds the equilibrium pore pressure” (USACE, 1995). Thus, when the ice in
the soil thaws, excess pore pressures are generated due to subjected loading
caused by the soils self-weight or a combination of self-weight and applied load
(Konrad and Roy, 2000). The pore pressures will dissipate and the soil will

consolidate until hydrostatic pore pressures are established in the soil element,



which is illustrated in Figure 1.3. Warming and thawing, or thermal degradation,
of fine-grained permafrost may possibly lead to thaw consolidation. This
phenomenon can be described as a volume reduction or change in void ratio

resulting in settlement of frozen soils that are rich in ice, during a thawing period.

Figure 1.3 Reduction in volume due to excess pore water dissipation

The rate of settlement and consolidation during thaw is dependant on the rate of
excess pore water dissipation, therefore on the amount and distribution of ice in
the soil (Banerjee and Datta, 1991, Luscher and Afifi-Sherif, 1973). If thawing
occurs at a slow rate, settlement may proceed concurrently with thawing.
However, if thawing occurs at rate higher than the discharge capacity of the soil,

excess pore pressures can be generated and have severe implications.

The consolidation behaviour of a soil depends on many factors, including the
physical properties of the soil, moisture supply, amount and distribution of the
ice in the soil, precipitation, load, etc. Almost all moisture located in permafrost
occurs in the form of ice. Higher ice content in the soil will result in a higher
amount of thaw consolidation, thus a greater amount of settlement. If thawing is
occurring at a fast rate, the pore water may not drain as quickly as it is
generated, thus causing excess pore water pressures to build up within the soil
(Morgenstern and Nixon, 1971). This is often the case with silts and clays since
they have low coefficients of permeability. Thaw consolidation of fine-grained
soils may lead to an increase in the excess pore pressures as well as a

decrease in the shear strength, bearing capacity and stability of the soil (Nixon,



1973, Wu and Tong, 1991, Harris et al.,, 2001, Wiliams and Smith, 1991).
Slopes may become unstable and differential settlement may be aggravated.
Thus it is important for engineers to understand the processes that occur during
thawing of permafrost soils. It has been calculated that soils most sensitive to
thaw settlement are moraine, fine-grained lacustrine and organic bog (Aylsworth
et al., 2000). These geological materials are commonly found in the Mackenzie
Valley, thus making this area susceptible to landslides and thaw settlement

problems.

1.3 Statement of the problem

Thawing of an ice-rich soil causes a reduction in void ratio, which is why this
process is referred to as thaw consolidation. Many engineering applications in
permafrost regions require thaw consolidation theory for proper design, analysis
and mitigation; therefore it is imperative to verify its every detail. The permafrost
region of interest for this research project is the Mackenzie valley, Northwest
Territories, Canada. This region was selected as extensive investigations are
presently being carried out by the Geological Survey of Canada to better
comprehend the failure mechanism and triggers of landslides of this northern
area. The results of these investigations will lead td an improvement of the
landslide prevention measures that are presently being proposed for the
potential oil and gas development project in the Mackenzie valley.

Silty clay is commonly found in the Mackenzie valley. There are numerous
landslides in such fine-grained permafrost soils. Thus it is of interest to verify
the engineering behaviour of thawing fine-grained permafrost soils from the

Mackenzie valley for this research project.

The key interest of this research is about pore water pressures in thawing
permafrost soils. Theories of soil mechanics and of thaw consolidation are

essential when designing structures and numerous mitigation means in ice-rich



permafrost areas. Thus it is very important that the equations and knowledge
these engineers are using for their planning and designs are accurate and up-to-

date in order to minimize all risks of failure.

In 1971, Morgenstern and Nixon developed a thaw consolidation theory. Excess
pore water pressures and settlements were calculated for two loading
conditions: a weightless material and for a soil consolidating under its own
weight. Through the years, the thaw-consolidation theory that was developed by
Morgenstern and Nixon has been investigated. However, no researcher has
verified the thaw-consolidation behaviour for a case where the thawing soil is
consolidated by its own weight. It is known that excess pore water pressures
increase linearly with increasing depth. This study evaluates if this is the case

for a thawing silty clay soil.

In order to best represent the thawing behaviour of the fine-grained permafrost
soils found in the Mackenzie valley, the samples used for the laboratory
experiment must be prepared with the most suitable moisture content. It has
been established that a landslide may be triggered if thawing depths penetrate in
to the ice-rich permafrost soil. Hence, it is of interest to represent the average
moisture content found in ice-rich permafrost soils during the laboratory analysis.
Based on recent field investigations, an average moisture content of 40% by
weight has been measured near the surface of the permafrost layer. Using this
particular moisture content will allow engineers to predict and have a better
understanding of the behaviour of the permafrost when thawing. Thus, the most
suitable prevention measures or remedial actions will be established while
performing slope stability analysis in periglacial environments which may be

subjected to thawing.

In addition, small samples have always been used in past laboratory
experiments of this type. Morgenstern and Smith (1972) developed a laboratory
model “Permode” to asses the validity of the thaw consolidation theory using



samples of 32.3 mm in height. Eigenbrod et al. (1996) measured pore water
pressures in samples of 70 mm in height. And Harris et al. (1995) tested
samples of 300 mm in height while modelling periglacial solifluction. Due to size
effect, the results from the small samples could be more effected by the applied
boundary conditions. Therefore, it is in our interest to analyze the behaviour of
temperature, moisture migration and pore water pressure of fine grained soil

samples in a larger scale.

1.4 Objectives of the investigation

The objectives of the thesis are related to thawing of permafrost soils in the

Mackenzie valley, Canada.

The main objective is to verify the thaw-consolidation theory developed by
Morgenstern and Nixon (1971) for a case where the thawing soil is consolidated
by its own weight. The temperature, pore water pressure and moisture
migration behaviour of a thawing fine-grained ice-rich permafrost soil from the
Mackenzie valley will be verified through a large-scale laboratory program.
Furthermore, numerical models will be developed to predict the temperature
variation and moisture migration occuring during the thawing process in order to
assess the effectiveness of the laboratory device to represent natural permafrost

thawing.

Thaw consolidation is highly complex due to the coupled mechanical, thermal
and hydraulic processes occuring throughout the soil matrix. Due to limitations
of time and equipment, this study is limited to verifying the experimental pore
water pressure results in comparison to the thaw consolidation theory, and to the
comparison of the temperature and moisture behaviour obtained from the

experimental and numerical analysis.



1.5 Scope of the investigation

This research focuses on the behaviour of pore water pressure, moisture

migration and temperature in a thawing fine-grained permafrost soil.

For the purpose of this research, a laboratory device has been developed to
examine the thaw consolidation behaviour of permafrost soil. A laboratory
program was setup to verify the consolidation behaviour of fine grained
permafrost samples from the Mackenzie Valley, Canada, for a case where the
thawing soil is consolidated by its own weight. Freezing and heating systems
were setup and carefully designed to simulate thawing conditions that would
occur in the Mackenzie Valley. The results of the laboratory programs are

compared with theoretical and numerical predictions.

The theoretical predictions were established based on the thaw consolidation
theory developed by Morgenstern and Nixon in 1971. As for the numerical
predictions, these were determined from finite element models designed to
represent the laboratory model. The numerical modelling was carried out using
Temp/W and Vadose/W, which are finite element software developed by Geo-

Slope International (Geo-Slope International Ltd., 2007).

1.6 Thesis outline

A literature review is presented in Chapter 2, including the thaw consolidation
theory and previous research on pore water pressure that has motivated this

study.

Chapter 3 presents in detail the laboratory program that was developed to
observe the thaw consolidation behaviour of fine-grained permafrost soils. The
laboratory equipment, the samples used in the experiment and the experimental
procedures are presented, as well as the experimental temperature, pore

pressure and moisture migration results.
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Chapter 4 presents the thermal and hydraulic numerical models that were
developed to predict the thaw consolidation behaviour of the fine-grained
permafrost soils tested in the laboratory program. The model layout, material

properties, boundary conditions and results are presented.
An analysis of the results is presented in Chapter 5. The laboratory results are
analyzed with respect to theoretical predictions from the thaw-consolidation

theory and to the numerical modelling predictions.

Finally, conclusions of the thesis and suggested future work are presented in
Chapter 6.
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2 Literature review

2.1 Thaw consolidation theory

The thaw consolidation for soil is a complex behaviour due to a combination of
mechanical, thermal and hydrological processes. Tsytovich appears to be the
first to perform thaw-consolidation tests approximately 70 years ago. In 1937,
Tsytovich and Sumgin published a Russian book entitled “Principles of frozen
ground mechanics” where they presented the results of thaw-consolidation tests
that were performed by Tsytovich (Andersland and Anderson, 1978). The tests
were performed using a simple oedometer enhanced with a heated loading cap
to measure settlement in rapid thawing soils under different loading conditions.
In 1965, Tsytovich performed experimental tests and determined the following
two facts (Smith, 1972):

- Pore water pressures in a thawed soil dissipates according to the
established Terzaghi consolidation theory;
- Just above the thaw boundary, the pore water pressures remain constant

when the rate of thaw is proportional to the square root of time.

Morgenstern and Nixon (1971) presented a thaw consolidation theory. Using
the theories of heat conduction and of soil consolidation, equations were
formulated to determine the consolidation behaviour of thawing soils, including
the excess pore pressures in a thawing soil and a settlement ratio. The

complete derivation of the formulated equations can be found in Appendix A.

A one-dimensional configuration was considered in Morgenstern and Nixon’s
theory, as shown in Figure 4. The frozen soil is subjected to an increase in
temperature at the soil surface, thus the temperature of the frozen ground is

lower than the temperature at the surface of the soil.
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Figure 2.1 One-dimensional thaw consolidation configuration (after Morgenstern and
Nixon, 1971)

The position of the thaw front at a certain time during the course of thawing is

described by the Neumann solution:

X()=at [2.1]
Where X = depth to the thaw plane
a= a thermal constant determined in the solution of the heat
conduction problem
t= time

Boundary conditions were also defined. Initially, the time is zero and the
distance to the thaw plane from the soil surface is zero. Also, the upper surface
of the soil mass is assumed to be free-draining, therefore pore water pressures
are zero during thawing at the soil surface. Furthermore, if the applied stress
does not vary with time, the classical Terzaghi consolidation equation for a

saturated compressible soils is given as:

0*u ou
rzz_= 2.2
© ox? ot [2.2]
Where ¢, = coefficient of consolidation
u = excess pore pressure
X = depth measured from the ground surface
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A closed-form analytical solution was assumed with respect to basic soil
mechanic equations and the boundary conditions. Using the aforementioned
configuration, boundary conditions and theories of heat conduction and of
consolidation, the excess pore pressures caused by thawing were derived,

resulting in the following expression:

u(x,t)= S, S N [2.3]
e’ 2ye,t 14—
erf(R)+ m 2R2
Where P, = load applied to the surface
R = thaw consolidation ratio
y’ = submerged unit weight of the soil
erf() = error function

The dimensionless thaw consolidation ratio, R, is calculated with the following

equation:

rR=—% [2.4]
24c,

Furthermore, the following dimensionless variable was introduced:

X

Z=— 2.5
X0) [2.5]

Equation [2.3] now becomes

w(e.t) = u(zt) (1 erf(RZ) . Z [2.6]

P+yXx 1+W,

erf(R)+e—_J7;R_E (1 + 21122 )[1 +—ﬁ1’_J
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Where W, =

Morgenstern and Nixon (1971) formulated the two following solutions of excess
pore water pressures by reducing Equation 2.6 assuming two extreme loading
conditions.  Equation 2.7 represents the solution for a weightless material
(W=0) and Equation 2.8 is the solution for a soil consolidating under its own
weight (W =).

u(z,t) _ erf(RZ?R2 2.7]
erf(R)+ j;R
u(z,t) _ Z [2.8]

" [rae)
2R

From these equations, Morgenstern and Nixon indicated that the excess pore
pressures and the degree of consolidation in thawing soils depend primarily on
the thaw-consolidation ratio, R. This parameter is a relation between the rate of
thaw and the rate of consolidation of a thawing soil. In their approach,
Morgenstern and Nixon found that the excess pore pressure distribution is linear
for a given consolidation ratio for the case where the soil is consolidated by the
weight of the soil alone. Figure 2.2 shows a plot of the normalized values of
excess pore pressures that have been computed for different thaw consolidation
ratios. The normalized pore pressures are the excess pore pressures divided by

the effective stress.
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Figure 2.2 Distribution of the normalized excess pore pressures for various thaw
consolidation ratios when the soil is consolidated by its own weight

2.2 Experimental studies on pore pressure

Since the thaw consolidation theory was developed, many studies have been
made relating to pore water pressure. Morgenstern and Smith (1973) examined
the results from a special oedometer (Permode) that they designed to asses the
validity of the thaw consolidation theory. It was very similar to a standard
oedometer; however settlements could be measured to an accuracy of 0.0001
inches as thaw consolidation progressed. The Permode was used to perform
controlled thaw-consolidation tests on many remoulded samples of frozen
Athabasca Clay, and some on Lake Edmonton Clay and Bentonite, with different
index properties (plastic limit, liquid limit, plasticity index, percentage clay and
specific gravity). A constant surface temperature was applied to facilitate

thawing and pore water pressures were measured at the base of the soil
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sample. In agreement with the theory, it was found that the maximum pore
pressure at the thaw boundary is a function of the thaw-consolidation ratio for
the remoulded clay samples tested. Furthermore, excess pore pressures and
settlements in a thawing soil were found to be dependent on the R value, which
agrees with the thaw-consolidation theory. Hence the thaw consolidation ratio of
soil samples can be determined based on the pore pressure and settlement

values measured during the laboratory testing.

Shortly after, Morgenstern and Nixon (1974) presented the results of tests
carried out on natural undisturbed samples of fine-grained permafrost. The
thaw-consolidation tests were performed using a modified version of the thaw-
consolidation apparatus developed by Smith (1972). The samples used for the
tests were of frozen cores of sandy silt and of silty clay. Thawing was induced
by applying a surface temperature of 26 °C and an overburden load was applied
at the surface of the sample. Pore pressures, settlements and temperatures
were monitored until thawing and settlement was complete. The excess pore
pressures measured at the base of the sample correlated reasonably with the
predictions obtained from the Morgenstern and Nixon (1971) theory of thaw-
consolidation. Nonetheless, the pore pressures were simply measured at the

base of the soil sample.

Following an extensive field study on landslides in the Mackenzie Valley,
McRoberts and Morgenstern presented a quantitative analysis of slides at a site
on the Mountain River (1974). Their research showed that excess pore
pressures play an important role in the shear strength of the thawing slopes
(McRoberts and Morgenstern, 1974). McRoberts and Morgenstern (1975)
compiled numerous test results to observe pore water during freezing. The
result of their study suggests that a coarse-grained sandy soil will expel water
while freezing, whereas a fine-grained soil will only expel water when subjected

to a higher overburden pressure.
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Later, Ryden (1985) tested the validity of the thaw-consolidation theory's
predictions for pore pressures in thawing soils. This 1985 study supports the
theory that the normalized pore pressures at the thaw front depend upon the
value of the thaw consolidation ratio, which is in agreement with the
aforementioned study by Morgenstern and Smith. However, the results are valid
for an applied loading condition only. Furthermore, the expression that was
used to determine the a value was found to inadequately describe the course of

thawing of the soil samples placed in the odeometer.

Eigenbrod et al. (1996) reported results of a unidirectional freezing and thawing
test program. Pore pressures and temperature were measured along the
perimeter of a fine-grained soil together with water intake and heave. The soil
samples consisted of lightly overconsolidated clayey silt of low plasticity. From
this study, it was determined that pore-water pressure increases were typically
associated with temperature increases following the thawing process.
Although, pore water pressures for all measuring points dropped suddenly below
0 kPa as the temperatures first increased above 0 °C, but quickly rebounded
back to same value as prior to thaw. Also, maximum positive pore-water
pressures were approximately equal to overburden pressure (Eigenbrod et al.,
1996).

Since the 1990’'s, Charles Harris, along with many authors, has done a
significant amount of research where pore water pressures were monitored in
different types of freezing and thawing tests, on soil samples of different sizes
(Harris et al., 1995 (300 mm), Harris and Davies, 1998 (300 mm), Harris et al.,
2001 (70 mm), Murton and Harris, 2003 (185 mm), Harris et al., 2003 (70 mm)).
The majority of the work cited here refers to a laboratory program simulating
periglacial solifluction where soil freezing and thawing takes place. The initial
experimental setup was constructed on a 12° slope angle in a refrigerated
chamber. In 1995, Harris et al. presented the results of their laboratory

simulation of solifluction. The results presented showed that pore pressures
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were negative during the freezing process and increased, while generally
remaining negative, during the “zero curtain period”. The zero curtain period
being referred to as the period of time necessary for the ice to turn in to water, or
vice-versa (Muller, 1947). Once the soil had thawed, pore water pressures rose
and remained generally positive until the pore pressures had dissipated.
However, these positive pore pressures were never in excess of hydrostatic

pressure, thus no excess pore pressures were generated.

In 1998, Harris and Davies published a paper presenting the results of their
laboratory testing. Pore water pressures were measured during seven cycles of
downward freezing and thawing using the same experimental setup as the
previously mentioned research. It was noted that positive pore pressures were
observed during the freezing stage and negative pore pressures were observed
during the “zero curtain period”. Furthermore, excess pore water pressures
were generated during the thaw consolidation stage, when downslope

displacements were observed.

In 2001, Harris et al. presented the results of similar tests, this time using
different slope angles (i.e. 12°, 18° and 24°) for centrifuge modelling. Pressure
fluctuations that were recorded during the thawing process were found to be
equal to those obtained in their previous research. Their results also showed
that there was a more rapid drop in pore water pressure on the steeper sloped
models. In 2003, these same authors presented results from two centrifuge
modelling experiments. Yet again, pore water pressure results were consistent
in both experiments. As the sloped soil thawed, the pore pressures increased
rapidly to above hydrostatic pressure then slowly decreased as the excess pore
pressures dissipated. Also, when comparing the depths of the pressure
transducers and the maximum pore pressures recorded by the different
transducers during each freeze-thaw cycle, the pore pressures were found to be

in part a function of depth, as anticipated.
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2.3 Summary

Thaw consolidation theory has been developed in the early 1970’s. Some
experiments have been conducted to verify the theory and investigate the pore
water pressure behavior during thawing of permafrost soils. The experiments
have been limited to small samples under loading conditions that are applicable
to only part of the thaw consolidation theory. The thaw consolidation behavior
for the pore water pressure condition of the permafrost soil under its own weight
is @ major component of the thaw consolidation theory. However, little study has
been done to verify this part of the theory. This thesis is therefore intended to
investigate the thaw consolidation and pore water pressure conditions of

permafrost soils under its own weight.
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3 Laboratory Testing

A laboratory program was setup in order to verify the consolidation behaviour of
fine grained permafrost soil for a case where the thawing soil is consolidated by
its own weight. This section presents the laboratory apparatus that was
developed, a description of the samples that were used for the experiment and

the testing procedures.

3.1 Description of laboratory apparatus

The laboratory testing was carried out by formulating a device that measures
temperature and pore water pressures throughout a fine-grained soil sample
while thawing takes place. The device was designed to conduct the freeze-thaw
tests in a temperature controlled cold room. The device consists of a soil column
surrounded by a silty clay/insulation system, instruments that measure
temperature and pore water pressure, and a heating chamber with ventilation
system that is placed on top of the soil column and subsequently insulated. A

sketch of the device is represented in Figure 3.1.

The permafrost soil sample is contained in a 0.95 meter high pvc cylinder,
measuring 15.2 cm in diameter, with the inner surface coated with a Teflon
spray to reduce side friction. The cylinder containing the sample is insulated in
order to ensure uniform thawing and to reduce heat flow along the sides of the
sample. The insulation system was created by placing the cylinder inside two
barrels, as shown in Figure 3.2. The first barrel is a Rubbermaid brute container
of 55.9 cm in diameter and is filled with silty clay with a high moisture content,
similar to the permafrost sample. The cylinder and the first barrel then sit inside
a second barrel, which is a 95 gallon salvage drum of 78.7 cm in diameter, and
is filled with Thermocell loose-fill insulation. This silty clay/insulation system was
designed to minimize lateral boundary effects so that the sample thaws from the

top down, which represents natural ground thawing conditions.
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Figure 3.1 Thaw consolidation laboratory equipment

The device is placed in a “walk-in" cold room of 3 m in length by 2 m in width.
Inside the cold room, the device rests on a stainless steel base plate open to the
rooms freezing temperatures to ensure that the boundary conditions at the
bottom of the samples are similar to the permafrost conditions, as shown in
Figure 3.3.
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Figure 3.3 Steel base of the column open to cold room temperature

Three holes of 6.35 mm diameter were drilled and tapped along one side of the
cylinder at 30, 50 and 70 cm from the top for insertion of the temperature
sensors and pore pressure transducers, as shown in Figure 3.4. The
temperature sensors are placed at the same depth as the pore pressure sensors
in order to keep track of the location of the thaw front when the pressure
readings are taken. The cylinder has a total of three K-type thermocouples and
three PDCR-81 miniature pore pressure transducers inserted at the specified
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depths. The sensors are connected to a DT500 dataTaker data logger. Data

were recorded at 10 minute intervals.

The pressure transducers consist of 6.4 mm diameter by 11.4 mm long stainless
steel cylinders with porous ceramic filter tips with the ability to measure a
maximum pressure of 350 mbar (35 kPa) through a silicon diaphragm, as shown
in Figure 3.5. The diaphragm is exposed to the pore water via the porous stone
and is connected to a fully active strain gauge bridge for pore pressure
measurement. For the purpose of this test, the transducers must be able to
withstand freezing and thawing. To ensure this, each the pore pressure
measuring system is saturated with an anti-freeze silicone fluid, with a freezing-

point of -55°C, before being inserted into the soils sample.

Soil surface
A A A

Figure 3.4 Location of the pressure and temperature sensors
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Figure 3.5 Tip of the PDCR-81 miniature pore pressure transducer (after Muraleetharan
and Granger, 1999)

A boxed-in heat source is located at the top of the closed system, as shown in
Figure 3.1. This heat source consists of 4 silicone rubber enclosure heaters
mounted in the lid of the device, as shown in Figure 3.6. These heaters are
regulated by two thermistors and connected to a temperature controller that can
be manually set to any chosen thawing temperature, and that is located outside

the cold room.

A ventilation system was installed to ensure a constant humidity inside the
heating chamber. The ventilation system consists of a small fan that is installed
inside the heating chamber for air circulation as well as two 12.7 mm clear
rubber tubes connecting the heating chamber to outside the cold room (office
environment). This set of tubes and fan allows for air circulation within the
heating chamber and disposal of any excess humidity. The completed device,

ready for freezing and thawing, is presented in Figure 3.7.
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Figure 3.7 Completed thaw-consolidation device
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3.2 Description of sample

Unidirectional thawing tests have been carried out on samples of disturbed silty
clay from the Mackenzie valley. The soil was obtained by Baolin Wang of
Natural Resources Canada, during a geotechnical investigation performed in
June 2006, on Gwich’in land near Travaillant Lake, south-east of Inuvik,
Northwest Territories. A typical grain size distribution of the soil is shown in

Figure 3.8.
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Figure 3.8 Typical grain size distribution (after Su et al., 2006)

The samples used for testing were prepared as to represent the moisture
conditions observed at a depth between the active layer and the permafrost
observed in the Mackenzie valley. Su et al. (2006) reported that the typical
moisture content at such depth is about 40%. The sample was therefore
prepared to have a water content of 40%. The prepared sample was allowed to
rest for one week in a sealed container in order for the entire sample to attain a
uniform water content. After one week, the sample was tested to ensure that it

had a uniform moisture content of 40% by weight.
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The outer silty clay soil of similar gradation to that of the core sample was
obtained from a local source. It is used for minimizing lateral boundary effects,

to ensure even downward thawing of the core sample.

3.3 Testing Procedure

Once the sample is prepared with the desired water content, it is carefully
poured into the cylinder. Care was taken while pouring the sample into the
cylinder to avoid entrapment of air bubbles. Once the slurry has been poured
into the cylinder, the pore pressure transducers and temperature sensors are
inserted into the designed holes along the cylinder. Again, this will be done
carefully to ensure no air bubbles are entrapped in the sample or the sensors.
Once the core sample placement is completed, the surrounding barrel is filled

with the insulating slurry.

As soon as all soil has been placed, the sample is frozen in the cold room at a
temperature of -4°C, as shown in Figure 3.9. The temperature is monitored
throughout the sample by the temperature sensors and the thawing process will

begin once the freezing is complete, i.e. when the entire soil column has

reached a temperature of -4°C.

Silty clay slurry
(core sample)

Insulating slurry

Figure 3.9 Freezing of fine-grained permafrost samples
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Druck PDCR-81 miniature pore pressure transducers were used to measure the
pore water pressures during thaw. Muraleetharan and Granger (1999) evaluated
Druck PDCR-81 pore pressure transducers for measuring matric suction in
unsaturated soils. Tests were performed on samples of Minco silt to determine
the sensitivity of the PDCR-81 to changes in the sensor saturation fluid and
moisture contents of the soil samples, as well as the ability of the sensor to
produce a soil water characteristic curve and it's response to rapid changes in
pore water pressures. The test results were also compared with results
obtained from a tensiometer and indicated that the PDCR-81 can be used
effectively to measure negative pore pressures as well as to quantify matric
suction in unsaturated soils. Their results also indicated that transducers
saturated in 100% water took less time to reach equilibrium (i.e. 420 seconds),
while the transducers saturated in water mixed with 30% glycerine took longer
time to reach equilibrium (i.e. 120000 seconds). Thus, the length of time for the
transducer to reach and maintain equilibrium proved to be a function of the
viscosity of the saturation fluid. This length of time was also found to be a
function of the moisture content of the unsaturated soil when the volumetric
moisture content in the silty soil samples was gradually increased from 9.4% to
28.0%. As the volumetric moisture content was increased in the soil, the time to
reach and maintain equilibrium also increased from 840 seconds to 95000
seconds, respectively. Moreover, results showed that an increase in the pore
size of the porous stone will decrease the time for the transducer to reach and
maintain equilibrium. Finally, the results suggested that the pore pressure
readings will not stay constant after reaching equilibrium, but rather oscillate
slightly around the equilibrium value, due to the fact that air is constantly
diffusing through the porous stone. In summary, lowering the viscosity in the
saturation fluid, using porous stone with higher pore sizes and lowering the
moisture contents in the test samples were found to be effective means of

increasing the responsiveness of the PDCR-81 pore pressure transducers.
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In order to ensure that these sensors would not be damaged during the freezing
process, they were saturated with ethylene glycol antifreeze (Harris & Davies,

1998) and calibrated before being inserted in the silty clay soil sample.

Soil specimens are frozen in the designed thaw-consolidation device under
closed system conditions (McRoberts and Morgenstern, 1975). Freezing takes
place by placing the freeze-thaw laboratory device in a cold room, which was
maintained at a temperature of about -4°Celsius. The top end of the cylinder
remains open to the cold room atmosphere. The soil sample freezes from the
top down as the sides of the device are insulated to prevent heat flow in the

radial direction.

The sample is allowed to freeze for a period of 15 days, or until the temperature
sensors indicate that the soil temperatures are below -4°C. Once the sample is
fully frozen, an insulated boxed-in heat source on the top of the sample is turned
on to allow thawing to take place. Thawing of the soil sample takes place from
the top down. The ventilation system is turned on throughout the thawing test.
Thawing temperature is maintained at 25°C in the heating chamber, while the

bottom of the soil sample is maintained at the cold room temperature of -4°C.

Temperature and pore water pressures were monitored at intervals of 10
minutes during the entire freeze-thaw test. Once the testing program was
completed, the final soil moisture content was determined at various depths

throughout the thawed soil.

3.4 Laboratory results

Three freezing and thawing tests were carried out. Due to some malfunctions
with the pore pressure instrumentation, the soil temperature results are
presented for all three cases, while pore water pressure results are only

presented for the third test.
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A heave of 4.2 cm, 3.5 cm and 2.8 cm was observed at the end of the freezing
process and a settlement of 9.3 cm, 5.0 cm and 8.4 cm was observed at the end
of the thawing process, for sample # 1, sample #2 and sample #3, respectively.
The heaving and settlement values were measured using a ruler with respect to
the top of the soil column (i.e. 95 cm from the base). The heave measurement
being the distance the soil surpassed the top of the soil column following the
freezing process and the settlement measurement being the amount the soil

settled with respect to the initial 95 cm height, following the thawing process.

3.4.1 Temperature

Figure 3.10 shows the temperature results obtained during the thawing period
for two first test samples as well as the cold room temperature during the test.
The temperature in the heating chamber was maintained at 25°C and the
thawing process was complete after 16 days. At this time, the temperatures in
the soil sample had begun to reach equilibrium, as can be seen in Figure 3.10.
The cold room temperatures fluctuated every 6 hours. This is due to the slight
malfunctions of the cold room temperature controllers. The freezing temperature
was therefore set to -6°C rather than -4°C during the first two tests.
Furthermore, the oscillating curves on Figure 3.10 depict larger variances during
the first 9 days of thaw because it is only after the first 9 days that the high-low

controllers were initially adapted for the cold room.

The soil temperature versus time for each sample is presented for the three
different depths where the pressure transducers were inserted; 30 cm (light grey
curve), 50 cm (dark grey curve) and 70 cm (black curve) from the soil surface,
respectively. The solid lines represent the temperature results for sample #1
and the dotted lines are representative of sample #2 (Note: two identical models
were built and tested at the same time). Both test samples were prepared at the

same time and were subjected to identical freezing and thawing conditions. The
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results from the K-type thermocouples that were inserted in both soil specimens
indicated that both samples were thawing simultaneously and following the
same pattern, which was anticipated as they were similar samples subjected to
identical boundary conditions. The results proved that the soil temperature data

are reliable.
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Figure 3.10 Experimental temperature results during thawing of sample #1 and #2

A third thaw-consolidation test was conducted by mixing a new slurry of silty
clay, again with a moisture content of 40% by weight. The thawing process for
sample #3 was complete after 29 days, which is when the soil temperatures had
begun to reach equilibrium. Figure 3.11, shows the cold room and the heating
chamber temperature histories during both the freezing and the thawing process
for the third test. The initial freezing temperatures show high fluctuations due to
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the malfunction of one of the cold room freezing mechanisms. This problem was

resolved in the early stages of thawing, i.e. by September 14"
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Figure 3.11 Cold room and heating chamber temperatures during freezing and thawing

Figure 3.12 presents the soil temperature results obtained from the
thermocouples during the third laboratory analysis at the three different depths
where the pressure transducers were inserted. This figure also presents the
cold room temperature and the temperature of the heating chamber during the
entire thawing process. The cold room temperature was set at -4°C, while the
temperature controllers for the heating chamber were set to 25 °C. These
boundary temperatures were maintained throughout the test, with the exception
of the cold room temperature during the first 3.75 days of freezing, which were
set to -7°C. This temperature was slightly lower than the design temperature as
there were minor problems with the refrigeration units. One of them was

overheating for the reason that warm water was passing through the cooling
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pipes. Once this problem was corrected, the temperature in the cold room was

set to the desired -4°C, as shown in Figure 3.12.
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Figure 3.12 Experimental temperature results during thawing of sample #3

3.4.2 Pore water pressure

Pore water pressures were monitored during the three laboratory tests with the
use of PDCR-81 miniature pore pressure transducers. However, the pore
pressure results from the two first test samples are not used for analysis as
various instrumental problems were encountered during these tests. This
section summarizes the calibration of the pressure sensors for the third
experimental trial as well as the pore water pressure results that were obtained

from the pore pressure transducers during the third laboratory test.
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3.4.2.1 Sensor calibration

Some of the pore pressure transducers were damaged during the first two
experimental tests. As a result, some minor modifications were brought to the
devices before the third test began. Once the PDCR-81 sensors were properly
fixed to the data logger, calibration tests were carried out on them. In order to
draw a calibration curve for the sensors, they were all placed in three different
depths of water and the results were compared with predicted theoretical
hydrostatic pressure. The calibration results for three of the six sensors are

shown in Figure 3.13 in addition to the theoretical curve.

Pore water pressure (kPa)

0 5 10 15 20 25 30 35
Depth of sensor in water (cm)

| -~ #3-30 cm —=—#3-50 cm —s—#3-70 cm —o— Theory|

Figure 3.13 Calibration of pore pressure sensors

Figure 3.13 shows that three pressure transducers gave results that followed the
same pattern as the theoretical curve, however the results were consistently
lower than the actual theoretical values. In order to calibrate the results

obtained for the third test, the pressure measurements from sensors #3-30cm,
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#3-50 cm and #3-70 cm must to be added to 5.67 kPa, 1.5 kPa and 1.71 kPa,

respectively.

3.4.2.2 Testdata

During thawing, pore water pressures were monitored at 30 cm, 50 cm and
70 cm from the surface of each sample. However, as the soil remained frozen
around the sensor located at a depth of 70 cm, only the results from the two
higher sensors are presented. Figure 3.14 presents the calibrated pore water
pressure results obtained during the thawing period for test sample #3. It is
noted from Figure 3.14 that the two pressure sensors registered extreme values
when the soil was frozen. Similar behaviour was also reported by Ryden (1985),
Eigenbrod et al. (1996), Harris et al. (1995), Harris and Davies (1998) and
Murton and Harris (2003). The reason for such response is still yet to be

investigated.
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Figure 3.14 Experimental pore water pressure results during thawing of sample #3
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In the theory developed by Morgenstern and Nixon (1971), the excess pore
pressures in a thawing soil are derived. Figure 3.15 presents the positive
excess pore water pressure values that were measured during the thawing of
sample #3 within the pressure range of interest. To obtain the excess pore
water pressures, the hydrostatic pressures (2.94 kPa for the 30 cm sensor and
4.91 for the 50 cm sensor) are subtracted from the measured calibrated pore

water pressure values. These results are further discussed hereinafter.
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Figure 3.15 Excess pore water pressure results during thawing of sample #3

3.4.3 Soil moisture change

Moisture contents of the soil samples were measured at various depths both
previous to and following the thaw consolidation tests. When the column was

initially filled with the test material, before the freezing process, two specimens
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from each device were collected for moisture content measurement. Results
indicated that the gravimetric water content in each sample was 41.7%, 38.0%
and 40% for devices #1, #2 and #3, respectively. Therefore, all samples had a
water content within the desired water content range observed in the field (i.e.
40%). Once the thaw-consolidation tests were complete, the soil was removed
from the columns and specimens were taken at various depths for laboratory

measurement of moisture content.

Figure 3.16 presents the moisture content, by weight, measured within the silty
clay soil in sample #1 and sample #2 after 16 days of thawing, as well as the

moisture content measured in sample #3 after 29 days of thawing.
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Figure 3.16 Gravimetric water content for samples #1, #2 and #3 at different depths,
following the thawing process
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4 Numerical modelling

Numerical models were developed in order to assess the effectiveness of the
laboratory model to simulate natural thawing conditions. The modelling was
carried out using two different finite element software packages, specifically
Temp/W and Vadose/W, developed by Geo-Slope International (2007), to
respectively verify the thermal and hydraulic behaviour of the thawing soil

specimens during the laboratory procedure.

4.1 Thermal modelling using Temp/W

For the thermal analysis, Temp/W software was used. Temp/W is a two-
dimensional finite element software that simulates ground thermal behaviour
response to boundary condition changes. The software can be applied to a wide
variety of geothermal problems such as the degradation of permafrost, frost
depth penetration, effectiveness of various insulation alternatives for reducing
freezing and/or thawing, and many more. Temp/W is designed to account for
absorption or release of latent heat through freezing and thawing of water and
ice, respectively, by means of an unfrozen water content function. Furthermore,
once the model has been set up and solved, the software is designed to
generate plots of various computed parameters, such as temperature, flux,

evaporation, latent heat, etc. (Geo-Slope International Ltd., 2007a).

4.1.1 Model descriptions and boundary conditions

The two-dimensional Temp/W model constructed for the thermal analysis is
shown in Figure 4.1. The dimensions of the model were defined as to simulate
the silty clay soil subjected to thawing during the laboratory test. This model has
a height of 0.95 m and a width of 0.55 m. It should be noted that the numerical
model is a two-dimentional case, while the laboratory model is actually a three-
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dimensional case. However, the extreme boundary conditions discussed in the

analysis takes the difference into account.
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Figure 4.1 Finite element mesh constructed for thermal analysis

The thermal analysis was conducted in two stages. First, a steady-state model

was setup in order to set initial conditions for the transient model. The entire

steady-state model was assumed to have an initial and constant temperature of

-7°C throughout the entire mesh, which represents the temperature conditions

setup during the freezing stage and right before the start of the thawing stage of
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the laboratory procedures. Also, it was assumed that no heat was flowing in or
out of the model's lateral boundaries (total nodal flux, Q = 0). Next, a transient
model was setup using the steady state model results for the initial conditions. A
climate boundary condition was applied at the surface of the model. The climate
data used in the analysis is presented in Table 4.1 and is constant throughout
the analysis. The temperature of 25°C represents the applied temperature from
the heating chamber at the top of the soil sample during the laboratory testing.
The relative humidity is an average value assumed based on the fact that it does
not largely affect the results analysis, which is driven by the temperature. The
wind speed of 3 m/s represents the actual speed of the fan located in the
heating chamber, determined from the manufacturer. Finally, pan evaporation
was measured in the laboratory by placing two beakers of water under the
heating chamber, at the top of the soil column, and allowing the water to
evaporate for 24 hours under the same conditions as imposed during the thaw
consolidation tests. It was measured that an average of 8 mm of water can
potentially evaporate in one day under the imposed laboratory thawing

conditions.

Table 4.1 Climate data applied as surface boundary condition

Potential
Temperature (°C) Relative Humidity (%) Wind Precipitation | evaporation
(m/s) (mm) (mm/day)
25 50 3 0 8

The climate boundary condition was applied at the surface of the transient model
and a fixed temperature of -4°C was applied on the bottom boundary of the
model. As for the lateral sides of the model, two extreme cases were assumed,
given that there was Thermocell loose-fill insulation surrounding the soil sample,
but the effectiveness of the insulation was not known. For the first case, it was

assumed that there was no insulation on the sides of the model. A temperature
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of -4°C was applied on both lateral sides, which represented the cold room
temperature during thawing. For the second case, it was assumed that the
sides of the model were fully insulated (i.e. no heat flow in or out of the sample),

which represents an ideal situation.

4.1.2 Material properties

Atterburg Limit tests were performed on the silty clay permafrost coliected during
the field investigations. The samples tested were found to have a liquid limit,
plastic limit and plasticity index of approximately 64%, 28% and 36%,

respectively. The atterburg limits results are summarized in Table 4.2.

Table 4.2 Atterburg limits

Liquid Limit (W1) 64.3

Plastic Limit (Wp) 27.6

Natural Water Content (Wn) 23.7

Laboratory testing was carried out to determine soil parameters required for the

numerical and theoretical solutions. These parameters are listed in Table 4.3.

Table 4.3 Soil parameters determined before the freezing process

Dry unit weight, yq (kN/m®) 13.03
Unit weight, y (kN/m®) 18.24
Initial gravimetric water content, w (%) 40
Void Ratio, e 1.03

These parameters are assumed reasonable when compared to soil properties
found in the literature. Das (2004) presents typical values of dry unit weight,
saturated moisture contents by weight and void ratio for soft clays. These
values range from 11.5 to 14.5 kN/m?, 30% to 50% and 0.9 to 1.4, respectively.
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The values determined in the laboratory are within the typical range presented

by Das (2004), therefore reasonable for this investigation.
Further parameters were required for the analysis, however not measured in the

laboratory. These parameters were assumed from the literature and are outlined
in Table 4.4.

Table 4.4 Silty clay soil parameters determined from the literature

Parameter Value used for analysis Reference

Specific gravity, Gs 2.7 Das (2004)

Hydraulic conductivity, k (cm/s) | 107 (silt) - 107 (clay) Das (2004)

Coefficient of volume 1x10° Krahn (2007)

compressibility, m, (m%kN)

Coefficient of consolidation, ¢, | 1.4x 10°-1.6x 10™ U.S. Department of Navy

(cm?/s) (1971), Terzaghi et al.
(1996)

Table 4.4 presents a range for the coefficient of consolidation (c,) of the silty clay
sample. As this parameter was not measured in the laboratory, a first estimate
was made from the coefficient of consolidation chart presented by the U.S.
Department of the Navy (1971) for silts and clays. This chart is presented in
Figure 4.2. As we have a disturbed soil sample, the value of ¢, should lie below
the lower curve. The liquid limit determined in the laboratory was 64.3. This
would indicate that a reasonable estimate of ¢, would be 2.4 x 10™* cm?/s for the

silty clay soil sample, according to the chart.

Figure 4.3 presents a comparison of values of coefficient of consolidation for
various clays, computed from two different equations (Terzaghi et al., 1996). It
is observed from Fig‘ure 4.2 and Figure 4.3 that ¢, generally decreases with an
increasing liquid limit. However, Figure 4.3 provides evidence that ¢, may
significantly vary for clays with a particular liquid limit. For a liquid limit of 65%,

¢, varies from 1.59 x 10 cm?%s to 2.5 x 10 cm%s. Thus, with a combination of
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Figure 4.2, Figure 4.3 and the known liquid limit of the silty clay soil sample
tested in the laboratory, it is reasonable to assume that the coefficient of
consolidation of the sample lies within the range of 1.6 x 10* cm?s (i.e.
minimum value from Figure 4.3) to 1.4 x 10> cm?s (i.e. maximum value from
Figure 4.2).

i T
¥ - o - cvt———
1yt . :
LY S . - v “ - . + e
: '
ﬁ - [ t " - -
b1 ,,\ . . - r————— e et ' ¥ ]
4 - . - — ; 4 B e
3 " A=« _ Uncisturbed sariples —
. 4= o tunge of \lm_:in CHRpRSSNOn
Z . .
= -0 inronge of recnmqmes<sacn
g ! e ltew ubeae his lower Yot
d
L L1 s
"
ﬂ -
5
$F
-
A
Tranplerely reriolded
H ﬂul‘.]fh?'w: )
) 17 b bebura this uppes bintt
iy ; P
¥ ' v C oy
S A SE—
:‘?T’""—‘ - + -
4 ? A - : -~ 4 - d
t Rl i 4l b1l 1 [N T30 1l

Lisga'd bieve 1L
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Figure 4.3 Comparison of the computed coefficient of consolidation for various clays
(after Terzaghi et al., 1996)

Table 4.5 outlines the volumetric heat capacity (frozen and unfrozen) and water
content used for the analysis. The thermal conductivity and unfrozen water
content functions used in the analysis are presented in Figures 4.4 and 4.5.
These parameters were estimated based on various sources: McRoberts and
Morgenstern (1974), Krahn (2004), Kersten (1948), Isaacs (1974), Goodrich
(1982), Penner (1970), Smith and Riseborough (1985) Tarnawski (1993) and
Zoltai and Pettapiece (1973).

Table 4.5 Volumetric heat capacity and water content

Volumetric heat capacity, C (kJ/m°/°C)

Frozen Unfrozen Volumetric water content, 6

2050 2450 0.52
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4.1.3 Results

The numerical models developed for both thawing scenarios (i.e. no insulation
and fully insulated) were solved for a total of 29 days. The thawing
temperatures results versus time, during the entire length of thawing, are
presented in the two following figures. Figure 4.6 presents the temperature
results for soil located at 30 cm, 50 cm and 70 cm from the soil surface, for a
case where the soil would be fully insulated. Figure 4.7 presents the
temperature results versus time for a case where the soil would not be insulated.

The results are further discussed later.
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Figure 4.6 Soil temperatures with time predicted by the Temp/W model for the case
where the soil is fully insulated along lateral boundaries
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Figure 4.7 Soil temperatures with time predicted by the Temp/W model for the case
where the soil is not insulated along lateral boundaries

4.2 Moisture modelling using Vadose/W

Vadose/W software was used to predict the hydraulic behaviour of the soil
during the laboratory experiment. Vadose/W is a two-dimensional finite element
software that simulates flow of water through both saturated and unsaturated
soils. Using Vadose/W, two-dimensional water flow can be analyzed by
establishing boundary conditions and pore water pressure conditions, such as
precipitation, evaporation/transpiration, vegetation, gas diffusion, etc (Geo-Slope
International Ltd., 2007b). However, it is not capable of modelling excess pore
water pressures generated from thawing of pore ice. The model was used to
have an approximate estimate of moisture changes within the thawed zone. The
information will provide insight into understanding how the laboratory model

performed.
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4.2.1 Model descriptions and boundary conditions

The model constructed for the Vadose/W analysis is shown in Figure 4.8. The
height of the model is 95 cm, which is the height of the soil column developed for
the laboratory analysis. It should be noted that this is actually a one-dimentional
case simulated with a two-dimentional model. This is considered reasonable as

the laboratory test to be simulated is not expected to have lateral water flow.

Hydraulic, thermal and climate boundary conditions were set for the analysis.
The model was developed in two stages for the hydraulic analysis. The first
stage was a steady-state setup in order to determine the initial conditions of the
model. The boundary conditions for the steady-state model were configured so
that it results in a uniform volumetric water content of 0.52 (i.e, 40% by weight)

throughout the model for input to the next stage analysis.

For the second stage of the model, the results of the previous setup were used
for the initial conditions. A thermal boundary condition of -4°C was applied at
the bottom boundary of the model and the climate boundary condition presented
in Table 4.1 was applied at the top surface of the model. Finally, no water was

flowing in or out of the lateral boundaries.
Once the boundary conditions were set, the transient model was analyzed for

the amount of days corresponding to the thawing period observed in the

laboratory.
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Figure 4.8 Finite element mesh constructed for Vadose/W analysis

4.2.2 Material properties

Table 4.6 outlines the soil thermal properties entered for the analysis. The
thermal properties were determined from the same sources as listed for the
Temp/W model. Hydraulic properties were established for the Vadose/W model
and the functions used for the software solutions are presented in Figure 4.9 and

4.10.
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Table 4.6 Material properties used for the Vadose/W analysis

Thermal Conductivity Volumetric heat Capacity
(kJ/day/m/°C) (kJ/m3/°C)
Frozen Unfrozen Frozen Unfrozen
200 120 2050 2450

The soil water content function, or soil water caracteristic curve (SWCC), is an
important function that presents the capability of the soil to store water under
various matric pressures (i.e, pore water pressures). This function is mainly
influenced by soil particle size and distribution. A SWCC estimation method
provided with Vadose/W was used for estimating the volumetric water content
function. With this method, typical water content functions are provided for
different soil types. A silty clay soil was selected from the Vadose/W database
and a saturated volumetric water content of 0.52 (i.e, 40% by weight) was
specified. The soil water content function estimated by Vadose/W is presented
in Figure 4.9.
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Figure 4.9 Volumetric water content function for silty clay
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Another soil material property that is required in the solution of the Vadose/W
partial differential equations is the hydraulic conductivity function. The hydraulic
conductivity function was estimated using the Fredlund and Xing (1994) method
provided with the Vadose/W software. This method estimates the hydraulic
conductivity function by using a specified volumetric water content function and

a specified value of hydraulic conductivity for the saturated condition.

The volumetric water content function used for the Fredlund and Xing method
was the one predicted from the sample functions estimation method, as
presented in Figure 4.9. The hydraulic conductivity used for this method was
assumed from the literature. As previously presented in Table 4.4, an upper
bound and a lower bound hydraulic conductivity was used for the analysis (i.e.
10° cm/s and 107 cm/s), therefore two hydraulic conductivity functions were
established. The hydraulic conductivity function estimated by the Fredlund and
Xing method is presented in Figure 4.10.
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Figure 4.10 Hydraulic conductivity function for silty clay
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4.2.3 Results

One model was developed for each extreme value of hydraulic conductivity and
solved for a total of 29 days. The change in volumetric water content results
versus time are presented in the two following figures. Figure 4.11 presents the
change in moisture content results with time, at depths of 30 cm, 50 cm and
70 cm from the soil surface, for a soil having a saturated hydraulic conductivity
of 10°° cm/s. Figure 4.12 presents the change in moisture content results versus
time for a soil having a saturated hydraulic conductivity of 107 cm/s. The results

are discussed hereinafter.
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Figure 4.11 Volumetric water content with time predicted by the Vadose/W model based
on a saturated hydraulic conductivity of 10° cm/s
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5 Analysis

This section provides an analysis of the laboratory results with respect to

numerical and theoretical predictions.

It should be noted that, to date, no numerical models can precisely represent the
highly complex and highly coupled mechanical-thermal-hydraulic processes
occuring in a soil matrix during thaw consolidation, as presented in Figure 5.1.
Through coupled processes, many parameters are changing with time and/or
with depth, such as volume, void ratio, stress, hydraulic conductivity, water
content, suction, temperature, thermal conductivity, specific heat, evaporation,
etc. Due to the limitations of the software used, it was not in the interest of this
study to compare the numerical predictions to the theory developed by
Moregenstern and Nixon (1971). Furthermore, due to time constraints and its
complex nature, not all of the coupled processes occuring during thaw

consolidation were analyzed during this study.

Heat transport Water and gas flow

Pore pressure generation
Fluid viscosity

Heat convection

Thermal conductivity

Stress-strain

Figure 5.1 Coupled processes in a soil matrix (after Fall, 2007)
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5.1 Thermal behaviour

When comparing the experimental temperature results with the numerical
predictions, it was observed that the thawing was taking place as anticipated in
all soil samples. This section summarizes the temperature results that were
obtained from the k-type thermocouples during all tests in comparison to the
predicted temperature results that resulted from a thermal finite element

analysis.

5.1.1 Analysis

The results (Figure 3.10 and Figure 3.12) show that the soil near the surface, i.e.
at the 30 cm depth, was thawing more rapidly than the others, as expected,
because it was closest to the heat source. As shown in Figure 3.10, for both
sample #1 and sample #2, the top sensor indicated that the thaw front had
reached 30 cm after only 3.1 days of thawing. The thaw front reached 50 cm
from the surface after 9.2 days of thawing. As for the bottom sensor, the thaw
front had not yet reached 70 cm after 16 days of thawing, when the soil

temperatures had stabilized.

It can be observed from Figure 3.12 that the thaw plane reached 30 cm from the
soil surface after 2.95 days of thawing and reached 50 cm after 10.75 days of
thawing for sample #3. Furthermore, the thaw plane had not reached 70 cm
after the thawing period was complete as the temperature sensors were

indicating a temperature of about -1°C at this depth.

Figure 5.2 presents the temperature results obtained from the laboratory
experiments after 16 days of thawing for samples #1 and #2 together with the
predicted numerical results obtained from the Temp/W analysis described in
section 4.1. This figure provides evidence that the Temp/W software reasonably
predicted the thawing behaviour of the temperature in the permafrost soil. It is
shown that the experimental data points fall inside the predicted thawing
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temperature envelope that was created with the Temp/W software for the two
extreme insulation cases assumed. This also provides a verification of the
insulation effect of the laboratory model. The upper boundary shown in Figure
5.2 is the thawing temperature results obtained for a case where the insulating
silty clay would not be surrounded by any loose-fill insulation. Whereas, the
lower boundary represents the thawing temperature results for a case where the
soil would have been completely insulated along the lateral surface. As the
experimental results fall inside this envelope, it is understood that the lateral
boundary insulation only worked to a certain extent. The experimental results
for both sample #1 and sample #2 both fall closer to the lower boundary than the
upper boundary of the envelope, which means that the insulation was indeed

working towards minimizing the lateral boundary effects.

Temperature (°C)

0 1 ) L /
T 02 e
@ 0.3 25
£ e
= 0.4 /
(/7]
= 05 £
2 /
(7]
«— 0.6
o
£ 0.7
)
O 0.8

0.9
1

’ Temp/W Insulated =—=Temp/W Non-insulated A Experimental #1 © Experimental #2[

Figure 5.2 Thawing temperature envelope and results for samples #1 and #2 after 16
days of thawing
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Figure 5.3 presents the temperature results obtained from the laboratory
experiments after 29 days of thawing for sample #3 together with the predicted
numerical results obtained from the Temp/W analysis. As was the case for the
first two samples, this figure shows that the experimental data points fall inside
the predicted thawing temperature envelope. Yet again, the experimental
results fall inside the envelope. This indicates that the finite element software
reasonably predicted the soil thawing behaviour and the insulation worked to a

certain extent.
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Figure 5.3 Thawing temperature envelope and results for sample #3 after 29 days of
thawing

5.1.2 Derived thermal properties of soil samples

The time required to completely thaw a particular sample is a complex issue,
which depends on many parameters, such as the diffusivity, thermal
conductivity, volumetric heat capacity and volumetric latent heat of the soil, the

initial ground temperature and the surface temperature (Harlan and Nixon,
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1978). Equation 2.1, which estimates the position of the thaw plane, has been
widely used and accepted (Carslaw and Jaeger, 1947, Morgenstern and Nixon,
1971, Morgenstern and Smith, 1973, Harlan and Nixon, 1978, Ryden, 1985).
This simple solution is used here to determine the thermal constant, a, of the soil
samples tested.

From the temperature results presented in Figure 3.10 and Figure 3.12, the
amount of time it took for the thaw front to reach 30 cm and 50 cm from the soil
surface can be determined for the three series of thaw-consolidation tests. With
known values of t (time) and X (depth to thaw plane), an average value of a is
determined for different thaw depths for a surface temperature of 25°C. The
results are presented in Table 5.1. These seem to be reasonable values when
comparing them to other a values from the literature that have been calculated
for similar soils. For example, Nixon and Ladanyi (1978) reported an a value for

1/2

a sample of silty clay to be 1.93 m/year " for a surface temperature of 10°C and

a water content of 50%.

Table 5.1 Thermal constant determination

Sample X (m) t (year) a (mly"?)
#1 0.30 0.0082 3.3091
#1 0.50 0.0247 3.1841
#2 0.30 0.0082 3.3091
#2 0.50 0.0240 3.2293
#3 0.30 0.0079 3.3656
#3 0.50 0.0280 2.9881

It is observed from Table 5.2 that the a value is consistently higher for the soil
located at 30 cm from the top of the soil column than for the soil located at 50
cm from the top. These results are reasonable based on the fact that there is
faster heat penetration at the top of the soil sample, where heating is applied.
Furthermore, the bottom of the soil column is open to the cold room
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temperatures, therefore a slow down in heat penetration is expected near the

bottom.

5.2 Pore water pressure

This section discusses the pore water pressure results that were obtained from
the PDCR-81 miniature pore pressure transducers during the third test and

provides a comparison to the theoretical values.

5.2.1 Pore water pressure generation with respect to the thaw front

While it is not clear why the upper sensor at the 30 cm depth registered
extremely high suction (negative) and the lower one at the 50 cm depth
registered extremely high pressure (positive) when the soil sample was frozen
(Figure 3.14), both sensors responded to thawing of the sample. As shown on
Figure 3.14, the upper sensor (30 cm) recorded a more rapid change of
pressure than that recorded by the lower one (50 cm), when thawing reached
the sensor level. This is reasonable seeing that the temperature results in
Figure 3.14 provide evidence that the slope of the thawing temperatures around
0°C is higher for the sensor located at 30 cm from the soil surface than for the
sensor located at 50 cm from the soil surface. Figure 5.4 presents the thaw rate
when the thaw plane reached 30 cm and 50 cm from the surface, respectively.
As presented in this figure, the soil located at a depth of 30 cm from the top of
the soil column was thawing at a rate of 1.1°C/Day, whereas the soil located at a
depth of 50 cm from the top of the soil column was thawing at a rate of
0.3°C/Day.

This would indicate that the soil located at a depth of 30 cm from the soil surface
is thawing almost four times quicker than the soil that is located at a depth of 50
cm from the soil surface. This is expected since the upper sensor is closer to
the heat source at the top. Thus it was taking much longer for the pore ice to

turn to pore water at the lower 50 cm sensor than for the 30 cm sensor.
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Figure 5.4 Thaw rate for two different depths

From the temperature analysis, it was found that the 0°C isotherm had reached
the 30 cm sensor after 2.95 days of thawing and reached the 50 cm sensor after
10.75 days of thawing. The pressure sensors did not begin to pick up pore
pressure until after 3.3 days and 14.5 days of thawing, for the sensors located at
30 cm and 50 cm depths, respectively. This is reasonable due to the ice latent
heat effect. |
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5.2.2 Pore water pressure changes

5.2.2.1 Pore pressures at 30 cm depth

Figure 5.5 presents the pore water pressure along with the temperature readings
at a depth of 30 cm from the soil surface at the beginning of the thawing stage.
As shown in the figure, the pore water pressure behaviour corresponds very well
to the temperature behaviour. When the temperature reached 0°C around day
3, the pressure sensors started responding rapidly. Furthermore, throughout
day 3 and day 5 of thawing, the pore water pressures rose to above 0 kPa and
oscillated. From the temperature results, this proves to be the time when the

pore ice was turning into pore water.
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Figure 5.5 Temperature and pore water pressure readings at 30 cm depth from day 2 to
day 5 of the laboratory testing
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Figure 5.6 presents the pore water pressures at 30 cm depth throughout the
entire thawing period. It is shown that the pore water pressures were negative
at the beginning of the thawing test, while the soil and water were in the frozen
state. A similar behaviour was reported by Harris and Davies (1998) who
performed seven cycles of freezing and thawing tests on a silty soil. The resulits
from one of the freeze-thaw cycles for soil located at a depth of 150 mm are
presented in Figure 5.7 for comparison purposes. In order to observe the pore
pressures around the previously mentioned “zero curtain period”, Figure 5.8
presents a closer look at the pore water pressure behaviour throughout day 3
and day 5 of thawing.

10

8 7.8 kPa

3.0 kPa
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Figure 5.6 Pore water pressures at 30 cm depth
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Figure 5.7 Temperature and pressure recorded during soil freezing and thawing test
(after Harris and Davies, 1998)
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Figure 5.8 Experimental pore water pressure results for sample #3 at a depth of 30 cm

64



From the temperature results presented in Figure 3.12, it was determined that
the thaw front had reached the 30 cm sensor after 2.95 days of thawing. Figure
5.6 confirms this fact, as the pressure sensors responded shortly after 2.95 days
of thawing. The pressure first peaked at day 3.3. It is observed from Figure 5.8
that during the first day after the temperature reached 0°C, the pore water
pressures reached a first peak, then fall below zero, peak again to a higher
value, droped below zero again before slowly increasing to about the same
value as the first peak. This depicts the behaviour of the pore water pressures
during the zero curtain period as presented by Harris and Davies (1998). This
pore pressure behaviour indicates that, even though the temperature results
showed temperatures of +0°C to +4°C from day 3.3 to day 4.2 of thawing, there

could still be pore ice in the soil.

As shown in Figure 5.6, the pore water pressures continued to rise, and
oscillated up and down until about 8.75 days into the thawing process when a
maximum pore pressure of around 7.8 kPa was picked up. It is unclear whether
this high pore water pressure is related to possible existence of pore ice.
Following this peak, the pore water pressures began to decrease, which is
expected as they were allowed to dissipate and evaporate through the surface of
the soil column. There was a period, from day 10 to day 15 of thawing, where
the average pore water pressure is about 5.1 kPa. This corresponds to the
overburden pressure applied by the saturated silty clay at a depth of 30 cm.

As thawing progressed, the pore water pressures continued to decrease. From
day 19 to day 22.5 of thawing, the average pore water pressure was about 3.0
kPa. This correspond to the hydrostatic pressure at 30 cm depth. It means that
the excess pore water pressure has fully dissipated by then. It was unclear why
there was a sudden drop of pore pressure after the excess pore water pressure
was fully dissipated. However, the pore water pressure is expected to drop
further due to evaporation with time. At the end of the test, a crust was

observed at the top of the soil.
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5.2.2.2 Pore pressures at 50 cm depth

From the temperature results (Figure 3.12), it was determined that the thaw front
had reached the 50 cm sensor after 10.75 days of thawing. It is observed from
Figure 3.14 that the pressure sensor at 50 cm depth started responding to the
temperature increase at around day 5, when the temperature increased to about
-2°C (Figure 3.12). A closer look of the pressure chart is reproduced in Figure
5.9. It is noted that the pressure dropped sharply to a more reasonable level of
7.4 kPa at about day 14.5. This is about 4 days after the temperature reached
0°C at this depth. The temperature slowly creeped up thereafter to slightly
above +2°C throughout the remaining part of the test. It is suspected that, with
this temperature, some pore ice may still exist. This probably explains why the
water pore pressure continued oscillating, which mimicked the “zero curtain”
effect (Harris and Davies, 1998).
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Figure 5.9 Pore water pressures at 50 cm from soil surface
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Nonetheless, the pore water pressure of 7.4 kPa between day 14.5 and day 15.5
of thawing was checked against the overburden pressure, which is about 9.1
kPa, and the hydrostatic pressure, which is about 5 kPa, assuming the soil was
still fully saturated throughout the column above. The measured value of 7.4
kPa falls within this range, thus making it a reasonable outcome as the soil was

unsaturated at the top and the consolidation process had begun.

5.2.3 Remarks on accuracy of measured data

Careful consideration must be taken when interpreting the test data and
comparing the temperature results with the pore water pressure results because
both sensors are subject to a number of things that may affect the results, such
as instrumental error, location, behavior of the soil, etc. The thermocouples and
pressure transducers were placed side by side, however, these sensors could
have been slightly displaced. Even though the temperature sensors picked up
a temperature of +0°C, the exact time when the thaw front reached the sensor is
questionable due to the accuracy of the sensor and due to the complex physical
behaviour of water, ice and soil within a zone of £0°C. Since a temperature of
0°C represents the melting point of the ice as well as the freezing point of water.
The shaft friction between the soil and the pvc column may also affect the
pressure. A teflon spray was applied on the interior of the pvc pipe to reduce
friction, however the effectiveness of this method was not measured during the
laboratory experment. Furthermore, the pressure sensors may be affected by
temperature change as well. Consequently, any discrepancies between the
readings can be due to a combination of the accuracy of the sensors, the
differences in the temperature and pressure sensor locations, and the thickness

of the transition zone around the 0°C isotherm where pore ice may exist.
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5.2.4 Comparison of pore pressure data with theoretical results

The laboratory test data are compared with the theoretical results from Equation
[2.3] developed by Morgenstern and Nixon (1971). As there was no load applied
to the soil surface during the laboratory procedures, P, is equal to zero, thus the

complete solution is reduced to the following equation:

ulx, )= —L> [5.1]

1
1+ 5
2R

The respectful excess pore water pressures can therefore be calculated from
Equation [5.1] for the two depths, x, measured in the laboratory, 30 cm and 50
cm from the soil surface. The thaw consolidation ratio is calculated with
Equation [2.4] based on the coefficient of consolidation range given in Table 3.3
and the a values calculated in Table 5.1. The range of excess pore water
pressure calculated for each depth are given in Table 5.2. Those values are
also plotted in Figure 5.10, along with the excess pore water pressure values

measured experimentally.

The excess pore water pressures calculated from Equation [5.1] are a function
of the submerged unit weight of the soil, the depth at which the excess pore
water pressures are measured and of the thaw consolidation ratio. This
equation represents the initial value of excess pore water pressure that is
generated at the moment when the pore ice changes to water. Figure 5.10
provides experimental evidence that excess pore water pressures are generated
at a depth of 30 cm and 50 cm below the ground surface when the thaw plane
reaches the respective depth. It can be observed from the preceding figure that
the excess pore pressures were 2.69 kPa for the 30 cm sensor and 2.45 kPa for
the 50 cm sensor after 3.45 days and 15.00 days of thawing, respectively. The
experimental pore water pressures obtained at the two different depths fell within

68



the region of the predicted excess pore pressure range calculated from Equation
[5.1].

15
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Figure 5.10 Theoretical and experimental excess pore water pressure

It should be noted that the theoretical values assume that pore ice changes to
pore water instantly when the thaw front reaches the depth of interest. In reality,
there is always a transition zone where pore ice changes to water gradually.
During this progressive thawing process, part of the upper layer soil may have
become unsaturated. In other words, the water table at the soil surface, that is
used for calculating the excess pore water pressure, may not be correct. Given
above discrepancies, it is considered that the theoretical and experimental

results are reasonably agreeable.
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5.3 Moisture migration

This section analyzes the moisture contents measured during the laboratory
experiment with respect to the moisture migration predicted from the Vadose/W
numerical analysis. Figure 5.11 presents the volumetric moisture content
measured within the silty clay soil in sample #1 and sample #2 after 16 days of
thawing, along with the moisture content predicted by the finite element model.
Similarly, Figure 5.12 presents the volumetric moisture content measured within
the soil in sample #3 after 29 days of thawing, along with the moisture content

predicted by the numerical model.

Volumetric Water Content
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----- Vadose/W (k = 2.5*10"-6 cm/s)

Figure 5.11 Experimental and theoretical moisture contents after 16 days of thawing

Both figures present an upper bound case and a lower bound case

coresponding to the hydraulic conductivity values assumed as discussed in
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section 4.2.1. Furthermore, the dotted curve represents the results with a
hydraulic conductivity that best suited the experimental data.

As can be observed from these two figures, the finite element software,
Vadose/W, was able to predict the moisture conditions successfully for the three
samples tested.
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Figure 5.12 Experimental and theoretical moisture migration after 29 days of thawing

Furthermore, information can be derived from the shape of the curves. At the top
of the soil column, the soil is relatively dry after 16 and 29 days of thawing. This
drying is a result of evaporation. The potential evaporation was measured to be
8 mm/day for the thawing scenario set up in the laboratory. As thawing
proceeded and the soil dried, a crust formed at the top of the soil column. Due
to this reason, it should be noted that care must be taken when estimating the
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hydrostatic pressure, with respect to the excess pore water pressure

interpretation.

Finally, it appears that the sample tested in the laboratory is more closely
following the thawing pattern of the finite element model having a saturated
hydraulic conductivity of 1 x 107 cm/s. From the resuits presented by the dotted
curve on both figures, it would be reasonable to state that the silty clay soil
sample used for testing has a saturated hydraulic conductivity of around 2.5 x

10°® cm/s to 3.0 x 10°® c/s.
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6 Conclusion

A large-scale laboratory device was developed to verify the temperature, pore
water pressure and moisture migration behaviour of thawing soils. Finite
element models were developed to simulate the conditions set up in the
laboratory and to predict the thermal and hydraulic behaviour of the soil
samples. The results obtained from three thawing tests were analyzed in
comparison to numerical predictions obtained from the finite element modeling
as well as to theoretical predictions calculated from the thaw consolidation

theory developed by Morgenstern and Nixon (1971).

It was observed from the temperature results that heat penetration was faster at
the top of the soil column than at the bottom due to difference of thermal
gradient. When comparing the experimental results with the results obtained
from the thermal finite element modeling, it was found that the designed
laboratory equipment was capable of simulating the temperature behaviour with
reasonnable accuracy for a silty clay soil. Furthermore, through the finite
element analysis, it was determined that the insulation surrounding the soil
column was only working to a certain extent. If this test were to be repeated, an
improved insulation system should be used to surround the soil columns in order
to ensure that the soil is thawing more uniformly from the top down, as would

occur in natural ground thawing conditions in permafrost regions.

As for the analysis of the moisture migration, both the experimental and
numerical results followed the same pattern, therefore the designed laboratory
equipment was again shown capable of simulating natural field conditions for the
purpose of verifying the thaw consolidation theory. After the thawing process
was complete, the moisture content at the top of the soil columns was low and a
crust was formed due to evaporation. The thaw consolidation theory assumes
that the soil above the thaw front is saturated. However, as measured in the

laboratory, the upper portion of the soil column became unsaturated during the
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thaw consolidation process. Therefore, care must be taken when calculating the
hydrostatic pressure necessary for determining the excess pore water
pressures. During the laboratory test it was also observed that the moisture
content increased with depth and approached the initial volumetric moisture
content at the depth of the thaw plane. As thaw consolidation occurs, the void
ratio is changing throughout the soil column, thus inducing a related change in

water content.

When comparing the temperature measurements to the pore water pressure
measurements, it was found that the pore water pressure fluctuations
corresponded to the temperature changes, especially around the “zero curtain
period” zone. However, as the thaw plane progressed, the pore water pressures
fluctuated and, at times, reached high peaks, especially in near the sensor
located at 50 cm from the soil surface. It is not certain why the pore pressures
fluctuated so much, however it can be due to many factors, such as possible
existence of pore ice, shaft resitance, and the sensor accuracy. It was observed
from the laboratory results that there is a phase change zone around the 0°C
isotherm. Thus, when the thaw line reaches a certain depth, only a portion of
the ice turns to water at that depth. When comparing the theoretical predictions
to the experimental results, it must be understood that some of the pore water
pressures at the thaw front have time to dissipate while the rest of the ice is

melting.

Given all the uncertainties and discrepancies mentionned above, the
experimental pore water pressures and the theoretical results from the thaw
consolidation theory by Morgenstern and Nixon (1971) compared reasonably
well for a case where the thawing soil is consolidated by its own weight.
However, further development of the thaw conslidation theory is necessary to

take into account the phase change zone as well as the unsaturated zone.
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Appendix A — Thaw consolidation theory

Morgenstern and Nixon (1971) presented the following derivation for their thaw
consolidation theory, starting with the movement of the thaw plane, given by the

Newmann solution:

X(t)=at [1]
Where a = constant determined in the solution of the heat conduction
problem
X = distance to the thaw plane from the soil surface
t = time

In the thawed region, it is assumed that the soil is compressible and that the

theory of consolidation is valid.

Where u = excess pore pressure
X = depth measured from the ground surface
o = total stress applied
Cy = coefficient of consolidation

If the stress does not vary with time, the equation becomes:

0’u Ou
oo 3]
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Boundary Conditions:

t=0; X=0 [4]
t>0;, u=0; x=0 [5]

From Darcy’s Law, the volume of pore fluid expelled from a small layer AX as
the thaw line advances through an increment in time At is

4% (x 1)
Ox

AV =- At [6]
Y
Where 4V =discharge
A = cross-sectional area of a soil element
k = hydraulic conductivity of the soil

%(X ,t)= excess pore pressure gradient at the thaw interface

Yw = unit weight of water

The discharge is equal to the change in volume of a layer of thickness AX. The
volumetric strain is given by

ou
s ar kg0 -
yoaax T ax

" dt

85



For a compressible soil:

AV

= =—m,Adc"’

Where m, = coefficient of volume compressibility

From Equations [7] and [8]

. ou(X )

Ao'=

v

ax
dt

Ox

The total stress at x = X is:

o(X,t)=P+X

Where

Py
Y

= load applied to the surface
= bulk density of the soil

At x = X the pore pressure is

P(x,0)=u(X,t)+y X

And therefore the effective stress is

o' (X,0)=P +y' X —u(X,t)

Where

y

= submerged density of the soil

(8]

[9]

[10]

[11]

[12]
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Ac'=a'(X,t)-a,' [13]

Where oo’ = initial effective stress in the soil

It is assumed that in ice-rich soils, 0¢’ is zero. Therefore, from Equations [12]
and [13]:

Ac'=P, +y' X —u(X,1) [14]

From Equations [14] and [9], the following equation is derived:

Bu
cv—(X9t) -—
ﬂ+7.X_u(X,t)=%_ ;c>—0X(t) [15]
dr

Analytical solution:

A solution to [3] subject to the boundary conditions expressed by [4], [5] and [15]

is assumed in the form:

u(x,t)= Aerf[z‘/zj]+3x [16]

Where erf( ) = error function

The constants A and B may be found from the boundary conditions and are:

a=—205 Y

erf(R)+ E_—Z~

JrR

87



[18]
1
1+

2R?

Where R = @ = thaw consolidation ratio
2Je,

Therefore the complete solution is:
u(x,t): i) - erf[zJ_] rx [19]

erf (R)+ <= ”T

ﬁh
It is convenient to introduce the dimensionless variables:
z=i and Wf:&(t) [20]
x() R,

[19] becomes:

+ [21]
P+yX \1+Ww

o)) [ 1 )Mig(fﬁ"z (Hﬂlej[HWi]

Where w, = measure of the relative magnitude of the applied load and

the effective overburden pressure at the thaw line
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For a weightless material (W,=0):

u(z,t) erf(RZ )

(22]
erfAR)+ ——
£(R)+= J—R
For a soil consolidating under its own weight (W,==):
u(z,t) _ Z (23]
" (vaw)
2R’
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