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Abstract

Laboratory studies were conducted on fine-grained soils from the Mackenzie valley,
N.W.T., Canada, to study the transient layer. Two laboratory models simulating repeated
freeze-thaw cycles were placed in a walk-in freezer. Temperatures and pore water
pressures were monitored along the soil columns during eleven freeze-thaw cycles. At
the end of the testing program, soil moisture conditions and cryostructures were
examined. Temperature and pore water pressure data were compared to computed results

and the thaw consolidation theory, respectively.

In both laboratory models, an ice-rich zone developed at the active layer and permafrost
interface as a result of moisture migration to the freezing front. The high ice content
zone was altered under extreme air temperature conditions. Distinct cryostructures were
created after repeated freeze-thaw processes. The formation and shifting of the ice-rich
zone provide useful information on moisture conditions and the cryostructures for further

understanding the transient layer.

Résumé

Une étude expérimentale a été effectuée sur un sol fin prés de la surface de pergélisol
provenant de la vallée du Mackenzie, T.N.O, Canada afin d’étudier la zone de transition.
Deux appareils de laboratoire simulant des cycles répétés de gel-dégel ont ét€ placés dans
un réfrigérateur. A la fin du test, la distribution de glace et les cryostructures furent
examinées. Les données de températures et de pressions interstitielles ont été comparées

a des résultats numériques et a la théorie de consolidation, respectivement.

Dans les deux modeles, une zone a teneur élevée en eau fut créée a I’interface de la zone
active et du pergélisol résultant de la migration de 1’eau vers I’isotherme 0°C. La zone
riche en eau fut altérée sous des conditions extrémes de températures. Des cryostructures

distinctes furent créées 2 la suite de cycles répétés de gel-dégel. La formation et le

xi



déplacement de la zone riche en glace fournissent de 1’information utile concernant la

distribution d’eau et les cryostructures afin de mieux comprendre la zone de transition.

xii
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1 Introduction
1.1 General

Cold region engineering is gaining more attention given the interest of the energy sector
in the north. In addition, there are concerns that climate change may contribute to the
degradation of permafrost, which can lead to landslides and excessive ground
settlements. Natural disasters have major implications on the integrity of engineering
structures such as roads and pipelines. A significant number of landslides have been
recorded in the Mackenzie valley which mostly occur in fine-grained soils (Aylsworth et
al. 2000a). Such slope failures are linked to the thawing of near surface permafrost.
However, the current state of knowledge on this topic is still limited. It is necessary to
study permafrost terrain under extreme climate conditions in order to better understand
landslide triggers and thaw consolidation to assist engineers in developing appropriate

solutions when dealing with permafrost-related geotechnical problems.

Currently, permafrost underlies approximately 50% of the Canadian territorial surface
(Johnston 1981; Heginbottom and Radburn 1992). Permafrost consists of earth materials
that remain continuously at or below 0°C for at least two consecutive years (Andersland
and Ladanyi 2004). Geographically, permafrost is divided into three categories:

continuous, discontinuous and sporadic, as outlined in Figure 1.1.

Permafrost varies from continuous and thick (greater than 100 m) in the north to sporadic
and thin (less than 5 m) in the extreme south of the Mackenzie valley (Aylsworth et al.
2000a). The layer of soil overlying permafrost is called the active layer and thaws
annually. The thickness of this layer varies from 15 cm in the far north to 1 m or more in
the south of the N.W.T. (Andersland and Ladanyi 2004). Extreme weather can cause

thawing to greater depths than normal which may result in various geotechnical concerns.
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Figure 1.1 Types of permafrost in Canada (Source: Smith and Riseborough 2002, adapted
from Brown 1972)

Much of the Mackenzie valley has a thin and discontinuous to thick and continuous cover
of glacial ground moraine, also referred to as till (Aylsworth et al. 2000a). These fine-
grained sediments generally have 10-25% segregated ice occurring as thin, irregular
seams in the upper 2 to 3 m, with thicker lenses or irregularly distributed large masses of
segregated ice at greater depths. Research shows that areas containing ice-rich sediments
are most susceptible to landsliding as a result of permafrost degradation (Aylsworth et al.
2000b). An inventory of 3400 landslides have been identified from historical air photos
along the Mackenzie valley, the Mackenzie Delta and Tuktoyaktuk (Aylsworth et al.
2000a). A flow-type of failure, such as the one shown in Figure 1.2, is the most common
type of slope failure occurring in thawing fine-grained soils in the Mackenzie valley
(McRoberts and Morgenstern 1974; Aylsworth et al. 2000a; Dyke 2000, 2004; Harris and



Lewkowicz 2000; Wang et al. 2005). Many failures occurring on slopes of less than 15°
have been recorded (Dyke 2000).

Figure 1.2 A typical retrogressive thaw flow in the Mackenzie valley (Wang et al. 2005)

1.2 Transient layer

Traditionally, permafrost ground is defined as a two-layered system: a seasonally frozen
zone, called the active layer, and underlying permafrost (Andersland and Ladanyi 2004).
However, this two-component model fails to adequately explain the behaviour of frozen
ground, especially in ice-rich soils (Shur 1988; Shur et al. 2005; Nelson et al. 2008). A
third layer, located between the active layer and subjacent permafrost, called the transient
layer (or transition zone) is often overlooked. This layer thaws periodically, but not
every year. It appears that the transient layer is present throughout the permafrost region
(Shur 1988), but can sometimes be difficult to visually identify in field investigations
(Wang et al. 2005). By definition, this layer is still classified as permafrost (Everdingen
2002). However, the intermediate layer has characteristics that differ from the active

layer and long-term permafrost (Shur et al. 2005).



The moisture regime of the transient layer can be an important factor in determining soil
strength during thawing. In ice-rich fine-grained permafrost, when ground ice transforms
into water, soil shear strengths are significantly reduced. Based on a field investigation
conducted by Wang et al. (2005), fine-grained soils generate a significant amount of
water when thawed and may even become liquid. Consequently, the soil is unable to
sustain shear stress. Under these circumstances, it can be assumed that soil shear strength
reduction of a fine-grained soil is related to its water content. Several geotechnical
related problems may arise in the event that thawing occurs. Wang et al. (2008) indicated
that the total water content is one of the most important characteristics of permafrost

soils.

The transient layer is believed to play a key role in slope stability (Wang et al. 2005). It
also promotes thermal stability for the underlying permafrost (Shur et al. 2005). In other
words, the latent heat properties of the transient layer cause the ice-rich zone to resist
thaw and tend to encourage thermal stability at greater depths. If thawing occurs beyond
the transient layer into the underlying permafrost, shear strength will most likely decrease
(Nixon and Morgenstern 1973), which could possibly lead to slope instability and
excessive thaw consolidation (Morgenstern and Nixon 1971). Thus, thawing of transient
layer soils could be critical in geotechnical implications. Nonetheless, this layer has been
the focus of very few studies; therefore, the impact of extreme climate conditions on its

thermal regime requires further study.

Understanding the causes of landslides and excessive thaw consolidation in permafrost
and developing appropriate mitigation measures are of great interest to engineers.
Therefore, gaining more knowledge on near surface permafrost in regards to these issues
is of prime importance. More specifically, it is essential to shed some light on the
thermal and moisture regimes of the transient layer in order to have a better
understanding of its implications in permafrost terrain. Additionally, if the transient layer
can be more clearly defined, only then can it be identified with more accuracy when

conducting a soils investigation. In the event that this is achieved, the transient layer can



then be a part of slope stability analyses which may reduce risks associated with its
thawing. In some field studies, one of the criterions used for determining the bottom of
active layer has been the identification of cryostructures (Hofle et al. 1998; Bockheim
and Hinkel 2005).

1.3 Cryostructures

The term cryostructure refers to the shape and distribution of ice and sediment within
frozen soils. The three zones of soil found within permafrost ground — active layer,
transient layer and permafrost — contain varying amounts of ground ice. This is mainly
due to the particular thermal regime of permafrost soils in comparison to non-permafrost
soils. As a result, a range of sediment arrangement can be found in permafrost terrain.
Various terms have been used to identify the cryostructures found in permafrost ground..
To end the confusion, Murton and French (1994) put forth a detailed description of
typical cryostructures encountered in a periglacial environment. The identification of
cryostructures could assist engineers and scientists in delineating the active layer,

transient layer and permafrost zones (Hofle et al. 1998; Bockheim and Hinkel 2005).

1.4 Thaw consolidation

From an engineering point of view, thaw settlement is one of the most common
geotechnical problems resulting from the thawing of permafrost. It is crucial for
engineers to understand the process of thaw consolidation in cold regions prior to

developing mitigation methods.

Thawing of fine-grained soils may lead to consolidation which is defined as a volume
reduction or change in void ratio that results in soil settlement. Soils that are most
sensitive to thaw settlement are moraine, fine-grained lacustrine and organic bog
(Aylsworth et al. 2000a). Such soils are commonly found in the Mackenzie valley,
making this area susceptible to landslides and excessive thaw settlements. The thaw
consolidation behaviour of a soil depends on many factors, including the physical
properties of the soil, water supply, amount and distribution of ice in the soil, load, thaw

rate, the rate of pore water dissipation, etc. Higher ice content in the soil results in higher



values of thaw consolidation which produce greater settlements. The generation of
excess pore water pressures leads to a decrease in shear strength, bearing capacity and
stability of the soil (Nixon 1973; Wu and Tong 1991; Harris et al. 2001). Excess pore
water pressures are mainly dependant on thaw rate and the rate of pore water dissipation
within the soil matrix (Morgenstern and Nixon 1971). In order to evaluate the excess pore
water pressures generated in a compressible soil, Morgenstern and Nixon (1971)
developed a thaw consolidation theory based on heat conduction and linear consolidation.
Solutions for two special loading conditions were developed: a weightless material with
surface loading and a soil consolidating under its own weight. The thaw consolidation
behaviour for a thawing soil consolidating under its own weight has been investigated by
Lesage and Wang (2008) which was intended to verify the theory using laboratory
models subjected to one freeze-thaw cycle. In general, theoretical predictions and
experimental results agreed. As part of the current research, the Morgenstern and Nixon
theory is further evaluated for a soil consolidating under its own weight during eleven

freeze-thaw cycles.

It should be noted that the coupled mechanical, hydraulic and thermal behaviour of a soil
matrix under freeze-thaw cycle is a highly complex issue. Several soil characteristics
may change if any conditions change. For example, freezing and thawing processes
cause soil moisture migration and soil structure change, which in turn causes hydraulic
conductivity change. Changes in ice/water content affect the thermal conductivity and
heat capacity. Furthermore, thermal and hydraulic changes within the soil matrix
influence pore pressure conditions and therefore soil strength. To date, no model or
theory is capable of modeling the fully coupled behaviour. Discussions about the

complex mechanical-hydraulic-thermal behaviour are beyond the scope of this study.

1.5 Objectives of the study

The main objective of this research is to better understand geotechnical characteristics of
fine-grained soils near the permafrost table. The study investigates geothermal and

geotechnical characteristics and the behaviour of a transition zone that thaws under



abnormal climate conditions. The ultimate goal is to contribute to knowledge regarding

this zone for better design of engineering projects in permafrost.

1.6 Scope of the investigation

A laboratory study was conducted on two fine-grained soil samples from the Mackenzie
valley, NN\W.T. Two identical laboratory apparatuses were specifically designed to
simulate soils under repeated freezing and thawing. Variation of thawing temperatures
was applied to one of the samples during later thawing cycles. Soil temperatures,

moistures, and pore water pressures were measured and cryostructures inspected.

A finite element analysis was carried out to investigate soil thermal conditions. Soil
moisture conditions and cryostructures were evaluated along with temperature history.
As well, the pore water pressure data were compared to the consolidation theory

developed by Morgenstern and Nixon (1971).

1.7 Thesis outline

In the second Chapter, a literature review on the transient layer, cryostructures and thaw
consolidation is presented. In Chapter 3, the laboratory apparatus used in this study is
introduced. A description of the soil samples tested and the method of testing are also
discussed in this chapter. Chapters 4, 5, 6 and 7 present results and analyses of
temperatures, moisture contents, cryostructures and pore water pressures, respectively, of

the two samples tested in the laboratory. Finally, conclusions form Chapter 8.



2 Literature Review
2.1 Transient layer

In general, permafrost terrain is described as a two-layered system. However, the active
layer/permafrost system fails to adequately explain the behaviour of frozen ground (Shur
1988; Shur et al. 2005). There is a third component in frozen soils which is believed to
play a key role in slope stability: the transient layer (Shur et al. 2005; Wang et al. 2005).
Nonetheless, this layer has yet to be defined quantitatively since it is a relatively new

concept in permafrost engineering.

According to Grechishchev and Grechishcheva (1997), V.K. Yanovsky in 1933 was the
first researcher to identify the so-called “transitive” layer. He stated, “By a transient
layer of permafrost region we call its very upper bed which under favorable conditions
thaws, joining the active soil layer, and under unfavorable conditions remains frozen,
representing the upper layer of permafrost”. Several authors have noted the presence of
an intermediate layer between the active layer and the permafrost. In 1972, Mackay was
referring to the transient layer when he stated that an ice-rich zone can develop where an
aggrading permafrost table traps ice lenses that have formed at the base of the active
layer during two-sided freeze-back. Lewkowicz and Clarke (1998) confirmed the
importance of a basal ice-rich layer by demonstrating enhanced rates of slope movement
throughout the active layer during summers with deep thaw. Within the basal ice-rich
layer, the soil thaws and moves in some years and remains frozen and stationary in
others. In general, higher rates of movements developed in years with deeper thaw.
Based on field monitoring conducted by Harris and Lewkowicz (1993 and 2000), active
layer soils close to maximum thaw are subjected to progressive shear strains which take
place over a thin basal ice-rich zone. The displacements cause the shear strength values
to gradually decrease from peak to residual. Shur et al. (2005) defined the transient layer
as having different characteristics from the active layer and permafrost. These authors
believe the transition zone has a great impact on certain periglacial processes, on the
thermal stability of the underlying permafrost and on the formation of cryogenic

structures (or cryostructures). Wang et al. (2005) emphasized the likelihood of the



transient layer playing a key role in permafrost slope stability by studying landslides in
the Mackenzie valley. Field observations lead to the conclusions that soil shear strength
at the base of the active layer is generally lower in comparison to that of the upper active
layer soils after being thawed. Kokelj et al. (2007) examined how changes in the
transient layer affect the active layer thermal regime and surface morphology in Inuvik,
N.W.T. They concluded that ice-enrichment in the transient layer is the principal
mechanism driving hummock form modification. A study conducted by Wang and Saad
(2007) correlates slope failure, ice content and the transient layer by suggesting that
thawing of the transient layer may or may not trigger landslides depending on its water
content, rate of thaw, pore water pressure and material strength. In many arctic field
investigations, an ice-enriched zone has been identified and described as being either
within the transient layer (Shur 1988; Shur et al. 2005; Bockheim and Hinkel 2005;
French 2007; Nelson et al. 2008b) or at the base of the active layer (top of permafrost)
(Mackay 1971, 1983; Pollard and French 1980; Cheng 1983; Kokelj and Burn 2003a,
2005; Morse et al. 2009). All of these studies highlight the importance of the transient’

layer and the need to better understand its role in permafrost terrain.

The transient layer is located between the active layer and the long-term permafrost as
conceptualized by Figure 2.1. It is a layer that thaws only occasionally. Bockheim and
Hinkel (2005) state that the lower boundary of the transient layer delineates the position
of maximum thaw over time. This boundary can be considered the long-term permafrost

table.
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Figure 2.1 Conceptual permafrost stratigraphy with curves showing probability of annual
thaw depth (a) immediately following a very deep thaw and (b) with ice enrichment of
the transition zone after several centuries (Shur et al. 2005). Figure not to scale.

On a time scale ranging from sub-decadal to multi-centennial, all or some of the
transition zone thaws. Shur et al. (2005) put forth a hypothesis that estimates the
transient layer thawing probability based on average thawing recurrence. Figure 2.1a
illustrates this concept by showing a normal distribution curve (Gaussian form) with 43%
thawing probability located at the base of the average annual active layer. Beyond the
curve peak (50%), where the ground is frozen for two or more years, the probability of
thaw decreases. However, this symmetric curve is only valid immediately following a
very deep thaw. Ice accumulation in this zone in-between maximum thaw events will
diminish the probability of thaw beyond the ice-rich zone. As such, the curve becomes
skewed and higher probability of thawing will gradually progress toward the surface (Fig.
2.1b). The lower transient layer thaws less frequently and occurs in response to extreme

climate conditions or disturbance of the surface vegetation (Shur et al. 2005).

Shur et al. (2005) report a transient layer thickness varying mostly from 3% to 28% of the
active layer thickness in Russia. It is believed that the transient layer thickness plays a
critical role in evaluating the response of the active layer and near surface permafrost to

climate change and for the development of thermokarst processes (Shur 1988).

10



The transition zone is believed to play an important role in a periglacial environment. It
stabilizes the subjacent permafrost and serves as a barrier between the active layer and
the underlying permafrost. In other words, it protects the permafrost from thaw during
most warm periods (Shur et al. 2005). The transient layer is believed to have a high ice
content and a high resistance to thaw due to the latent heat required to melt the ice.
Hence, the transient layer has a tendency to encourage thermal stability at greater depths
(Shur 1988). The extent of latent heat required to thaw this ice-rich layer inhibits rapid
thaw and tends to govern the active layer thickness (Nelson et al. 1998, 2008). More
specifically, a succession of warm thawing periods could thaw the ice-rich layer and reset
the active layer at a position deeper in the soil. In the same manner, during a colder year,
the active layer may not reach the ice-rich zone. As such, ice segregation will occur at
shallower depths which will tend to govern the active layer thickness in subsequent years.
The melting of an “intermediate ice-rich” layer was recorded by Gavriliev and Efremov
(2003) and had several consequences on the overlying active layer. These consequences
ranged from the destruction of the cryogenic structure, a significant change in
composition and hydrothermal regime to the strength and stability loss of active layer

soils.

During unusually warm summers with deep thaw penetration, the ice-rich soils thaw and
a substantial amount of pore water pressures are generated. According to Morgenstern
and Nixon (1971), in fine-grained soils, excess pore water pressures develop at the
thawing front. Field observations in the Mackenzie valley conducted by Wang et al.
(2005) reveal the near surface permafrost has a high ice content and turns into liquid
when completely thawed for which shear stress cannot be sustained. It was observed that
shear strength of active layer materials decreased with depth, which is linked to an

increase in moisture content.
Despite its importance, relatively little research has been done on the transient layer.

There is still no conclusive definition on where to draw the boundaries of the transient

layer. Bockheim and Hinkel (2005) delineated the transition zone boundaries of 138
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samples by means of criteria such as sample location (between active layer and

permafrost), ice content and cryostructures.

2.2 Cryostructures

The cryostructure refers to the structural characteristics of frozen earth materials
(Everdingen 2002). Cryostructures describe the form, distribution and volume of ice in
soil (Shur and Jorgenson 1998). The cryogenic structure of a soil varies depending on the
conditions under which it was deposited and frozen (Bray et al. 2006). An analysis
conducted by Shur and Zhestkova (2003) in fine-grained permafrost soils in different
parts of the world reveals that cryostructures are generally the same regardless of their
geographical location. According to Shur and Jorgenson (1998), ice-rich near surface
permafrost has distinctive cryostructures within the active layer, the intermediate layer
and underlying permafrost. The cryostructural differences can generally be explained by
the variation in thermal and moisture patterns of each zone. For example, layered ice
may represent periods when the active layer was stationary, therefore ice accumulated at
a certain depth; consequently, the cryostructure at that location is different compared to

the upper and subjacent soils.

The active layer may have a different structure since it undergoes yearly thawing.
Gavriliev and Efremov (2003) described the active layer as having cavities and cracks
resulting from the melting of ice lenses and streaks. It is typically unsaturated, with
either visible or non visible pore ice. Field studies conducted by Leshchikov and
Ryashchenko (1978) depicted the active layer as being structureless since ice is not

visible within frozen sediments.

Numerous terms have been used to describe the cryostructures within the transient layer
or top of permafrost. Bockheim and Hinkel (2005) referred to it as platy while Gavriliev
and Efremov (2003) deemed it as being layered-reticulate or massive agglomerate.
Mackay (1972) named this ice-rich region as aggradational ice. Some researchers have
described it as being cloudy and misty (Cheng 1983). Several authors have defined it as
an ataxitic grid-shaped or net-like structure (Shur 1988; Hinkel et al. 1996; Shur and

12



Jorgenson 1998; Shur et al. 2005). To end the ambiguity of cryostructural terms, Murton
and French (1994) established a nomenclature describing cryostructures that are typically
encountered in permafrost terrain. Figure 2.2 illustrates the classification for the most
common types of cryostructures found in frozen ground. The equivalent term used for an
ataxitic cryogenic structure in the Murton and French classification is the suspended
cryostructure (Shur et al. 2005). Suspended (or ataxitic) ground ice structures are a
strong form of ice nets in which ice makes up the majority of volume and soil appears as
small islands. In essence, soil sediments appear to be suspended in the ice and the ice
content is usually high in the suspended structure. Figure 2.3 displays a permafrost
sample from a recent field investigation in the Mackenzie Delta carried out by Morse et
al. (2009). This section of soil corresponds to the interface between the base of the active
layer and the top of permafrost. From this figure, it is apparent that different
cryostructures are present within this section of soil. The authors described the section of

soil between 7 cm and 10 cm as segregated ice.

In research conducted by Hofle et al. (1998), ice wedges, ice lenses and cryostructures
"were used to estimate the depth of annual thaw. These authors believe that the average
depth of summer thaw is often marked by ice-rich layers containing ice lenses, ice nets,
and suspended or ataxitic ground ice fabrics located at the base of the active layer. These
features may also occur below the current active layer, indicating that the depth of thaw
was greater at some point. This study established the active layer depth by means of
morphological characteristics such as cryostructures. Moreover, Bockheim and Hinkel
(2005) used the cryostructures as one of the criteria to delineate the transient layer in field
investigations. Cryostructures could be useful for identification of transient layers.

However, the literature lacks a clear validation for this method.
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Figure 2.2 Cryostructural classification established by Murton and French (1994). Ice is
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Figure 2.3 The interface between the base of the active layer and the top of permafrost (at
approximately 7 cm on the scale). Segregated ice lenses appear darker than the ice-
bonded sediment (Morse et al. 2009)
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Mackay (1973) stated that the engineering behavior of permafrost soils may vary
considerably depending on the cryostructure of the soil. Field investigations conducted
by this researcher indicate that ice structures are considered to be important in thaw

consolidation and differential settlement.

2.3 Ice lens formation and ice content

Moisture content distribution in fine-grained permafrost soils are very distinct and quite
different from what is found in non-permafrost terrain. In permafrost regions, most
moisture profiles are characterized by a peak in total moisture content at the permafrost
table which has been recorded in many field investigations (Mackay 1971; Pollard and
French 1980, 1983; Cheng 1983; Burn et al. 1986; Burn 1988; Burn and Michel 1988;
Harris 1988; Kokelj and Burn 2003a, b, 2005; Wang et al. 2008). Mackay reported that
the ice-rich zone is a typical feature of the Western Arctic Coast and Lower Mackenzie
River valley. This distinctive permafrost feature can be explained by the two-sided
freezing nature of permafrost and the mechanism of moisture migration which leads to
ice lens formation (Konrad and Morgenstern 1980; Cheng 1983; Mackay 1983). Pollard
and French (1980) compiled data form The Mackenzie valley Geotechnical Data Bank

and constructed a typical distribution of ground ice versus depth as shown in Figure 2.4.

Mackay (1983) noted upward and downward water migration in active layer soils in the
Mackenzie valley during a 1967 field program studying freeze-thaw processes within the
active layer. It was concluded that water moves from the thawing active layer into the
subjacent permafrost. In general, moisture migration is the result of processes such as
capillary suction, gravity, osmotic gradient and temperature gradient, where the latter is
the most influential in moisture redistribution within permafrost soils. As such, moisture
in frozen ground moves in the direction along which the ground temperature decreases in
response to an imposed thermal gradient (Mageau and Morgenstern 1980; Penner and
Goodrich 1981; Smith 1985). Hence, moisture will generally migrate downward in
spring and summer (Mackay 1980; Cheng 1983; Zhao et al. 2000) and will tend to
migrate upward in autumn and winter as shown in Figure 2.5. Essentially, moisture is

attracted to the cold front.
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Figure 2.4 Typical ground ice versus depth curve (dotted line), Richards Island, NNW.T.,
Canada (Pollard and French 1980)
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Figure 2.5 Typical ice content profile in permafrost (adapted from Harris 1988)

Unfrozen moisture migrates upwards when ground surface begins to freeze. This process
is considered to be a closed system. On the other hand, downward moisture migration is
viewed as an open system since water comes from an external source of water such as
snowmelt, rain and groundwater flow (Mackay 1983; Cheng 1983). Typically, there is
more downward water migration during thawing than upward water migration during
freezing given that the thaw cycle is an open system. This results in an unequal upward
and downward moisture migration occurring in fine-grained permafrost terrain and a
yearly moisture increase at the permafrost table (Cheng 1983; Hinkel et al. 1996; Kokelj
and Burn 2003a; Bockheim and Hinkel 2005). Field studies have indicated that the ice
content at the active layer base and top of permafrost increases in the summer due to
downward water migration coming from the thawed active layer (Mackay 1983; Burn

and Michel 1988).

Kokelj and Burn (2003a) established a relationship between tree leaning and near surface
ground ice in the Mackenzie Delta. The leaning of trees was more prominent in areas
where ice content was greater. The same authors linked forest type with ground ice
content. For example, spruce/feathermoss trees are more likely to be underlain by

moderate to high ice content permafrost whereas spruce/alder-bearberry forests appear to
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grow on soils containing low ice contents (Kokelj and Burn 2005). Several authors have
indicated that the thawing of ice lenses also has a significant influence on slope stability
due to a drop in soil shear strength (McRoberts and Morgenstern 1974; Harris and
Lewkowicz 2000; Gerchishchev 2003).

Research conducted by Harris et al. (2008a, c) highlights the importance of ice lensing in
permafrost terrain. These studies were carried out on fine-grained soils placed on a slope
subjected to two-sided freezing. They concluded that shear strain and thaw consolidation
are concentrated within ice-rich zones developed at the base of the active layer. Pore
water pressures noted during basal thawing were sufficiently high to allow significant

shear strains.

2.4 Thaw consolidation theory and pore water pressure

When thawing occurs in ice-rich permafrost, water is released and pore pressures are
generated. The strength of thawed soil depends upon the magnitude of these pore
pressures and the rate of settlement will vary with the rate of pore water dissipation. It is
fundamental to consider the excess pore pressure conditions during thawing of fine-
grained soils when designing foundations of structures and slopes. There is a need to
verify the thaw consolidation theory which can be used to assess settlement and excess

pore water pressure conditions when frozen soils are subject to thawing.

In 1971, Morgenstern and Nixon formulated a thaw consolidation theory based on
theories of heat conduction and linear consolidation of a compressible soil. This theory
considers a one-dimensional configuration. The position of the thaw front at a certain

time during the course of thawing is described by the Neumann solution:

X(@)=avt [2.1]
Where:

X: depth to the thaw plane;

a: a thermal constant;
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t: time.

Two solutions for excess pore water pressures were derived for two special loading
conditions. Equation [2.2] presents the solution for a material under surface loading and
Equation [2.3] is the solution for a soil consolidating under its own weight. The complete

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

w(Z,1) __ erf(RZ) [2.2]
P
V7R
u(Z,t) _ Z [2.3]
" ()
2R?
Where:
u. €XCeSsS pOI‘C water pressure;

erf( ). error function;

Z: x/X(t);

X: depth measured from the ground surface;
X: depth to the thaw plane;

Py: load applied to the surface;

R: thaw consolidation ratio;

t: time;

o submerged unit weight of the soil.

Morgenstern and Nixon (1971) state that the excess pore pressures and the degree of
consolidation in thawing soils are dependant principally on the thaw consolidation ratio

R. This parameter is calculated with the following equation:
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R= 2.4
e [2.4]

Where c, is the coefficient of consolidation.

The thaw consolidation ratio is a measure of the relative rates of thaw and expulsion of
excess pore water. Figure 2.6 plots the normalized excess pore water pressure with
respect to depth for thaw consolidation ratios from 0.1 to 10 for the case of soil

consolidating under its own weight.

Normalized Excess Pore Pressure, u/P0
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Depth, Z
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Figure 2.6 The normalized excess pore water pressure with respect to normalized depth
for different values of R (soil consolidation under its own weight)

Several laboratory studies were conducted in order to validate the Morgenstern and
Nixon theory (Morgenstern and Smith 1973; Morgenstern and Nixon 1975; McRoberts
and Morgenstern 1975; Ryden 1985). However, these studies were to verify the soil
consolidation under an applied load at the surface. Lesage and Wang (2008) conducted a
laboratory test to verify the thaw consolidation theory for the case where soil consolidates

under its own weight. The laboratory study featured a remoulded silty clay sample
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extracted from the Mackenzie valley. The soil specimen had a height of 95 cm and a
diameter of 15 cm. It was found that the experimental pore pressures and the theoretical
results from the thaw consolidation theory by Morgenstern and Nixon (1971) were

generally agreeable. The test was done under one cycle of freezing and thawing.

2.5 Other experimental studies

Numerous laboratory studies have been conducted on repeated freezing and thawing of
fine-grained soils. However, the majority of these studies were done on hydraulic
conductivities or strength parameters of the soil (Chamberlain and Gow 1979; Yong et al.
1982, 1985; Wong and Haug 1991; Bergeron et al. 1995; Viklander 1998) while others
were limited to only one freeze-thaw cycle conducted on the soil specimen (Mageau and
Morgenstern 1980; Ryden 1985; Cheng and Chamberlain 1988; Solomatin and Xu 1994;
Eigenbrod et al. 1996; Murton and Harris 2003; Harris et al. 2005; Lesage 2008). Below
is a brief description of previous experimental research studying moisture and ice
patterns, pore water pressures and temperatures. All of the studies were conducted on

repeated freeze-thaw cycles of fine-grained soils.

In 1998, Harris and Davies studied pore water pressures, temperatures, heave and thaw
settlement in saturated silty soil samples during seven unidirectional freeze-thaw cycles.
The soil sample had a height of 30 cm and was placed on a 12° slope in a refrigerated
container. Results showed that variations in pore pressures and temperatures during
freezing and thawing were consistent during each cycle. Negative pore pressures were
measured during the zero curtain period — the period in which the ice is undergoing phase
change — and positive pressures were noted during the freezing of the soil. Moreover,
during thaw consolidation, excess pore water pressures were induced in the soil and
downward slope displacements were observed. Heave and thaw settlement increased

with increasing cycles.
Harris et al. (2001) presented results of a scaled physical modeling of thawing slopes

undertaken in a geotechnical centrifuge at angles of 12°, 18° and 24°. The 12° slope

model was subjected to four cycles of freezing and thawing, the 18° slope model to two
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cycles and the 24° slope model to one cycle for which the soil samples had a height of 30
cm. As expected, slope movement occurred during each thaw phase, and was higher for
an increased slope angle. Pore water pressures were similar in all models and behaved
similarly to those reported by Harris and Davies (1998). Pore water pressures decreased
more rapidly in higher slope gradients. The analysis of the data focussed on the
comparison of slope gradient increase and pore water pressure results with increasing
number of freeze-thaw cycles. Harris along with several others conducted a series of
laboratory tests using the same experimental setup as described above (Harris et al. 2003;
Harris et al. 2008a, b). Once again, pore water pressure data were generally consistent in
the experiments except for one soil sample having a lower slope gradient (4°) and higher
clay content (20%) than other soil samples. This sample recorded higher excess pore
water pressures. In similar laboratory experiments (Kern-Luetscheg and Harris 2008;
Kern-Luetschg et al. 2008), temperature, frost heave, thaw settlement and solifluction
were studied for fine-grained permafrost and non-permafrost slopes during 4 to 6 freeze-
thaw cycles. It was concluded that within the permafrost slope, an ice-rich zone
developed at the base of the active layer and top of permafrost following two-sided

freezing.

2.6 Summary

The transient layer between the active layer and long-term permafrost is an important part
of permafrost ground; although, few have studied it. Thus far, no laboratory study has
been conducted on soil samples to gain more knowledge on the transient layer. This
research focuses on the transient layer of fine-grained soil samples and its behaviour
under extreme climate condition. This study is intended to improve the current state of
knowledge on the transition zone by investigating thermal, moisture and cryostructural
conditions of fine-grained soil samples subjected to eleven freeze-thaw cycles. As part of
the experiment, excess pore water pressures are also investigated in order to verify a part

of the thaw consolidation theory.
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3 Laboratory Testing
3.1 Laboratory apparatus

The laboratory equipment used for the testing was built in 2007 for a previous study
(Lesage 2008) verifying pore pressure conditions of thawing soils. The equipment was
slightly modified for the current study which is shown in Figure 3.1. Two identical
laboratory apparatuses were used to measure pore water pressure and temperature
changes along a soil column under repeated freeze-thaw actions. Thus, two tests were

conducted simultaneously.

Ventilation to outside

Heating element and fan

Inner barrel
Outer barrel
Thias Soil sample
..'.'-""vj; | — Sensor insertion
40 cm e
PVC cylinder
&4 .
; Fiberglass loose-fill insulation
£ SR *
v v R T Steel base
P
2 15cm =
55cm >
79 cm

Figure 3.1 Sketch of the laboratory setup (modified from Lesage 2008) — not to scale.

The soil column was contained in a 6 mm thick PVC cylinder. The cylinder was
contained in a 55 cm diameter plastic barrel (inner barrel) that was placed in a 79 cm
diameter barrel (outer barrel). In order to minimize lateral heat flow and ensure vertical
heating and cooling of the sample, two layers of insulation (a total of 32 cm thickness)
were integrated in the design of the apparatus. The inner layer of insulation was placed

around the perimeter of the PVC cylinder and consisted of fibreglass loose-fill insulation.
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The loose fill insulation was used so that it could be removed easily to access of the
frozen sample for inspection later. It should be noted that the insulation was to reduce
the boundary effect. However, it is impossible to eliminate the boundary effect. The

effectiveness was investigated and discussed later.

A plastic sheet was placed on top of the insulation to serve as an air barrier. The outer
layer of insulation was fitted in-between the inner and outer barrel and was also fibreglass
loose-fill insulation. This section was then sealed off at the top with fitted Styrofoam.
The areas where the insulation was placed are shown in Figures 3.1 and 3.2. The PVC
cylinder was secured on a metal base as illustrated in Figure 3.1. The metal base held the
soil sample and provided high thermal conductivity between the soil sample and the

ambient environment outside the system.

Both model assemblies were placed in a walk-in freezer. The base of the soil column
was exposed to the freezer room temperature and the top of the sample to an encapsulated
heating chamber. The heating chamber was composed of ventilation and heating
systems. The ventilation system is a fan and a plastic tube that connect the heating
chamber to the office environment outside of the cold room. This setup ensured proper
air circulation and allowed the excess moisture to be evacuated. The heating system
consists of four heating elements and is regulated by a controller located outside the cold
room. Both the freezer and the heating chamber temperatures are adjustable. The
heating and ventilation systems are presented in Figure 3.3. Figure 3.4 shows the outside

view of the assembled system. Two of these devices were used in the testing.

A pore pressure transducer and a thermistor were inserted at depths of 5, 15 and 25 cm.
The top sensors were inserted from the upper surface of the sample, while the lower
sensors were inserted from the side. A thermistor was also installed at a depth of 32 cm.
No pressure transducer was installed at this location since it was expected to be frozen at

this depth throughout the laboratory testing.
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Each soil column had a total of four K-type thermocouples and three PDCR-81 miniature
pore pressure transducers inserted at the specified depths. The sensors were connected to
a data acquisition system (DTS00 dataTaker), with an overall system accuracy of +1.5°C
for the thermocouples and +0.28 kPa for the pressure sensors. The depths at which the
sensors were inserted are shown in Figure 3.5. As shown in the figure, no holes were

drilled at the S cm location; the sensors were inserted in the sample from the top of the

soil sample.

: Area of inner layer insulation
"——2 (not yet in place)

Styrofoam overlying outer
layer insulation

/

Figure 3.2 Areas where insulation is placed (Lesage 2008)
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Heating element

Fan for air circulation

Plastic tube for ventilation

Figure 3.3 Heating and ventilation systems (Lesage 2008)

Figure 3.4 Laboratory apparatu (two were used in the test)
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E=-- 11158

Depth {cm)

Figure 3.5 Depths where sensors are inserted (5, 15, 25, and 32 cm). T refers to the
thermistor and P refers to the pressure sensor.

3.2 Temperature and pressure sensors

3.2.1 Temperature sensors

The temperature of the soil is measured by means of four stainless steel K-type
thermocouples shown in Figure 3.6. In both samples, a thermocouple is inserted at
depths of 5, 15, 25 and 32 cm. Each sensor has a length of 30 cm and a diameter of
1.57 mm. The thermocouples were calibrated by taking several measurements in ambient
temperature water and comparing the readings to two mercury thermometers also placed

in the water. The temperature differences between the thermocouples and thermometers

27



are presented in Table 3.1. For instance, thermocouple T1-5 measures an average of 1.99
C° higher than the thermometer temperatures. It should be noted that T1-5 refers to the
thermocouple in model 1 at a depth of 5 cm. According to Nanmac Corporation (maker
of the thermocouple used), the calibration at subzero temperatures should be within the

same calibration range as shown in Table 3.1.

Figure 3.6 K-type thermocouple (source: www.nanmac.com)

Table 3.1 Thermocouple calibration

Sensor Temperature
correction (C2)

T1-5 1.99
T1-15 194
T1-25 2.08
T1-32 2.04
T2-5 2.09
T2-15 1.96
T2-25 1.92
T2-32 2.13

T2 - Chamber 1.85
temperature

3.2.2 Pressure sensors

PDCR-81 miniature pressure transducers as shown in Figures 3.7 and 3.8 were inserted at
depths of 5, 15, and 25 cm in both models. The pressure transducer consists of a
0.09 mm thick, single crystal, silicon diaphragm with a fully active strain gauge bridge
diffused into the surface. A high air entry porous stone is placed at the tip of the
transducer just over the diaphragm. The deformation of the diaphragm causes a change
in voltage measured across the strain gauge which is translated into pressure. The

PDCR-81 has a pressure range of 350 mbar and a temperature range of -20°C to 120°C.
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Figure 3.7 PDCR-81 miniature pore water pressure transducer
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Figure 3.8 Dimensions of the PDCR-81 miniature pore pressure transducer (Meilani et al.
2002)

Prior to the installation into the soil sample, the PDCR-81 sensors were submerged in
ethylene glycol antifreeze. The submerged sensors were placed in a vacuum chamber to
de-air the porous stone for a period of 24 hours. This was to allow the ethylene glycol
solution to enter the porous stone to avoid damage caused by ice accumulation (Harris
and Davies 1998). Once the saturation was completed, the sensors were ready to be

calibrated.

The calibration of the pressure transducers was done by taking readings in water at depths
of 10, 20 and 30 cm. Table 3.2 lists the measured pressure for each sensor at all three
depths. Figure 3.9 plots the relationship between measured pressure and theoretical

values. A relationship was established between the readings and the theoretical
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hydrostatic pressures in order to correct the actual sensor readings. This relationship is

referred to as Corrected pressure in Table 3.2 and the value of H in the equation is the

measured pressure in cm.

Table 3.2 Pressure sensor calibration

Water Measured pressure, H (cm)
depth (cm) P1-5* P1-15 P1-25 P2-5 P2-15 P2-25
10 14.62 20.26 13.15 10.35 -5.78 19.97
20 23.80 29.97 22.77 19.52 4,12 29.68
30 32.97 39.68 32.38 28.70 14.02 39.39
Corrected o1 594 103H-1087 104H-3.68 109H-128 101H+1584 1.03H-10.57
pressure
*(i.e. P1-5 refers to the pressure transducer in model M1 at a depth of 5 cm)
35
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Figure 3.9 Depth of water vs. measured pressure
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3.3 Soil samples

The soil samples used in the laboratory testing were collected in June 2006 during a
geotechnical investigation in the Travaillant Lake area, 120 km southeast of Inuvik, in the
N.W.T. (Fig. 3.10). Laboratory results indicate that the material is a high plasticity silty
clay with a liquid limit of 61%, a plastic limit of 28% and a plasticity index of 33% (Su et
al. 2006). The grain size curves for this site are presented in Figure 3.11 and the location

of sample extraction (G1) is shown in Figure 3.10.
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Figure 3.10 Inuvik sample location (adapted from Wang et al. 2008)
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Figure 3.11 Grain size curves (adapted from Wang et al. 2008)

Field testing from Su et al. (2006) established that gravimetric moisture contents in the
active layer increase with depth from about 27% near the top of the active layer to about
40% at the bottom. Wang et al. (2008) determined a broader range of moisture content of
soils in the northern Mackenzie valley region. The typical moisture contents increase
with depth, varying from 20% in the active layer to more than 100% into the permafrost.
An average gravimetric moisture content of 50% for the laboratory model was
determined to represent typical moisture conditions near the permafrost table in the

Mackenzie valley. Both soil models were prepared at 50% moisture content.

3.4 Assembling of soil samples and test procedures

Prior to soil placement, the interior walls of the PVC cylinder and the metal steel base
were coated with lithium grease to minimize friction during heaving or consolidation of
the soil sample. After, the sensors were installed at specific depths in the predrilled holes
within the PVC cylinders. The soil sample was then carefully placed into the cylinders

and effort was made to minimize potential air trapping in the samples.
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Freezing of the soil columns from both the top and the bottom was initiated after the
models were assembled. Freezing at the top of the sample was achieved by keeping the
heating chamber open to the freezer environment with the heating elements turned off.
After the soil temperature reached the target freezing temperature, the heating chamber
was closed and heating was initiated at the top while the bottom of the column was

maintained at the freezer room temperature.

It is recognized that, ideally, other climatic factors, e.g., precipitation, runoff, evaporation
and wind, etc., should be simulated. However, simplification is necessary to isolate the
temperature effect. It should be noted that the duration of the laboratory modeling was
compressed to carry out many cycles of repeated freezing and thawing within a
reasonable time frame. For this reason, water was added at the top of the columns every
day of the thawing cycle. The amount of water added was just enough to compensate for

moisture losses and to avoid soil desiccation that may create direct water flow paths.

A total of eleven freeze-thaw cycles were tested for both models. Table 3.3 lists the
upper and lower boundary temperatures applied on both models. A colder bottom
boundary temperature (-7°C during thawing) was used in Cycle 1 as a trial cycle for
which thawing reached only the sensors at 5 cm depth. It was also an accuracy check of
the freezer temperature control to make sure that the lower portion of the samples were
not operating near the melting point at any time. Adjustments were made in subsequent
cycles to maintain the bottom boundary temperature at -5°C during thawing and -10°C
during freezing, which is within the proximity of the average ground temperature in
permafrost in the Mackenzie valley (Taylor and Judge 1974; Smith and Burgess 2000;
Andersland and Ladanyi 2004; Wang and Saad 2007). The heating chambers were
maintained at a temperature of 25°C for the repeated thawing cycles, which is within the
proximity of normal summer high temperatures in the Mackenzie valley region. The
temperatures of 20°C and 30°C were used for model M1 in Cycles 9 and 11, respectively,
to simulate extreme weather variations from normal conditions. Once the freeze-thaw

cycles were complete, the samples were cut open. Soil moisture specimens were taken at
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1 and 2 cm intervals along the entire depth of the soils column. Final moisture content

profiles and cryostructures were determined for each model.

Table 3.3 Temperature boundary conditions for each model

Cycte Thermal b::r‘:;:ry Upper boundary (2C)
state (2€) Model  Model

M1 M2
1 Freezing -10 -10 -10
Thawing -7 25 18
2to 8 Freezing -10 -10 -10
Thawing -5 25 25
9 Freezing -10 -10 -10
Thawing -5 20 25
10 Freezing -10 -10 -10
Thawing -5 25 25
11 Freezing -10 -10 -10
Thawing -5 30 25
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4 Temperature

Soil temperature data were recorded at sensor locations throughout the entire freeze-thaw
cycles. During the test, model M2 was subjected to eleven thawing cycles of 25°C,
whereas model M1 was subjected to eight thawing cycles of 25°C and to extreme
temperature conditions: a colder cycle of 20°C followed by a “normal” temperature cycle
of 25°C then by an extremely warmer cycle of 30°C. The temperature results are

discussed as follows.

4.1 Results

4.1.1 Temperature history

The temperature history for the entire laboratory experiment is shown in Figures 4.1a and
4.1b for M1 and M2, respectively. In both charts, the temperature history is presented for
each sensor inserted at 5, 15, 25 and 32 cm depth from the top surface. Data for the -
sensor located at the 32 cm depth in sample M2 are not shown due to sensor malfunction.
Temperatures were recorded in the heating chamber of models M1 and M2 by means of a
mércury thermometer and a thermistor, respectively which are also depicted in the charts.
Due to a lack of datalogger channels, no thermistor was placed in the heating chamber of
M1 or directly in the cold room. However, cold room temperature monitoring was

achieved by means of a temperature recorder for the cold room.

According to Figure 4.1b, it can be observed that some thawing cycles recorded a heating
chamber temperature below 25°C although the heating control unit was operating at
25°C. This is likely caused by shifting of the sensor or obstruction of air flow around the
sensor. In both models, temperature jumps were noted in the sensor located at 5 cm.
These jumps can be attributed to the addition of water to the soil surface during thawed

cycles.
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Figure 4.1 Temperature history for (a) model M1 and (b) model M2
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After completion of the test, an inspection revealed that the temperature sensor at 5 cm
depth shifted up by 1.5 cm during testing of M1. This difference is accounted for in

subsequent results.

Soil settlement is another factor possibly impacting temperature results. Settlements
were measured at the end of each thawed cycle and are shown in Figure 4.2. During the
eleven cycles, M1 and M2 have a total settlement of 2 and 3 cm, respectively, which
occurred during a period of 174 days. It is possible that thermistors may record higher
temperatures as settlement increases (i.e. less soil covering sensors) and as the soil
becomes denser. However, no temperature corrections were made to account for soil

settlement.
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Figure 4.2 Soil settlement at the end of each thawing cycle in both models

4.1.2 Temperature profiles

Figures 4.3 and 4.4 depict the temperature profiles along the soil columns for M1 and M2

at the end of each freezing and thawing cycle. From these figures, it can be seen that
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both soil columns were at a temperature of approximately -10°C at the end of each
freezing cycle. For the thawed cycles, it can be observed from both figures that Cycle 1
has lower temperatures in comparison to other cycles. This is due to different boundary
temperatures used during this cycle (Table 3.3). Temperatures for model M1 recorded
during colder (20°C) and warmer (30°C) cycles are lower and higher, respectively, than
the average 25°C cycles. According to the enlarged figure at the bottom right of Figures
4.3 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>