
FACULTE DES ETUDES SUPERIEURES l = = l FACULTY OF GRADUATE AND 
ET POSTOCTORALES u Ottawa POSDOCTORAL STUDIES 

L'UnivcrsitG canadiennc 
Canada's university 

Jacqueline Cormier 
AUTEUR DE LA THESE / AUTHOR OF THESIS 

M.A.Sc. (Civil Engineering) 
GRADE/DEGREE 

School of Information Technology and Engineering 
FACULTE, ECOLE, DEPARTEMENT/ FACULTY, SCHOOL, DEPARTMENT 

Laboratory Studies of Near Surface Permafrost Conditions in Fine-Grained Soils from the Mackenzie 
Valley, N.W.T. 

TITRE DE LA THESE / TITLE OF THESIS 

Baolin Wang 
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR 

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE /THESIS CO-SUPERVISOR 

EXAMINATEURS (EXAMINATRICES) DE LA THESE/THESIS EXAMINERS 

P. Simms M. Fall 

Gary W. Slater 
Le Doyen de la Faculte des etudes superieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies 





Laboratory Studies of Near Surface Permafrost Conditions in 

Fine-grained Soils from the Mackenzie valley, N.W.T. 

Jacqueline Cormier 

Thesis submitted to the 

Faculty of Graduate and Postdoctoral Studies 

In partial fulfillment of the requirements for the degree of 

MASTER'S OF APPLIED SCIENCE 
in Civil Engineering 

Ottawa-Carleton Institute for Civil Engineering 

University of Ottawa 

Ottawa, Canada 

© Jacqueline Cormier, Ottawa, Canada, 2009 



1*1 Library and Archives 
Canada 

Published Heritage 
Branch 

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada 

Bibliotheque et 
Archives Canada 

Direction du 
Patrimoine de I'edition 

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada 

Your file Votre reference 
ISBN:978-0-494-63016-7 
Our file Notre reference 
ISBN: 978-0-494-63016-7 

NOTICE: 

The author has granted a non­
exclusive license allowing Library and 
Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

The author retains copyright 
ownership and moral rights in this 
thesis. Neither the thesis nor 
substantial extracts from it may be 
printed or otherwise reproduced 
without the author's permission. 

AVIS: 

L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans le 
monde, a des fins commerciales ou autres, sur 
support microforme, papier, electronique et/ou 
autres formats. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. Ni 
la these ni des extraits substantiels de celle-ci 
ne doivent etre imprimes ou autrement 
reproduits sans son autorisation. 

In compliance with the Canadian 
Privacy Act some supporting forms 
may have been removed from this 
thesis. 

While these forms may be included 
in the document page count, their 
removal does not represent any loss 
of content from the thesis. 

Conformement a la loi canadienne sur la 
protection de la vie privee, quelques 
formulaires secondaires ont ete enleves de 
cette these. 

Bien que ces formulaires aient inclus dans 
la pagination, il n'y aura aucun contenu 
manquant. 

1+1 

Canada 



Table of Contents 

LIST OF FIGURES IV 

LIST OF TABLES VIII 

LIST OF SYMBOLS IX 

ABSTRACT XI 

RESUME XI 

ACKNOWLEDGEMENTS XIII 

1 INTRODUCTION 1 
1.1 GENERAL l 
1.2 TRANSIENT LAYER 3 
1.3 CRYOSTRUCTURES 5 
1.4 THAW CONSOLIDATION 5 
1.5 OBJECTIVES OF THE STUDY 6 
1.6 SCOPE OF THE INVESTIGATION 7 
1.7 THESIS OUTLINE 7 

2 LITERATURE REVIEW 8 
2.1 TRANSIENT LAYER 8 
2.2 CRYOSTRUCTURES 12 
2.3 ICE LENS FORMATION AND ICE CONTENT 15 
2.4 THAW CONSOLIDATION THEORY AND PORE WATER PRESSURE 18 
2.5 OTHER EXPERIMENTAL STUDIES 21 
2.6 SUMMARY 22 

3 LABORATORY TESTING 23 
3.1 LABORATORY APPARATUS 23 
3.2 TEMPERATURE AND PRESSURE SENSORS 27 

3.2.1 Temperature sensors 27 
3.2.2 Pressure sensors 28 

3.3 SOIL SAMPLES 31 
3.4 ASSEMBLING OF SOIL SAMPLES AND TEST PROCEDURES 32 

4 TEMPERATURE 35 
4.1 RESULTS 35 

4.1.1 Temperature history. 35 
4.1.2 Temperature profiles 37 

4.2 NUMERICAL MODEL VERIFICATION OF INSULATION EFFECTIVENESS 43 
4.2.1 Model description 43 
4.2.2 Material properties 45 
4.2.3 Boundary conditions. 47 

4.3 NUMERICAL RESULTS AND COMPARISON WITH LABORATORY DATA 49 

5 MOISTURE CONTENT 51 
5.1 OBSERVATIONS 51 
5.2 INTERPRETATION 52 

ii 



6 CRYOSTRUCTURE 56 

6.1 OBSERVATIONS 56 
6.2 INTERPRETATION 59 

6.2.1 Cryostructures 59 
6.2.2 Influence of extreme temperatures 61 

7 PORE WATER PRESSURE 63 

7.1 RESULTS 63 
7.2 THEORETICAL VALUES FROM MORGENSTERN AND NIXON THEORY 68 
7.3 DISCUSSIONS 71 

8 CONCLUSIONS 96 

9 REFERENCES 98 

APPENDIX A-THAW CONSOLIDATION THEORY 111 

iii 



List of figures 

Figure 1.1 Types of permafrost in Canada (Source: Smith and Riseborough 2002, 

adapted from Brown 1972) 2 

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

2005) 3 

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 10 

Figure 2.2 Cryostructural classification established by Murton and French (1994). 

Ice is shown in white and sediment in black 14 

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) 14 

Figure 2.4 Typical ground ice versus depth curve (dotted line), Richards Island, 

N.W.T., Canada (Pollard and French 1980) 16 

Figure 2.5 Typical ice content profile in permafrost (adapted from Harris 1988) 17 

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) 20 

Figure 3.1 Sketch of the laboratory setup (modified from Lesage 2008) - not to scale. ..23 

Figure 3.2 Areas where insulation is placed (Lesage 2008) 25 

Figure 3.3 Heating and ventilation systems (Lesage 2008) 26 

Figure 3.4 Laboratory apparatus (two were used in the test) 26 

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 27 

Figure 3.6 K-type thermocouple (source: www.nanmac.com) 28 

Figure 3.7 PDCR-81 miniature pore water pressure transducer 29 

Figure 3.8 Dimensions of the PDCR-81 miniature pore pressure transducer 

(Meilani et al. 2002) 29 

Figure 3.9 Depth of water vs. measured pressure 30 

iv 

http://www.nanmac.com


Figure 3.10 Inuvik sample location (adapted from Wang et al. 2008) 31 

Figure 3.11 Grain size curves (adapted from Wang et al. 2008) 32 

Figure 4.1 Temperature history for (a) model Ml and (b) model M2 36 

Figure 4.2 Soil settlement at the end of each thawing cycle in both models 37 

Figure 4.3 Temperature profiles of model Ml at the end of freezing and thawing cycles39 

Figure 4.4 Temperature profiles of model M2 at the end freezing and thawing cycles....40 

Figure 4.5 Average temperature profiles at the end of thawing 42 

Figure 4.6 Extrapolation of temperature profiles at the end of thawing to 

determine depth of the 0°C isotherm 42 

Figure 4.7 Sketch of the Temp/W model developed in the thermal analysis 44 

Figure 4.8 Thermal conductivity functions input in Temp/W 46 

Figure 4.9 Unfrozen water content functions input in Temp/W 46 

Figure 4.10 Thermal function used for lateral and lower temperature boundaries 47 

Figure 4.11 Comparison of maximum temperature profiles from physical and 

numerical (FEM) models 50 

Figure 4.12 Comparison of 0°C isotherm progression in numerical and laboratory models 

50 

Figure 5.1 Initial and final moisture profiles of Ml and M2 51 

Figure 5.2 Typical soil moisture content profiles for two of the 14 sites (modified 

from Wang et al. 2008) 55 

Figure 6.1 Cryostratigraphy of model Ml after eleven freeze-thaw cycles (a) 

structure and moisture along length of column Ml (b) enlarged areas of 

selected sections marked on (a). The maximum cryofronts are 

extrapolated as shown in Figure 4.6 55 

Figure 6.2 Cryostratigraphy of model M2 after eleven freeze-thaw cycles (a) 

structure and moisture along length of column M2 (b) enlarged areas of 

selected sections marked on (a). The maximum cryofronts are 

extrapolated as shown in Figure 4.6 55 

Figure 7.1 (a) Total pore water pressure history data for model Ml and (b) 

chamber temperature 64 

v 



Figure 7.2 (a) Total pore water pressure history data for model M2 and (b) 

chamber temperature 65 

Figure 7.3 (a) Total pore water pressure history data for model Ml and (b) 

chamber temperature 66 

Figure 7.4 (a) Total pore water pressure history data for model M2 and (b) 

chamber temperature 67 

Figure 7.5 Laboratory results for coefficient of consolidation and linear extrapolation...69 

Figure 7.6 Total pore water pressure history, model Ml: Cycle 1, depth 5 cm 74 

Figure 7.7 Total pore water pressure history, model Ml: Cycle 2, depth 5 cm 74 

Figure 7.8 Total pore water pressure history, model Ml: Cycle 3, depth 5 cm 75 

Figure 7.9 Total pore water pressure history, model Ml: Cycle 4, depth 5 cm 75 

Figure 7.10 Total pore water pressure history, model Ml: Cycle 5, depth 5 cm 76 

Figure 7.11 Total pore water pressure history, model Ml: Cycle 6, depth 5 cm 76 

Figure 7.12 Total pore water pressure history, model Ml: Cycle 7, depth 5 cm 77 

Figure 7.13 Total pore water pressure history, model Ml: Cycle 8, depth 5 cm 77 

Figure 7.14 Total pore water pressure history, model Ml: Cycle 9, depth 5 cm 78 

Figure 7.15 Total pore water pressure history, model Ml: Cycle 10, depth 5 cm 78 

Figure 7.16 Total pore water pressure history, model Ml: Cycle 11, depth 5 cm 79 

Figure 7.17 Total pore water pressure history, model Ml: Cycle 1, depth 15 cm 79 

Figure 7.18 Total pore water pressure history, model Ml, Cycle 2, depth 15 cm 80 

Figure 7.19 Total pore water pressure history, model Ml: Cycle 3, depth 15 cm 80 

Figure 7.20 Total pore water pressure history, model Ml: Cycle 4, depth 15 cm 81 

Figure 7.21 Total pore water pressure history, model Ml: Cycle 5, depth 15 cm 81 

Figure 7.22 Total pore water pressure history, model Ml: Cycle 6, depth 15 cm 82 

Figure 7.23 Total pore water pressure history, model Ml: Cycle 7, depth 15 cm 82 

Figure 7.24 Total pore water pressure history, model Ml: Cycle 8, depth 15 cm 83 

Figure 7.25 Total pore water pressure history, model Ml: Cycle 9, depth 15 cm 83 

Figure 7.26 Total pore water pressure history, model Ml: Cycle 10, depth 15 cm 84 

Figure 7.27 Total pore water pressure history, model Ml: Cycle 11, depth 15 cm 84 

Figure 7.28 Total pore water pressure history, model M2: Cycle 1, depth 5 cm 85 

Figure 7.29 Total pore water pressure history, model M2: Cycle 2, depth 5 cm 85 

vi 



Figure 7.30 Total pore water pressure history, model M2: Cycle 3, depth 5 cm 86 

Figure 7.31 Total pore water pressure history, model M2: Cycle 4, depth 5 cm 86 

Figure 7.32 Total pore water pressure history, model M2: Cycle 5, depth 5 cm 87 

Figure 7.33 Total pore water pressure history, model M2: Cycle 6, depth 5 cm 87 

Figure 7.34 Total pore water pressure history, model M2: Cycle 7, depth 5 cm 88 

Figure 7.35 Total pore water pressure history, model M2: Cycle 8, depth 5 cm 88 

Figure 7.36 Total pore water pressure history, model M2: Cycle 9, depth 5 cm 89 

Figure 7.37 Total pore water pressure history, model M2: Cycle 10, depth 5 cm 89 

Figure 7.38 Total pore water pressure history, model M2: Cycle 11, depth 5 cm 90 

Figure 7.39 Total pore water pressure history, model M2: Cycle 1, depth 15 cm 90 

Figure 7.40 Total pore water pressure history, model M2: Cycle 2, depth 15 cm 91 

Figure 7.41 Total pore water pressure history, model M2: Cycle 3, depth 15 cm 91 

Figure 7.42 Total pore water pressure history, model M2: Cycle 4, depth 15 cm 92 

Figure 7.43 Total pore water pressure history, model M2: Cycle 5, depth 15 cm 92 

Figure 7.44 Total pore water pressure history, model M2: Cycle 6, depth 15 cm 93 

Figure 7.45 Total pore water pressure history, model M2: Cycle 7, detph 15 cm 93 

Figure 7.46 Total pore water pressure history, model M2: Cycle 8, depth 15 cm 94 

Figure 7.47 Total pore water pressure history, model M2: Cycle 9, depth 15 cm 94 

Figure 7.48 Total pore water pressure history, model M2: Cycle 10, depth 15 cm 95 

Figure 7.49 Total pore water pressure history, model M2: Cycle 11, depth 15 cm 95 

vii 



List of tables 

Table 3.1 Thermocouple calibration 28 

Table 3.2 Pressure sensor calibration 30 

Table 3.3 Temperature boundary conditions for each model 34 

Table 4.1 Input thermal properties in Temp/W analysis 45 

Table 4.2 Climate surface boundary condition for one freeze-thaw cycle 49 

Table 5.1 Change of moisture content in Ml 52 

Table 5.2 Change of moisture content in M2 53 

Table 6.1 Identification and description of cryostructures in Ml 59 

Table 6.2 Identification and description of cryostructures in M2 60 

Table 7.1 Calculation of a at 5 cm depth 70 

Table 7.2 Calculation of a at 15 cm depth 70 

Table 7.3 Excess and total pore water pressures .71 

viii 



List of symbols 

A: cross-sectional area of a soil element (cm2); 

AE: actual vertical evaporative flux (mm/day); 

cv: coefficient of consolidation (cm2/s); 

erf(): error function; 

f(u): function dependent on wind speed; 

k: hydraulic conductivity (cm/s); 

kx: thermal conductivity in the x-direction (kJ/hr/m/°C); 

ky: thermal conductivity in the y-direction (kJ/hr/m/°C); 

mv: coefficient of volume compressibility (cm2/s); 

Po: load applied at the surface (kPa); 

Q: applied boundary flux (kJ/hr); 

Qn: net radiant energy available at the surface (mm/day); 

R: thaw consolidation ratio; 

Ml: Model 1; 

M2: Model 2; 

t: time; 

T: temperature (°C); 

Ts: temperature at the soil surface (°C); 

Ta: temperature of the air above the soil surface (°C); 

u: excess pore pressure (kPa); 

AV: change in volume; 

x: depth measured from the ground surface (m); 

X: distance to the thaw plane from the soil surface (m); 

Wr: ratio of the relative magnitude of the applied load and the effective overburden 

pressure at the thaw line; 

a: thermal constant determined in the solution of the heat conduction problem 

(m/yr1/2); 

y. unit weight of soil (kN/m3); 

y' : submerged unit weight of the soil (kN/m3); 

ix 



yw: unit weight of water (kN/m3); 

X: capacity for heat storage; 

a: total stress (kPa); 

G'O: soil initial effective stress in the soil (kPa); 

D: psychrometric constant; 

co: gravimetric water content of the soil. 

x 



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. 

Resume 

Une etude experimentale a ete effectuee sur un sol fin pres de la surface de pergelisol 

provenant de la vallee du Mackenzie, T.N.O, Canada afin d'etudier la zone de transition. 

Deux appareils de laboratoire simulant des cycles repetes de gel-degel ont ete places dans 

un refrigerateur. A la fin du test, la distribution de glace et les cryostructures furent 

examinees. Les donnees de temperatures et de pressions interstitielles ont ete comparees 

a des resultats numeriques et a la theorie de consolidation, respectivement. 

Dans les deux modeles, une zone a teneur elevee en eau fut creee a l'interface de la zone 

active et du pergelisol resultant de la migration de l'eau vers risotherme 0°C. La zone 

riche en eau fut alteree sous des conditions extremes de temperatures. Des cryostructures 

distinctes furent creees a la suite de cycles repetes de gel-degel. La formation et le 

xi 



deplacement de la zone riche en glace foumissent de l'information utile concernant la 

distribution d'eau et les cryostructures afin de mieux comprendre la zone de transition. 
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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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Continuous permafrost 

Widespread discontinuous permafrost 

Sporadic discontinuous permafrost 

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 
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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). 
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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 
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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 
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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 
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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, N.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. 
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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 
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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. 

9 



• ^ 3/ <J I 

Transition 
Zone 

^ ) > ^ (r 

X V X V X V N V A V X V N I 

N V X V N V S ' X V X V X V X ' 

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). 
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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 
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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 
shown in white and sediment in black. 

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, N.W.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 

Depth (m) 
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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{t) = aft [2.1] 

Where: 

X: depth to the thaw plane; 

a : a thermal constant; 
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/ : 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. 

?rf{R)+ 
4xR 

u{Z,t)_ Z [2.3] 

V 2/?2, 

Where: 

u: excess pore water pressure; 

erf(): error function; 

Z: x/X(t); 

x: depth measured from the ground surface; 

X: depth to the thaw plane; 

Po: load applied to the surface; 

R: thaw consolidation ratio; 

t: time; 

y': 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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[2.4] 

Where cv 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/PO 

0.2 0.4 0.6 0.8 

R=0.1 R=0.2 

R=0.9 R=l 

R=0.3 R=0.4 R=0.5 R=0.6 R=0.7 

• R=1.2 R=1.5 R=2 R=4 R=10 

• R=0.8 

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. 

22 



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 
100 cm 

40 cm 

15 cm 
55 cm 

Soil sample 

Sensor insertion 

PVC cylinder 

Fiberglass loose-fill insulation 

Steel base 

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 (DT500 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 5 cm location; the sensors were inserted in the sample from the top of the 

soil sample. 

Area of inner layer insulation 
(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 apparatus (two were used in the test) 
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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 
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are presented in Table 3.1. For instance, thermocouple Tl-5 measures an average of 1.99 

C° higher than the thermometer temperatures. It should be noted that Tl-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 
Temperature 

S e n s o r \ - i™\ 

correction (C2) 
Tl-5 
Tl-15 
Tl-25 
Tl-32 
T2-5 
T2-15 
T2-25 
T2-32 
T2 - Chamber 
temperature 

1.99 
1.94 
2.08 
2.04 
2.09 
1.96 
1.92 
2.13 

1.85 

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 

steel tube 

plastic tube 

<> 6.5 mm 

wires high-air entry ceramic disk 

0.09-mm-thick diaphragm 
glass ring 

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 

depth (cm) 

10 

20 

30 

Pl-5* 

14.62 

23.80 

32.97 

Pl-15 

20.26 

29.97 

39.68 

Measured pressure 
Pl-25 

13.15 

22.77 

32.38 

, H (cm) 
P2-5 

10.35 

19.52 

28.70 

P2-15 

-5.78 

4.12 

14.02 

P2-25 

19.97 

29.68 

39.39 

Corrected 
1.09H - 5.94 1.03H -10.87 1.04H - 3.68 1.09H - 1.28 1.01H+ 15.84 1.03H-10.57 

pressure 
*(i.e. Pl-5 refers to the pressure transducer in model Ml at a depth of 5 cm) 
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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 (Gl) is shown in Figure 3.10. 

Figure 3.10 Inuvik sample location (adapted from Wang et al. 2008) 

31 



Grain Size 

Clay Silt Sand 

' 
/ 

/ 
y 

, 1 / / 

if 1x 

j * 
• 

-•-GTP1-1 
-•-GTP1-3 

^̂  
9̂ 

CD 
C 

<D 
O) 
CO 

c 
R 
Q) 
Q_ 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

Grain size (mm) 

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 Ml 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 

Cycle 

1 

2 to 8 

9 

10 

11 

Thermal 
state 

Freezing 

Thawing 

Freezing 

Thawing 

Freezing 

Thawing 

Freezing 

Thawing 

Freezing 

Thawing 

Lower 
boundary 

(SC) 

-10 

-7 

-10 

-5 

-10 

-5 

-10 

-5 

-10 

-5 

Upper boundary (2C) 

Model Model 
M l M2 

-10 

25 

-10 

25 

-10 

20 

-10 

25 

-10 

30 

-10 

18 

-10 

25 

-10 

25 

-10 

25 

-10 

25 



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 Ml 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 Ml 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 Ml and M2 by means of a 

mercury 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 

Ml 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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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 Ml. 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, Ml 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. 

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 Ml 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 Ml 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 and 4.4, the temperatures recorded during the 25°C thawing cycles slightly vary, 

which can be attributed to experimental noise or the accuracy of the system (±1.5°C). It 

should be noted that in Figures 4.3 - 4.5, the temperature data for the sensor at 5 cm 

depth (in Ml) has been corrected to a depth of 3.5 cm since this sensor shifted upwards 

by 1.5 cm during testing. 
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The temperature profiles of the thawed cycles for Ml and M2 are compared in Figure 

4.5. Based on linear interpolation between two adjacent sensors at depths of 15 and 

25 cm, at the end of thawing, the maximum cryofront depths (or 0°C isotherms) in Ml 

are 18.7 cm, 20.5 cm and 23.0 cm for air temperatures of 20°C, 25°C and 30°C, 

respectively; whereas in M2, it is 19.2 cm for thawing cycles of 25°C. These maximum 

cryofront depths are the average for cycles having the same thawing temperature and are 

depicted in Figure 4.5. In Ml, the average cryofront depth for 25°C thawing cycles is 

calculated based on thermal profiles in Cycles 2 to 8 when boundary conditions are the 

same. As for M2, the average cryofront is calculated based on Cycles 2 to 11. 

Riseborough (2008) examined several methods of determining the 0°C isotherm. The 

study concluded that extrapolations from above or below data points are more accurate 

for establishing active layer depths. The temperature profiles with the extrapolated 

cryofront depths are shown in Figure 4.6. According to this figure, the 0°C isotherms are 

elevated to 16.7, 17.8 and 20.5 cm depths for thawed cycles of 20°C, 25°C and 30°C, 

respectively. For M2, the cryofront is elevated to a depth of 17.4 cm. 

The cryofront reached a greater depth during extreme thawing conditions (cycle of 30°C 

air temperature) compared to that of the 25°C "normal" cycle. According to the 

extrapolated version, the results indicate that the cryofront moved down by 15.2% from 

its normal depth for an air temperature increase of 5°C. It moved up by 6.2% for an air 

temperature decrease of 5°C. If the normal cryofront depth is used as reference, the 

15.2% deepening of cryofront due to the extreme air temperature is in general agreement 

with the active layer variation of 3 to 28% reported by Shur et al. (2005). 
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4.2 Numerical model verification of insulation effectiveness 

A numerical analysis was carried out to simulate the soil column thermal conditions. A 

finite element software, TempAV developed by Geo-slope International Ltd. (2007), was 

used for the analysis. The main purpose of the numerical analysis was to verify the 

effectiveness of the lateral insulation of the soil columns in the laboratory model. 

4.2.1 Model description 

TempAV is a two-dimensional finite element program that can be used to simulate 

thermal behaviour of geo-materials. The governing differential equation used in TempAV 

is expressed as: 

dx 
(k K)+A 
\ x dx) dy 

f ^rr\ 

dt 

Where: 

T: temperature; 

kx: thermal conductivity in the x-direction; 

ky: thermal conductivity in the y-direction; 

Q: applied boundary flux; 

X: capacity for heat storage; 

t: time. 

This equation states that the difference between the heat flux entering and leaving an 

elemental volume of soil at a point in time is equal to the change in the stored heat energy 

(Geo-Slope International Ltd. 2007). 

In this study, it is important to determine the time required for the 0°C isotherm to reach 

its maximum. As such, a transient analysis was carried out to simulate the time 

dependant behaviour. 
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A radially symmetric model was set up to simulate the freeze-thaw conditions applied to 

the soil columns in the physical test. The dimensions of the model were chosen based on 

the sample setup used in the laboratory testing. The soil sample has a height of 40 cm 

and a diameter of 15 cm and is laterally insulated with a 32 cm thick layer of loose-fill 

insulation. As discussed later in Chapters 5 and 6, soil moisture conditions changed in 

the physical models tested. Therefore, a two-layered system was simulated with the 

numerical model. 

The two soil layers were assumed as follows: (1) the active layer to a depth of 20 cm and 

(2) permafrost from 20 cm to 40 cm depth. A sketch of the TempAV model developed in 

the thermal analysis is depicted in Figure 4.7. A total of 1755 elements were discretized 

(Fig. 4.7). The materials and boundary conditions assigned to the model are discussed in 

the next sections. 

Climate boundary 

30 -

40 -f* * * * * * * 

35 -

Active layer 

Insulation 

Permafrost 

Thermal boundaries 

n 1 1 1 r 

0 5 10 15 20 25 30 35 40 

Width (cm) 

Figure 4.7 Sketch of the TempAV model developed in the thermal analysis 
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4.2.2 Material properties 

Three different materials were defined in this analysis: active layer, permafrost and 

insulation. Table 4.1 lists the frozen and unfrozen volumetric heat capacities, the 

unfrozen volumetric water contents and the frozen and unfrozen thermal conductivities 

properties input in the TempAV analysis. These properties were established based on 

several sources: Penner (1970), Penner et al. (1975), Goodrich (1982), Riseborough and 

Smith (1993), Riseborough (2002), Andersland and Ladanyi (2004), Overduin et al. 

(2006), Geo-Slope International Ltd. (2007) and Wang and Lesage (2007). The unfrozen 

volumetric water content defined for the active layer was based on the final water content 

measured in the laboratory. For the permafrost material, an unfrozen volumetric water 

content of 0.57 was modeled since this value corresponds to a gravimetric water content 

of 50% - the initial water content of the samples used in the laboratory experiment. 

Table 4.1 Input thermal properties in TempAV analysis 
Volumetric Unfrozen volumetric Thermal 

Material heat capacity water content conductivity 
(kJ/m3/°C) (m3/m3) (kJ/hr/m/°C) 

Frozen Unfrozen Frozen Unfrozen 

Active layer 1950 2350 0.43 6.9 4.4 

Permafrost 2050 2450 0.57 9.9 5.6 

Insulation 43.5 43.5 0 0.7 0.7 

The heat capacity and thermal conductivity of the insulation material shown in Table 4.1 

were assumed based on the manufacturer's suggested values. Two cases of insulation 

thermal conductivity were modeled in the numerical analysis: the sample has no lateral 

insulation and the sample is fully insulated laterally. 

The thermal conductivity functions input in the model are given in Figure 4.8. These 

functions were generated by the TempAV software by inputting frozen and unfrozen heat 

conductivities and specifying the type of material simulated. Figure 4.9 plots the 

volumetric unfrozen water content functions for the soils modeled in the analysis. The 

unfrozen water content functions were determined based on the literature. 
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I 

4.2.3 Boundary conditions 

The boundary conditions input in the numerical model simulate the laboratory 

experiment. All nodes were assumed to have an initial temperature of -10°C, which 

represents the temperature condition during the freezing period. In addition, nodal heat 

flux is assumed to be zero for the lateral boundaries. 

The lower and lateral boundaries were defined as an alternation of-10°C and -5°C, which 

corresponds to the laboratory testing conditions (Table 3.3). These thermal boundary 

conditions are depicted in Figure 4.10. The time interval for each temperature was based 

on the temperatures imposed on the physical model. 

25 50 75 100 125 150 175 200 
Time (days) 

Figure 4.10 Thermal function used for lateral and lower temperature boundaries 

The soil temperature at the ground surface is an important boundary condition. In 

Temp/W, it is determined by air temperature and other climatic conditions as follows 

(GeoSlope 2007): 
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T,=Ta+-J—(QH-AE) [4.2] 

Where: 

Ts: temperature at the soil surface (°C); 

Ta: temperature of the air above the soil surface (°C); 

u: psychrometric constant; 

f(u): function dependent on wind speed; 

Q: net radiant energy available at the surface (mm/day); 

AE: actual vertical evaporative flux (mm/day). 

Basically, this equation states that the ground temperature is increased by energy that was 

not consumed in the evaporation or transpiration process (GeoSlope 2007). When 

calculating the actual evaporation (AE) component of the above equation, the model 

assumes that the soil is saturated at 80% and that AE is approximately equal to the 

potential evaporation (input in the climate boundary). The AE requires the input of mean 

air temperature, relative humidity and precipitation (if applicable to the simulated soil). 

Furthermore, the function f(u) accounts for the wind speed also input in the climate 

boundary. It should be noted that TempAV does not consider the water stress state in its 

computations. 

A climate boundary condition was applied at the top surface of the model. The climate 

data used in the analysis during one freeze-thaw cycle are presented in Table 4.2. In the 

table, the temperature column refers to the applied temperature at the top of the soil 

column during the laboratory testing. The relative humidities and the wind speed were 

assumed. The potential evaporation was measured in the laboratory by placing a beaker 

of water under the heating chamber where the soil sample is located, and allowing the 

water to evaporate for 24 hours. An average of 10 mm of water evaporated during one 

day. Water was added every day of the thawing cycle to avoid desiccation of the samples 

caused by the heat and fan located in the heating chamber. The amount of water added to 
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the sample equals the total amount evaporated due to the wind and heat originating from 

the heating chamber. A precipitation of 10 mm/day was therefore simulated in the 

numerical model. Altogether, eleven freeze-thaw cycles were input in the climate 

boundary condition, which is a total of 174 days. 

Table 4.2 Climate surface boundary condition for one freeze-thaw cycle 

Thawing 
Freezing 

Temperature 
(°0 
25 
-10 

Relative 
humidity 

(%) 
79 
72 

Wind 
speed 
(m/s) 

3 
3 

Precipitation 
(mm) 

10 
10 

Potential 
evaporation 
(mm/day) 

10 
10 

4.3 Numerical results and comparison with laboratory data 

The temperature profiles obtained in the laboratory and the numerical analysis for thawed 

conditions are shown in Figure 4.11. These profiles are the result of maximum thawing 

for Cycles 9, 10 and 11. As shown in the figure, the black-dotted line is the computed 

temperature results for a model that has no lateral insulation whereas the other lines 

correspond to a simulation having full lateral insulation with different upper boundary 

temperatures. According to this figure, the measured temperatures are generally within 

the temperature range computed from the insulated and uninsulated cases. The 

comparison indicates that there could be heat losses at the lateral boundary of the soil 

columns. Nonetheless, it should be noted that the thermal conductivity value of the 

insulation material determined by the manufacturer is likely based on ideal conditions, 

which are not usually the case due to a number of factors (e.g. placement method, 

compression or separation of the insulation sheets). Thus, the thermal conductivity of the 

insulation is most likely not as optimal as the manufacturer specifies. The lower 

temperature readings from the upper two sensors in model M2 (at depths of 5 cm and 

15 cm) were further exaggerated by a lateral shift of the sensors towards the cylinder wall 

that was noticed during inspection after the test. Figure 4.12 depicts the results of the 

experimental and numerical models in reference to the progression of 0°C isotherm depth 

over time. This figure also shows that the physical experiment represents a case between 

the fully insulated and uninsulated lateral boundary conditions. 
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Figure 4.12 Comparison of 0°C isotherm progression in numerical and laboratory models 
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5 Moisture Content 
5.1 Observations 

Gravimetric moisture contents of soil samples taken along the soil columns after the 

laboratory test was completed are shown in Figure 5.1. In both laboratory models, the 

initial gravimetric water content was set at 50% (Fig. 5.1). The figure also illustrates the 

extrapolated maximum cryofront depths (Fig. 4.6) for Ml (left of profiles) and for M2 

(right of profiles). 

M l : Cryofront at 20^C 
M l : Cryofront at 25^C 
M l : Cryofront at 30^C 
M2: Cryofront at 25^C 

- - - - Initial moisture content 
M l : Final moisture content 
M2: Final moisture content 

M2 

0 10 20 30 40 50 60 70 80 90 
Moisture Content (%) 

Figure 5.1 Initial and final moisture profiles of Ml and M2 
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5.2 Interpretation 

It is evident that moisture redistribution has occurred in both samples during the eleven 

cycles of testing. Both models show similar profiles with five distinct moisture zones, 

from top to bottom: 

Zone la: the upper zone of the active layer showing increased moisture content; 

Zone lb: the lower zone of the active layer with decreased moisture content; 

Zone 2: a layer of moisture surge in the vicinity of the maximum cryofronts; 

Zone 3a: a slightly decreased moisture zone in the "long-term permafrost" and 

Zone 3b: a slightly increased moisture zone at the bottom boundary of the model. 

According to Figure 5.1, both models indicate that the maximum cryofront depths 

coincide with the depths of moisture surge (20.5 cm in Ml and 17.4 cm in M2). It should 

be noted that the chemical effect of the pore water was not considered and its analysis is 

beyond the scope of this study. The final moisture content and change in moisture 

content for each zone are summarized in Tables 5.1 and 5.2. 

Table 5.1 Change of moisture content in Ml 

Zone Soil layer Depth range 
Moisture 
content 

(%) 

Change of 
moisture content* 

(%) 

Upper active _ A „ „ ^ „ . _ 
la , 0 - 4 cm 64.9 14.9 

layer 

„, Lower active „ „ « ^ „ „,.,> 
lb . 4 -18 cm 33.1 -16.9 

layer 

2 Ice-rich layer 18-23 cm 53.8 3.8 

3a *«**™ 23-36 cm 45.8 -4.2 
permafrost 

Long-term 
permafrost 

_. Long-term „ m0% 

3b 5
 r ^ 36-40 cm 50.3 0.3 

*the change of moisture content after completion of the test is relative to the initial moisture content (50%) 
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Table 5.2 Change of moisture content in M2 
Moisture Change of 

Zone Soil layer Depth range content moisture content* 

(%) (%) 

„ Upper active n . __ n r n l a r , 0 - 3 cm 55.9 5.9 
layer 

... Lower active ., « r r ->o-> *,-o 
l b • . 3-15.5 cm 33.2 -16.8 

layer 

2 Ice-rich layer 15.5-20 cm 57.5 7.5 

Long-term ->^^r- .* ~ ^ * 
3a 5 , . 2 0 - 3 5 cm 44.6 -5.4 permafrost 

Long-term 
permafrost 

_. Long-term ._ _„ _ „ 0 

3b &
 r . 3 5 - 4 0 c m 51.8 1.8 

*the change of moisture content after completion of the test is relative to the initial moisture content (50%) 

Boundary effects explain the moisture conditions in Zones la and 3b. The high water 

content near the top surface is attributed to the addition of water during each thawing 

cycle. The slight moisture increase at the bottom boundary is due to attraction of 

moisture to the freezing front where freezing was maintained for the duration of the test. 

The slightly lower moisture content in Zone 3a (below the ice-rich layer) was most likely 

caused by moisture migration to the freezing fronts above and below this layer. The 

moisture in this layer had probably reached or was close to its equilibrium condition after 

repeated freeze-thaw cycles. This is believed to be true since extensive moisture 

adjustments would have occurred as evidenced in the active layer and the ice-enriched 

zone. 

The moisture conditions of the Zones lb and 2 are of great interest. Clearly, moisture has 

increased significantly in a layer of approximately 5 cm thick (Zone 2) at the bottom of 

the active layer. Immediately above this high moisture zone, there is a significant drop of 

moisture despite water supplied at the surface during every thawing cycle. It was 

observed that the volume of moisture "deficit" in the active layer is greater than that of 
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moisture "surplus" below. This is likely caused by an alternating two-sided movement of 

moisture in the active layer. During the thawing period, the moisture in the active layer 

was attracted to the freezing front below, while during freezing, the unfrozen water in the 

active layer moved upward due to freezing at the top. These results are consistent with 

findings reported by others. Cheng (1983) and Mackay (1983) explained the ice 

accumulation near the permafrost table as a result of water migration during winter and 

summer in response to a thermal gradient between soil and air surfaces. Moisture is 

attracted to the cold front and accumulates at a certain depth which creates an ice-rich 

layer. Ice-enrichment is only present in permafrost terrain due to its two-sided freezing 

nature (Harris et al. 2008a, b; Kern-Luetschg and Harris 2008) which often leads to a 

moisture deficit in the active layer (Mackay 1983; Harris and Lewkowicz 2000). 

In both models, the soil samples and boundary conditions were identical up to Cycle 8. 

Extreme temperatures were applied to Ml starting from Cycle 9, while "normal" 

temperatures were applied to M2. By comparing the results in Figure 5.1, it can be 

concluded that the "normal" 5 cm thick ice-rich zone above the cryofront under normal 

conditions in model Ml was altered during the applied extreme temperature. The 

moisture surplus zone moved downwards by about 3 cm to the new deeper cryofront. 

This information is critical for understanding the transient layer. It should be noted that 

the downward shift of the moisture surplus zone took place after only one cycle of 

extreme thaw. In addition, the moisture conditions in the long-term permafrost may 

eventually reach equilibrium as demonstrated in Zone 3a described above. Some 

unfrozen water below the moisture surplus zone may eventually be drawn back to the 

normal surplus zone under repeated normal freeze-thaw cycles. From these findings, it is 

believed that the ice-rich zone is likely part of the transient layer. 

Generally, moisture content profiles in fine-grained near surface permafrost soils are 

characterized by a peak in total moisture content. This has been observed extensively in 

field investigation conducted in the Canadian North (Mackay 1971, 1983; Pollard and 

French 1980; Harris 1988; Burn and Michel 1988; Kokelj and Burn 2003b, 2005; Wang 

et al. 2008; Morse et al. 2009). Harris (1988) established several moisture content 
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profiles in the Northern Canadian Cordillera and determined that there is a concentration 

of moisture in the upper layers of the permafrost table regardless of profile location or 

vegetation cover (Fig. 2.5). 

A recent Mackenzie valley field study conducted by Wang et al. (2008) established the 

moisture content profiles for 14 sites. Fine-grained soil samples were extracted from the 

ground surface down to a depth well into the long-term permafrost. The charts in Figure 

5.2 depict typical moisture profiles for two of the 14 sites investigated. Generally, water 

contents are lower in the active layer (<50%) and increase with depth. A peak in water 

content at the active layer base and top of permafrost was noted at most sites; findings 

that agree with the ice-rich zone defined in other field studies (Shur et al. 2005; 

Bockheim and Hinkel 2005). The shapes of the moisture charts reported by Wang et al. 

(2008) are very similar to those found in this study (Fig. 5.1). 
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Figure 5.2 Typical soil moisture content profiles for two of the 14 sites (modified from 
Wang et al. 2008) 
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6 Cryostructure 
6.1 Observations 

The cryostructures of each soil column was examined once the test was completed and 

the samples were opened. Figures 6.1 and 6.2 show the structural conditions of models 

Ml and M2, respectively. Soil moisture profiles and maximum cryofront depths are 

shown in Figures 6.1a and 6.2a. The maximum cryofronts are the conditions at the end 

of thawed cycles with thawing temperatures indicated. In Ml, the maximum cryofront 

depths are 16.7, 17.8 and 20.5 cm for thawing temperatures of 20, 25 and 30°C, 

respectively; whereas in M2, the maximum cryofront is 17.4 cm. These cryofronts were 

extrapolated as shown in Figure 4.6. Figures 6.1b and 6.2b depict enlarged areas of the 

structure at locations marked in Figures 6.1a and 6.2a. 

In the active layer, cracks and pore ice crystals were visible in some areas; however, no 

distinctive ice structures were created in either sample within this zone. This layer 

extends from the top surface to a depth of 18.0 cm in Ml and 15.5 cm in M2. Below 

these depths are distinctive cryostructures with ice lenses up to 6 mm in Ml and 9 mm in 

M2. The ice-rich zone consists of two distinctive structures: (1) the upper half with 

thinner ice lenses and (2) the lower half with thicker ice lenses. The thicker ice lenses 

were more horizontal. The division of these two structures coincides in both models. Ice 

lenses continue below the high moisture zone, although the thickness of the ice lenses is 

reduced compared to that at the cryofront. The ice lenses taper off at the bottom 4 to 5 

cm of both soil columns. The ice lenses become finer and less visible in this bottom layer 

(Zone 3b). 
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Figure 6.1 Cryostratigraphy of model M1 after eleven freeze-thaw cycles (a) structure and moisture along length of column M1 
(b) enlarged areas of selected sections marked on (a). The maximum cryofronts are extrapolated as shown in Figure 4.6. 
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Figure 6.2 Cryostratigraphy of model M2 after eleven freeze-thaw cycles (a) structure and moisture along length of column M2 (b) 
enlarged areas of selected sections marked on (a). The maximum cryofront is extrapolated as shown in Figure 4.6. 
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6.2 Interpretation 

6.2.1 Cryostructures 

The cryostructures observed in this study are compared with the Murton and French 

(1994) nomenclature (Fig. 2.2). Tables 6.1 and 6.2 list the identification and descriptions 

of the different cryostructures found in Ml (Fig. 6.1) and M2 (Fig. 6.2) along with 

corresponding moisture contents. The soil layers identified herein are identical to those 

referred to in Chapter 5 for moisture descriptions (Table 5.1 and 5.2). 

Table 6.1 Identification and description of cryostructures in Ml 
Moisture 

Zone Soil layer Depth range content Cryostructure Description 

(%) 

Upper _ _ 
la x. , 0 - 4 cm 

active layer 

„ . Lower . _ft l b J>. , 4 - 1 8 cm 
active layer 

2a 

3a 

3b 

Ice-rich 
layer 1 8 - 20.5 cm 

_. Ice-rich __ _ „ 
2b . 20 .5 -23 cm 

layer 

Long-term 
permafrost 

Long-term 
permafrost 

23 - 36 cm 

36 - 40 cm 

64.9 

33.1 

51.7 

57.2 

45.8 

50.3 

Structureless 

Structureless 

Irregular 
reticulate 

Lenticular or 
layered 

Lenticular 

Structureless 

No specific structure. 
Some visible pore ice 
crystals. 

No specific structure. 
Some fine cracks. Some 
visible pore ice crystals. 

Non-parallel net-like 
structure. Thin ice lenses. 

Thick horizontal ice 
lenses (up to 6 mm thick) 

Fine horizontal ice lenses 
that are at places 
layered. Occasional, 
vertical or diagonal ice 
lenses. 

No specific structure. 
Fine ice lenses and some 
visible ice crystals. 
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Table 6.2 Identification and description of cryostructures in M2 
Moisture 

Zone Soil layer Depth range content Cryostructure Description 

la 

lb 

2a 

2b 

3a 

3b 

Upper 
active layer 

1 n\A/pr 

active layer 

Ice-rich 
layer 

Ice-rich 
layer 

Long-term 
permafrost 

Long-term 
permafrost 

0 - 3 c m 

3 -15.5 cm 

15.5-18 cm 

18 - 20 cm 

2 0 - 3 5 cm 

3 5 - 4 0 cm 

55.9 

33.2 

59.3 

54.5 

44.6 

51.8 

Structureless 

Structureless 

Irregular 
reticulate 

Lenticular or 
layered 

Lenticular 

Structureless 

No specific structure. 
Some visible pore ice 
crystals. 

No specific structure. 
Some fine cracks. Some 
visible pore ice crystals. 

Non-parallel net-like 
structure. Thin ice lenses 

Thick horizontal ice 
lenses (up to 9 mm thick) 

Fine horizontal ice lenses 
that are at places 
layered. Occasional, 
vertical or diagonal ice 
lenses. 

No specific structure. 
Fine ice lenses and some 
visible ice crystals. 

The active layer (Zones la and lb) is described as being structureless with some visible 

ice crystals with some fine cracks in both samples. In field investigations, Leshchikov 

and Ryashchenko (1978) also described the active layer as being structureless, whereas 

Mackay (1983) referred to it as being at times desiccated with the presence of various 

structures. Gavriliev and Efremov (2003) described the active layer as having cavities 

and cracks resulting from the melting of ice lenses and streaks. This occurs perhaps 

because the active layer thaws every year. 

In both samples, irregular reticulate ice structures (Zone 2a) are identified in the upper 

ice-rich layer. Within this region, the ice has a net-like (reticulate) structure and is non-

parallel (irregular). Zone 2b is ice-rich and consists of thick lenticular or layered ice 

structures in both samples. In numerous field investigations, aggradational or segregated 

ice lenses have been identified near the 0°C isotherm (Mackay 1971, 1972, 1980, 1983; 
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Pollard and French 1980; Bum et al. 1986; Burn 1988; Harris 1988; Morse et al. 2009). 

In both samples, the ice-rich layer contains two types of cryostructures: irregular 

reticulate and lenticular or layered. In a study conducted in the Mackenzie Delta, two 

kinds of structures were also noted at the active layer and permafrost interface (Fig. 2.3). 

The authors identified the ice structure located between 7 and 10 cm (on the scale) as 

segregated ice. 

Based on the cryostratigraphy, the transient layer may be ice-enriched and may have a 

thick lenticular or layered structure. By comparing the cryostructures in models Ml and 

M2, it is likely that the "normal" ice-rich structures observed in model M2 may have 

existed in Ml prior to Cycle 11 but were altered during the extreme temperature 

conditions applied during Cycle 11. Furthermore, the ice-enriched zone moved 

downwards to the new deeper cryofront. These findings are evidence that the transient 

layer is a constantly reconditioned zone which may be subjected to significant alterations 

under varying climate conditions. 

In Zone 3a, in the "long-term permafrost" zone, the cryostructure is generally lenticular. 

This structure consists of fine horizontal with occasional vertical or diagonal ice lenses. 

No thawing has occurred in this zone during the experiment. The cryostructure described 

in Zone 3b is structureless within both samples. This can be attributed to boundary 

effects. In addition, other cryostructures may be slightly distorted due to boundary 

effects. 

6.2.2 Influence of extreme temperatures 

The maximum cryofront depths averaged for given thaw temperatures are depicted by 

dotted lines superimposed on the moisture profiles in Figures 6.1a and 6.2a. For model 

M2, where only one cryofront depth is reached (Fig. 6.2a), there is a change in 

cryostructure. The thickest ice lens is approximately located at this depth, which is an 

indication that moisture migrates toward the cryofront. In model Ml, cycles with 

thawing temperatures of 20°C and 30°C have a different maximum 0°C isotherm than in 

25°C thaw cycles. From Figure 6.1a, it can be seen that there is a change in cryostructure 
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approximately at the 25°C and 30°C cryofront depths. At the 25°C cryofront, the 

structure gradually changes from structureless to irregular reticulate. During the last 

cycle of Ml, a deeper cryofront was reached due to an air temperature of 30°C. The 

thickest ice lenses are located at this depth. These findings indicate that the thick ice 

lenses in the upper portion of the lenticular or layered cryostructure (Zone 2b) were 

significantly altered and that in the lower portion were enhanced. 
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7 Pore Water Pressure 

Pore water pressures were monitored at depths of 5, 15 and 25 cm in both samples. The 

soil at the 25 cm depth did not thaw during the entire experiment, therefore results from 

this sensor will not be presented. In this chapter, the laboratory test data are compared 

with the theoretical results from Equation [2.3] developed by Morgenstern and Nixon 

(1971). 

7.1 Results 

The calibrated total pore water pressure head recorded during the entire test is shown in 

Figures 7.1a and 7.2a. Figures 7.3a and 7.4a also depict the pore water pressure data, but 

on a smaller pressure head scale. Figures 7.3a and 7.4a exclude extremely positive and 

negative values of pore water pressures recorded during the freezing state of the sample. 

Below all pore pressure data charts is the corresponding chamber temperature (Fig. 7.1b -

7.4b). In previous studies, excessive values of pressure increases have been explained by 

the result of segregation ice growth (Harris and Davies 1998). However, there are 

significant uncertainties in the pressure transfer from the heaving soil to the transducer; 

therefore it cannot be assumed that pressure readings accurately reflect ice pressures. For 

this reason, only the results obtained during the thawing state of the samples will be 

discussed. 

A chart for each cycle is presented in the discussions section of this chapter. 
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Figure 7.1 (a) Total pore water pressure history data for model Ml and (b) chamber temperature 
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Figure 7.2 (a) Total pore water pressure history data for model M2 and (b) chamber temperature 

08-Nov 28-Nov 18-Dec 

65 



Time (day) 
11-Jun Ol-Jul 21-Jul 10-Aug 30-Aug 19-Sep 

•5 cm 15 cm 

09-Oct 29-Oct 18-Nov 08-Dec 

h« 
VK^Vl 

V * I W 

V 

K hf 

(a) Total pore water pressure history data for model Ml (smaller scale than Fig. 7.1) 

35 
30 
25 

0 20 
g? 15 
| 10 

1 5 

£ 0 
-5 

-10 
-15 

- - *ChamberTemp. 

-̂  _«_ — - » -% 

i i ' _ _ . _ • f • • i g »_„ _«̂  • ' i 

— i L - - . * — • — » 1 • 1 • — * • ' — • • • • — - * • 

a •" ~ "i •" ~ " r • • ' • ' ' 1 i" ' ' ' • ' "• ' 

1 § f _ ^ J , 1 , , 1 1 ^ _ _B -j 1 

i i ' i • • • L • 
I I ' i • • • i i • • 

11-Jun Ol-Jul 21-Jul 10-Aug 30-Aug 19-Sep 
Time (day) 

09-Oct 29-Oct 18-Nov 08-Dec 

(b) Chamber temperature 
Figure 7.3 (a) Total pore water pressure history data for model Ml and (b) chamber temperature 
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7.2 Theoretical values from Morgenstern and Nixon theory 

The thaw consolidation theory developed by Morgenstern and Nixon (1971) estimates the 

excess pore water pressures generated in a thawing soil. The excess pore pressure under 

the soil's own weight can be estimated using Equation [2.3]. The excess pressures 

calculated from this equation is a function of the submerged unit weight of the soil (y'), 

the depth at which the excess pore pressures are measured (x) and the thaw consolidation 

ratio (R). The submerged unit weight of the soil is 6.69 kN/m3 which was calculated 

based on the bulk unit weight of the soil (16.5 kN/m ) determined experimentally. The 

excess pore water pressures can be calculated for the two depths measured in the 

laboratory: 5 cm and 15 cm from the soil surface. Equation [2.4] is used to calculate the 

thaw consolidation ratio which is based on the coefficient of consolidation (cv) and alpha 

(a) values. 

The coefficient of consolidation was obtained from consolidation tests conducted on the 

same type of soil used for the freeze-thaw modeling. Figure 7.5 presents the coefficient 

of consolidation with respect to the load applied during the consolidation test. The black 

curve is a trend line whereas the dotted line is linear extrapolation. 
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Figure 7.5 Laboratory results for coefficient of consolidation and linear extrapolation 

At the sensor depths of 5 and 15 cm, the overburden pressures are calculated to be 0.8 

and 2.5 kPa, respectively. For these pressure values, consolidation coefficients were not 

determined in the consolidation test. Therefore, the cv values were established by linear 

extrapolations; 0.74 and 0.68 m2/year at 5 and 15 cm depth respectively. 

In this study, the thermal constant, a, is determined experimentally as discussed 

hereinafter. 

Thermal constant 

In order to determine the a value based on experimental results, the Neumann solution 

(Eq. 2.1) is used. With this equation, it is possible to determine a since the depth and 

time to reach the sensors are known. The temperature history presented in Figure 4.1 is 

used to determine the time required for the 0°C isotherm to reach the sensors at 5 and 

15 cm depth. Tables 7.1 and 7.2 compare the a values calculated for a depth of 5 and 

15 cm, respectively. For Ml, three a values are determined - one for each thawing 

temperature. 
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Table 7.1 Calculation of a at 5 cm depth 
Thawing 

Model Cycle temperature X(m) t(year) a(m/y1/2) 
ra 

25 0.05 0.00232 1.04 

20 0.05 0.00268 0.97 

30 0.05 0.00136 1.36 

M2 2 to 11 25 0.05 0.00246 1.01 

Table 7.2 Calculation of a at 15 cm depth 
Thawing 

Model Cycle temperature X(m) t(year) ct(m/y1/2) 

ra 

25 0.15 0.00797 1.67 

20 0.15 0.01067 1.45 

30 0.15 0.01068 1.81 

M2 2 to 11 25 0.15 0.00974 1.53 

It should be noted that a is dependant of several factors. In Nixon and McRoberts 

(1973), it is demonstrated that a is a function of seven variables: unfrozen thermal 

conductivity, frozen thermal conductivity, unfrozen volumetric heat capacity, frozen 

volumetric heat capacity, initial ground temperature, applied surface temperature and 

latent heat of soil. The more sophisticated function would lead to more accurate 

solutions. However, given that the key parameters are unknown and extensive studies of 

those parameters are beyond the scope of this research, the simple Neumann solution (Eq. 

2.1) is used here. This is considered adequate for this study as the results are used to 

compare the thawing history and the pore pressures of the same model setup. 

Theoretical excess pore pressures 

Table 7.3 lists the calculated excess and total pore water pressures based on the thaw 

consolidation theory with respect to thawing temperature. The total water pressure is the 
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excess water pressure added to the hydrostatic water pressure assuming the free water 

table at the top surface of the soil column. Theoretically, excess water pressures are 

higher for higher thawed temperatures (and higher a values) which result in greater 

consolidation ratios. 

Table 7.3 Excess and total pore water pressures 

Model 

Ml 

M2 

Thawing 
temperature 

CO 

20 
25 
30 

25 

Excess pore water 
pressure 

at 5 cm 

1.32 

1.45 

1.89 

1.39 

(cm) 

at 15 cm 

6.22 

6.90 

7.24 

6.45 

Total pore water 
pressure 

at 5 cm 

6.32 

6.45 

6.89 

6.39 

(cm) 

at 15 cm 

21.22 

21.90 

22.24 

21.45 

The pore pressures in Table 7.3 are discussed in the following subsection. 

7.3 Discussions 

Figures 7.6 - 7.49 show the total pore water pressure and temperature results compared to 

the corresponding overburden pressure and that from the Morgenstern and Nixon (1971) 

theory. In the charts, the experimental data is presented with solid lines and the total 

theoretical and overburden pressure values are depicted with dotted lines which are 

plotted throughout the thawed portion of the cycle. The figures consist of one freeze-

thaw cycle and are configured as follows: 

Figures 7.6 - 7.16: Model Ml, Cycles 1 to 11 at 5 cm depth; 

Figures 7.17 - 7.27: Model Ml, Cycles 1 to 11 at 15 cm depth; 

Figures 7.28 - 7.38: Model M2, Cycles 1 to 11 at 5 cm depth; 

Figures 7.39 - 7.49: Model M2, Cycles 1 to 11 at 15 cm depth. 

In M2 at 5 cm depth, it can be seen that the pore pressures are considerably higher than 

the predicted total pore pressure values (Table 7.3) and the overburden pressure. The 

exact reason is unknown, but the sensor data is questionable. In M2, the soil temperature 
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at 15 cm is very close to the melting point, therefore a significant amount of ice likely 

existed around the sensor. Thus, pressure data at this depth may be unreliable. It is 

impossible to compare data of M2 with the thaw consolidation theory. The following 

discussions are therefore focussed on Ml results. 

In model Ml at 5 cm depth, pore water pressures often exceed the overburden pressure 

(Fig. 7.6-12), but are sometimes close to it (Fig. 7.13-15). At this depth, only the data 

from Cycle 11 (Fig. 7.16) is close to the theoretical total pore pressure. In Ml at 15 cm 

depth, some measured thawed readings are close to theoretical results (Fig. 7.17-7.19) 

while others exceed the overburden pressure. 

It should be noted that the thaw consolidation theory assumes a free water table at the top 

surface of the soil column. However, this is probably not the case in the current 

experiment. There is most likely an unsaturated zone located in the middle of the active 

layer due to moisture migration. Furthermore, the theory assumes that ice/water phase 

change occurs at a given moment and depth, while in reality there is a "zero curtain" or 

0°C zone where water is expelled gradually. These discrepancies make it difficult to 

compare theoretical values and measured data. 

During phase change from ice to water, the pressure sensors registered dramatic changes. 

The changes smoothed out with temperature increase to well above 0°C. Under ideal 

conditions, the thawed pore water pressure at a given depth should not exceed the 

overburden pressure at that depth. However, this has not been the case for most of the 

Ml data and all the data for M2. This could be due to several reasons. For example, the 

depth of the sensors may not have been at exactly 5 cm or 15 cm due to possible sensor 

shifting during soil placement. The sensor depth could have been further distorted by soil 

heaving and settlement during free-thaw cycles. The excessive pressure during freezing 

may have some residual effect on the sensors for subsequent measurements of low 

pressures under thawing conditions. Nonetheless, pore water pressure change at the thaw 

front is a very complex behaviour. This is due to the time lapse occurring during phase 

change from pore ice to pore water. This is demonstrated by pore pressure fluctuations at 
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the beginning of almost all thaw cycles. Although the sensors did measure some pressure 

values close to theoretical values, e.g. Figures 7.16-19, it cannot be concluded that this 

test confirmed the theory. 
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Figure 7.6 Total pore water pressure history, model Ml: Cycle 1, depth 5 cm 
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FigUlt 7.7 Total pore water pressure history, model Ml: Cycle 2, depth 5 cm 

74 



"Temperature • Measured Pore Water Pressure - - - - Morgenstern and Nixon Theory — - - Overburden Pressure 

i-Jul 12-Jul 14-Jul 16-Jul 
Time (day) 

Figure 7.8 Total pore water pressure history, model Ml: Cycle 3, depth 5 cm 
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Figure 7.9 Total pore water pressure history, model Ml: Cycle 4, depth 5 cm 
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Figure 7.10 Total pore water pressure history, model Ml: Cycle 5, depth 5 cm 
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Figure 7.11 Total pore water pressure history, model Ml: Cycle 6, depth 5 cm 
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Figure 7.12 Total pore water pressure history, model Ml: Cycle 7, depth 5 cm 
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Figure 7.14 Total pore water pressure history, model Ml: Cycle 9, depth 5 cm 
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Figure 7.15 Total pore water pressure history, model Ml: Cycle 10, depth 5 cm 
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Figure 7.16 Total pore water pressure history, model Ml: Cycle 11, depth 5 cm 
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Figure 7.18 Total pore water pressure history, model Ml, Cycle 2, depth 15 cm 
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Figure 7.19 Total pore water pressure history, model Ml: Cycle 3, depth 15 cm 
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Figure 7.24 Total pore water pressure history, model Ml: Cycle 8, depth 15 cm 
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Figure 7.25 Total pore water pressure history, model Ml: Cycle 9, depth 15 cm 
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Figure 7.27 Total pore water pressure history, model Ml: Cycle 11, depth 15 cm 
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Figure 7.28 Total pore water pressure history, model M2: Cycle 1, depth 5 cm 
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Figure 7.30 Total pore water pressure history, model M2: Cycle 3, depth 5 cm 
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Figure 7.31 Total pore water pressure history, model M2: Cycle 4, depth 5 cm 
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Figure 7.32 Total pore water pressure history, model M2: Cycle 5, depth 5 cm 
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Figure 7.33 Total pore water pressure history, model M2: Cycle 6, depth 5 cm 
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Figure 7.34 Total pore water pressure history, model M2: Cycle 7, depth 5 cm 
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Figure 7.37 Total pore water pressure history, model M2: Cycle 10, depth 5 cm 
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Figure 7.38 Total pore water pressure history, model M2: Cycle 11, depth 5 cm 
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Figure 7.41 Total pore water pressure history, model M2: Cycle 3, depth 15 cm 
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Figure 7.43 Total pore water pressure history, model M2: Cycle 5, depth 15 cm 

92 



•Temperature • Measured Pore Water Pressure Morgenstern and Nixon Theory — - - Overburden Pressure 

u 
0 

CD 

ro 
CD 

o. 
E 

25 
20 
15 
10 

5 
0 

-5 
-10 
-15 

' " * • 111 4 ^ w » » » p • " » « » #• — —•» «• g w i » — • > • * » » • » » » <•» • ••• p ! ' • • < • wr 

50 
40 £ 

•o 
30 S 

2 0 1 
10 2 

0 

21-Aug 23-Aug 25-Aug 27-Aug 29-Aug 31-Aug 02-Sep 04-Sep 06-Sep 08-Sep 10-Sep 12-Sep 

Time (day) 
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Figure 7.46 Total pore water pressure history, model M2: Cycle 8, depth 15 cm 
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8 Conclusions 

A laboratory study was conducted on fine-grained soils from the Mackenzie valley to 

study the behaviour of the transient layer under extreme climate conditions. The 

temperature, moisture, soil structure and excess pore water pressure changes were 

observed during the eleven cycles of freezing and thawing. Two identical soil samples 

from the Mackenzie valley were tested under different conditions - one model (M2) was 

kept at the same freezing and thawing temperatures during all cycles whereas the other 

model (Ml) was subjected to extreme temperature conditions during later thawed cycles. 

Exposing one sample to elevated air temperatures provided information on the extent of 

change in soil behaviour and characteristics. 

Within both samples, moisture redistribution along the entire soil column was evident. 

The distinct moisture pattern is believed to be the result of the two-sided freezing of the 

sample and water migrating towards the freezing front. An ice-rich zone developed at the 

maximum cryofront depth as a result of the repeated freeze-thaw cycles. The findings 

indicate that the ice-rich zone can be part of the transient layer. During the last thawing 

cycle of Ml, the air temperature was increased to 30°C while it remained at 25°C in M2. 

Consequently, the thickness of the ice-rich zone in Ml was reduced and shifted 

downwards by about 3 cm. The maximum depth of cryofront coincides with the depth of 

the ice-rich zone as well as with the depth of cryostructure change. 

As a result of moisture migration, various cryostructures were created along the soil 

columns. Both samples have similar cryostratigraphies. Two distinct cryostructures 

were identified in both samples within the ice-rich zone. The lower part of the ice-rich 

zone had thicker ice lenses than the upper part. Lenticular cryostructures with mostly 

horizontal ice lenses were noted in the long-term permafrost zone in both models. 
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Laboratory results show an active layer increase of 15.2% for an increase in 5°C thawing 

temperature (from 25°C to 30°C). On the other hand, the active layer depth decreased by 

6.2% for a decrease of 5°C thawing temperature (from 25°C to 20°C). 

These laboratory findings are evidence that the characteristics of the transient layer are 

subject to change with increasing number of freeze-thaw cycles. Within this zone, ice 

may accumulate but can also be destroyed or altered under extreme climate conditions. 

The excess pore water pressure data obtained from each thawing cycle were mostly 

higher than theoretical predictions based on the thaw consolidation theory developed by 

Morgenstern and Nixon (1971). The measured pore water pressure of some thaw cycles 

agree with the theory while others do not. The inconsistency between measurements and 

theoretical calculations can be caused by accuracy or malfunctioning of the sensors, 

existence of pore ice, or other reasons. 
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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) = a4i [1] 

Where: 

X: distance to the thaw plane from the soil surface; 

a: a thermal constant; 

t: time. 

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

consolidation is valid. 

d2u _ du da 
dx2 dt dt ' *:5T = - - — PI 

Where: 

u: excess pore pressure; 

x: depth measured from the ground surface; 

a: total stress applied; 

cv: coefficient of consolidation. 

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

d2u _ du 
dx2"'di 'vTTT = - P] 
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Boundary Conditions: 

t = 0; X=0 

t>0; u = 0; x = 0 

From Darcy's Law, the volume of pore fluid expelled from a small layer AX as the 

line advances through an increment in time At is 

AAXJ) 
AV = S£ At 

Where: 

AV: change in volume in a layer of thickness AX; 

A: cross-sectional area of a soil element; 

k: hydraulic conductivity of the soil; 

du 
—(X,t): excess pore pressure gradient at the thaw interface; 
dx 

yw: unit weight of water. 

The volumetric strain is given by: 

AV _ AV kdx^X^ 
V AAX dX_ 

7w dt 

For a compressible soil: 

112 



= -mvAa' 
V 

Where mv is the coefficient of volume compressibility. 

From Equations [7] and [8]: 

du(X,t) 

Acr'= " ,lx [9] 
aX 

~dt 

The total stress at x = X is: 

a{X,t) = P0 + iX [10] 

Where Po: load applied to the surface; 

y: unit weight of soil. 

At x = X the pore pressure is 

Pw{X,t) = u{X,t)+ywX [11] 

And therefore the effective stress is 

<riX.t) = P0+?X-u(X9t) [12] 

Where y' is the submerged unit weight of the soil. 

Aa,= <7,(X,/)-<V [13] 
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Where Go' is the initial effective stress in the soil 

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

Aa'=P0 + yX-u(X,t) [14] 

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

P0 + rX-u(X,t)=Cv\Xj X = *{t) [15] 
dX t>0 
dt 

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 
( \ 

x + Bx [16] 

l2V^J 

Where erf[ ) : error function 

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

A = ^ - r [17] 

e rf{R)+ e 
JTZR 

5 = — ^ - [18] 
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ot 
Where R = — = is the thaw consolidation ratio 

2^7 

Therefore the complete solution is: 

u(x,t) = -

erf{R)+ 
„ - * * 

'erf 

^R 

( \ 
x fx 

1+-
2R2 

[19] 

It is convenient to introduce the dimensionless variables: 

Z = * ^ w =im 
X(t) 

[20] 

[19] becomes: 

p0+yx 

[21] 

( 1 ~\ 

^+wrJ 

>rf(RZ) 

°rf(R)+ 
- -K 2 

(. 1 ^ 

4xR 
1 + 

2R2 
K £K j 

1 + — 
w. r J 

Where Wr is the ratio of the relative magnitude of the applied load and the effective 

overburden pressure at the thaw line 

For a weightless material (Wr= 0): 

u(Z,t) _ erf{RZ) 
P ~ „-K2 

P° erf(R)+
e 

[22] 

JnR 
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For a soil consolidating under its own weight (Wr= oo): 

u{Z,t) 

yx 
[23] 

1 + 
2R2 j 
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