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EXECUTIVE SUMMARY

Introduction to the Guideline

Infrastructure in the North commonly depends on permafrost for its foundation material. 
Such infrastructure should be designed with full consideration for the potential of 
climate change, particularly increases in air temperature, to cause permafrost warming 
and/or thawing and create significantly different foundation environments in the future.

This Guideline is for decision makers with a role in planning, purchasing, developing, or 
operating community infrastructure in permafrost regions. It will assist people who are 
not experts in permafrost and/or climate change, by providing: (i) a better
understanding of critical permafrost- and climate change-related issues; (ii) a means for 
locating key information sources on these topics; and, (iii) the ability to ask “the right 
questions” of those they hire to ensure appropriate planning, assessment, design, and 
construction of community infrastructure projects. The Guideline provides contextual 
material and guidance on the following:

1. Permafrost as an environmental variable, and its response to climate and other 
environmental change (Chapters 2 and 3);

2. Foundation types for community infrastructure in permafrost (Chapter 4);

3. Trends in climate and permafrost conditions across northern Canada (Chapters 5 
and 6); and

4. A process for ensuring that climate change is incorporated into (a) the siting, and (b) 
the design of foundation systems in permafrost terrain (Chapter 7).

This Guideline is focused on new infrastructure projects rather than on maintenance of 
existing structures. It addresses how to estimate and account for the effects of future 
climate on permafrost and on foundations at sites where permafrost may be a factor. 

Most information in this Guideline is of relevance to the majority of community 
infrastructure types.

Introduction to permafrost

Permafrost is ground (soil or rock) that remains below 0 °C for two or more consecutive 
years. Permafrost is fundamentally a product of climate, so it is found at high altitude as 
well as high latitude. While the majority of permafrost in Canada is found in the 
territories, there is also considerable permafrost in the mountains of Alberta and British 
Columbia, and in the northern portions of the provinces from Alberta eastwards to 
Newfoundland and Labrador. 
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The ice content of permafrost is, together with temperature, a key determinant of 
permafrost’s strength and behaviour as a foundation material. The ice content 
commonly varies with soil type and other local conditions. Fine-grained soils such as fine 
sands, silts and, clays are particularly susceptible to the development of ground ice in 
permafrost, especially in the uppermost few metres at a site. Many northern 
communities are located close to the ocean, rivers, or lakes at sites with silt and clay-rich 
marine and floodplain soils containing significant amounts of ground ice.

An increase in temperature at the surface of the ground, whether due to a disturbance of 
the ground or to a change in climate, will lead to gradual and generalized increases in 
temperature throughout the permafrost. Permafrost at temperatures very close to 0 °C 
will respond more slowly to the effects of surface warming than permafrost below about 
–4 °C, since in the “warm” permafrost a significant amount of the energy that is 
introduced by surface warming is absorbed by melting of ice rather than in raising the 
ground temperature.

Changes to the characteristics and occurrence of permafrost due to construction 
activities and climate change

Climate is the principal factor controlling the formation and persistence of permafrost. 
There are general relations between air and ground temperatures, permafrost 
thicknesses, and summer thaw depths, but local factors are important in determining 
specific permafrost conditions at a site. A change in air temperatures and other climate 
variables will result in a change of ground temperature, but this will vary depending on 
site conditions, so the design, construction, and management of infrastructure 
foundations must always recognize the importance of site-specific conditions. 

During site preparation and infrastructure construction, activities such as vegetation 
clearance, surface grading, and removal or compression of the organic layer will occur, 
usually raising ground temperatures. Where the structure is a building, the most 
significant impact on permafrost normally occurs immediately beneath the building, as 
heat generated through its use is conducted downwards into the foundation.

For construction design, a main difference between unfrozen soils and permafrost is the 
strength presented by pore ice which binds the soil particles together in permafrost. 
However, frozen soils weaken as they warm, and, when they thaw, lose all strength 
conferred by their ice content. The long-term strength of frozen ground depends on the 
soil or rock of which the ground is composed, and the amount of ice in the ground. 
Ground ice may deform (or bend) under sustained loads over time, a process known as 
“creep”. The potential for creep increases rapidly as ice approaches its melting point.

Where ground is covered by sediments, the upper parts of permafrost commonly 
contain “excess” ice — ice content greater than the pore space of the thawed soil. Soils 
with excess ice undergo considerable transformation when they thaw. Initially, the 
excess water content reduces the strength of the soil. As excess water from thawing 
permafrost drains, the soil settles and the ground subsides. Spatial variation in excess ice 
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contents and soil drainage can result in differential thaw settlement. This is a design 
factor for larger structures which may cover patches of different materials, as differential 
settlement may lead to deformation of the structure.

Northern infrastructure foundations

Conventional foundation design primarily considers two related factors: bearing capacity 
and settlement. Settlement is both the total and any differential settlement beneath a
structure, resulting from one or several of the support elements. Foundation design in 
permafrost imposes several challenges for control of differential settlement and the 
resulting deformation of structures. First, the bearing capacity of permafrost is largely a 
function of the amount and temperature of ground ice. As the amount of ground ice 
commonly varies across the area of a construction site, bearing capacity may differ 
across a foundation, causing different portions of the structure to experience settlement 
at different rates. Second, since ice-rich soils consolidate and discharge excess water as 
they thaw, variably distributed ground ice can result in the settlement of portions of the 
ground, causing distortion in the structure above. Third, if the “active layer” of ground 
above the permafrost that thaws and freezes each year deepens, foundation systems that 
rely on piles may experience accentuated frost heaving. Less of the piles’ surface will be 
frozen year-round to the surrounding soil, while more will be exposed to the lifting force 
exerted through soil expansion when the water in the active layer re-freezes in the 
autumn and winter. 

It is important that long-lasting community infrastructure in permafrost regions 
accommodate the potential instability of the ground. Foundations that rely directly on 
frozen ground must be designed to ensure the ground does not thaw following 
construction, and all foundations must accommodate changes that are anticipated 
throughout the service life of the structure.

Three principal foundation types are commonly used in permafrost terrain:

Surface pads: The construction of a surface pad to preserve the temperature of the 
underlying permafrost is common in northern Canada. One of the primary advantages 
of using surface footings on a granular pad with a cold crawl space below is the ability to 
compensate for any differential settlement through jacking or shimming. Unheated 
structures may be built directly on a pad, but only if they are well ventilated, have 
insulation inserted between the structure and the pad, and remain unheated throughout 
their service life.

Deep foundations: There are two fundamental pile types in use in the Canadian North: 
adfreeze piles and rock-socketed piles. Their designs and applications are fundamentally 
different. Adfreeze piles are commonly installed where permafrost soils extend to 
substantial depths without encountering bedrock. These piles rely on the bond with the 
surrounding ground for their load-bearing capacity. The ground can be ice-rich but 
should be below –3 °C, and colder still if the soil is saline. Rock-socketed piles are used 
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where bedrock occurs within a practical depth below the surface. These piles are 
designed to transfer the full load of a structure to the underlying bedrock.

Foundations with heat exchangers: Foundations enhanced with heat exchangers are 
now widespread in Canada’s North. They are generally used where heated crawl spaces 
and warm first floors at finished grade are required. For such structures, systems are built 
to intercept heat that would otherwise flow to the ground and affect the permafrost. 
Thermosyphons are the most widely used heat exchangers. When designs with 
thermosyphons are being considered, detailed geothermal analyses are required. The 
inclusion of climate warming in the design process requires careful consideration of the 
conditions chosen for the design, in particular, the winter monthly temperatures that 
drive heat removal through the thermosyphons. Thermosyphons are an example of a
foundation system that requires significant expertise to design, install, maintain, and 
monitor.

Summary of past and future climate change in northern Canada

Environmental impacts linked to climate change have now been documented 
throughout the polar regions. Measured temperature trends indicate that the western 
Canadian Arctic is warming at a rate unprecedented in the last 400 years (ACIA, 2005), 
while over the past several years, mean annual air temperatures have risen more rapidly 
in the eastern Arctic than anywhere else in Canada. Precipitation patterns have also 
changed significantly in many parts of the North. Mean annual precipitation has 
increased by as much as 25 to 35% in the High Arctic since the 1950s, with some 
regions receiving more snow. The duration of the snow season, and the onset and rate of 
snowmelt have also been affected by the changing climate.

Climate projections must be used to predict future permafrost conditions when planning 
community infrastructure projects. Given moderate greenhouse gas emission scenarios, 
over the next 100 years average annual temperatures in the Arctic are projected to rise 
further by 4 to 5 °C over land, and winter temperatures by 4 to 7 °C.

For this Guideline, Environment Canada used a number of internationally accepted 
climate model ensembles to project future temperature changes over periods of 30 years 
across nine arctic zones. Twenty-four models were initially tested for their ability to 
duplicate historical mean annual temperatures across each of the zones. Of these, four 
were selected based upon their ability to reproduce historical trends. Summary results 
from these models are provided in Tables 5.2 and 5.3 for each Arctic zone.

Trends in permafrost conditions

Many sites in northern Canada show changes in permafrost temperature as a result of 
recent climate warming. Since the relatively small climate change of the 20th century 
has had a noticeable impact on the temperature and physical condition of permafrost, 
we must expect these impacts to develop further under the climate change scenarios 
discussed in Chapter 5 of the Guideline.
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Addressing climate change in the planning and design of foundations for 
community infrastructure 

Incorporation of climate change into the design of foundations for structures on 
permafrost is presented as a two-stage process. The first stage involves use of a screening 
tool to assess the level of climate change-related risk posed to a project. Application of 
the screening tool will allow a Project Manager to determine the scope of design services 
required to manage the climate change-related risks through the siting and design 
process. The screening assesses both the climate-change sensitivity of the permafrost at 
the proposed site and the consequences associated with an eventual failure of the 
project. In principle, the screening process may also be used in the planning of proposed 
sites for community expansion during the first stages of any development, when terrain
suitability for zoning is being assessed.  

If the screening process suggests a need for rigorous climate change-related analysis for
a particular structure, the second stage presents, among other things, steps required to 
ensure that a more detailed evaluation of climate characteristics at the end of structure 
life is conducted. The second stage protocol involves quantitative analysis of the ground 
thermal regime, critical evaluation of design limitations, development of a monitoring 
and maintenance plan, and establishment of design and construction documentation. 
This second stage will require the help of experts in various fields.
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RÉSUMÉ 

Présentation des lignes directrices 

Les infrastructures dans le Nord reposent généralement sur du pergélisol. De telles 
infrastructures doivent donc être conçues en tenant compte du fait que les changements 
climatiques, se traduisant notamment par une hausse de la température de l’air, 
pourraient entraîner un réchauffement, voire un dégel, du pergélisol et ainsi créer des 
environnements très différents pour les fondations à l’avenir. 

Les présentes lignes directrices ont été rédigées à l’intention des décideurs dont le rôle 
consiste à planifier, acheter, développer ou exploiter des infrastructures communautaires 
dans les régions de pergélisol. Elles aideront les personnes qui ne sont pas des 
spécialistes du pergélisol ou des changements climatiques en fournissant : i) une 
meilleure compréhension des enjeux critiques liés au pergélisol et aux changements 
climatiques; ii) un moyen de trouver les principales sources d’information sur ces sujets; 
iii) la capacité de poser «les bonnes questions» aux personnes qu’elles embauchent afin 
de garantir une planification, une évaluation, une conception et une construction 
appropriées pour les projets d’infrastructure communautaire. Ces lignes directrices 
offrent des conseils et des renseignements contextuels sur ce qui suit : 

1. le pergélisol en tant que variable environnementale et sa réaction aux changements 
climatiques et environnementaux (chapitres 2 et 3) ; 

2. les types de fondation utilisés pour les infrastructures communautaires dans les zones 
de pergélisol (chapitre 4) ; 

3. les tendances en ce qui a trait aux conditions du climat et du pergélisol dans 
l’ensemble du Nord canadien (chapitres 5 et 6) ; 

4. un processus assurant la prise en compte des changements climatiques dans a)
l’implantation et b) la conception des systèmes de fondation dans les zones de 
pergélisol (chapitre 7). 

Ces lignes directrices sont axées sur les nouveaux projets d’infrastructure plutôt que sur 
l’entretien des structures existantes. Elles abordent la manière d’estimer et de prendre en 
compte les effets du climat futur sur le pergélisol et sur les fondations aux endroits où le 
pergélisol peut jouer un rôle. 

Une grande partie de l’information présentée dans ces lignes directrices s’applique à la 
majorité des types d’infrastructures communautaires. 

Présentation du pergélisol 

Le pergélisol est un sol (terre ou roche) qui demeure à des températures inférieures à 
0 °C pendant au moins deux années consécutives. Parce que sa présence découle 
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essentiellement du climat, on trouve le pergélisol en haute altitude et à des latitudes 
élevées. Bien qu’une grande partie du pergélisol du Canada se trouve dans les territoires, 
on en trouve également une portion considérable dans les montagnes de l’Alberta et de 
la Colombie-Britannique ainsi que dans la partie septentrionale des provinces, de 
l’Alberta à Terre-Neuve-et-Labrador. 

La teneur en glace du pergélisol, de même que sa température, sont des facteurs 
déterminants de la résistance et du comportement du pergélisol comme matériau de 
fondation. La teneur en glace varie généralement selon le type de sol et d’autres 
conditions locales. Les sols à grains fins, tels que le sable fin, le limon et l’argile, sont 
particulièrement sensibles à la formation de glace souterraine dans le pergélisol, 
particulièrement dans les premiers mètres à partir de la surface du site. De nombreuses 
collectivités du Nord sont situées près de l’océan, de rivières ou de lacs à des endroits où 
les sols marins et de plaines inondables riches en limon et en argile contiennent des 
quantités importantes de glace souterraine. 

Une hausse de la température à la surface du sol, en raison d’une perturbation du sol ou 
des changements climatiques, entraînera des hausses graduelles et généralisées de la 
température dans tout le pergélisol. Le pergélisol dont les températures sont très près de 
0 °C réagira plus lentement aux effets du réchauffement de la surface que le pergélisol 
dont les températures sont inférieures à environ –4 °C, car, dans le pergélisol «chaud», 
une quantité importante de l’énergie qui pénètre par le réchauffement de la surface est 
absorbée par la fonte de la glace plutôt que la hausse de la température du sol. 

Changements des caractéristiques et de la présence du pergélisol en raison des 
travaux de construction et des changements climatiques 

Le climat est le principal facteur régissant la formation et la persistance du pergélisol. Il 
existe des relations générales entre les températures de l’air et du sol, l’épaisseur du 
pergélisol et les profondeurs du dégel estival, mais les facteurs locaux sont d’importants 
déterminants des conditions spécifiques du pergélisol d’un site. Les changements dans la 
température de l’air et d’autres variables climatiques font évoluer la température du sol, 
mais ceci varie selon les conditions du site, de sorte qu’il faut toujours prendre en
compte les conditions propres au site pour la conception, la construction et la gestion 
des fondations d’une infrastructure.

Dans le cadre de la préparation du site et de la construction de l’infrastructure, des 
travaux tels que le dégagement de végétation, le nivellement du sol ainsi que le retrait 
ou la compression de la couche organique seront exécutés, ce qui entraîne 
habituellement une hausse des températures du sol. Dans le cas d’un bâtiment, l’effet 
le plus important sur le pergélisol se produit généralement immédiatement sous le 
bâtiment, étant donné que la chaleur produite par son utilisation est transmise vers le 
bas dans la fondation. 

Pour la conception de la construction, la principale différence entre les sols non gelés et 
le pergélisol est la résistance de la glace interstitielle qui lie les particules du sol les unes 
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aux autres dans le pergélisol. Toutefois, les sols gelés s’affaiblissent lorsqu’ils se 
réchauffent et, lorsqu’ils dégèlent, ils perdent toute la résistance conférée par leur teneur 
en glace. La résistance à long terme du sol gelé dépend du sol ou de la roche qui 
compose le terrain ainsi que de la quantité de glace qui se trouve dans le sol. Avec le 
temps, la glace souterraine peut se déformer (ou plier) sous l’effet d’une charge 
soutenue. Ce processus est appelé «fluage». Le potentiel de fluage augmente 
rapidement plus la glace s’approche de son point de fusion. 

Lorsque le sol est couvert de sédiments, la partie supérieure du pergélisol contient 
généralement de la glace en excès, c’est-à-dire un volume de glace présent dans le sol 
en excédent du volume des pores dans le sol non gelé. Un sol qui contient de la glace en 
excès subit une transformation considérable lorsqu’il dégèle. Au départ, l’excès d’eau
contenu dans le sol en réduit la résistance. Au fur et à mesure que l’excès d’eau causé par 
le dégel est drainé, le sol se tasse et le terrain s’affaisse. La variation spatiale de la teneur 
de la glace en excès et du drainage du sol peut entraîner un tassement du sol provoqué 
par le dégel différentiel. Ce facteur doit être pris en compte dans la conception des 
structures importantes qui s’étendent sur des parcelles où la composition du sol varie, 
car un tassement différentiel peut déformer la structure. 

Fondations des infrastructures du Nord 

Une conception de fondation classique tient compte de deux facteurs interreliés : la 
capacité portante et le tassement. Le tassement est à la fois le tassement total et le 
tassement différentiel sous une structure, sous l’effet de l’un ou de plusieurs des éléments 
de support. La conception d’une fondation dans une zone de pergélisol pose plusieurs 
défis en ce qui concerne le contrôle du tassement différentiel et de la déformation des 
structures qui en résulte. Premièrement, la capacité portante du pergélisol dépend 
largement de la quantité et de la température de la glace souterraine. Comme la 
quantité de glace varie généralement d’un endroit à l’autre de la zone d’un chantier de 
construction, la capacité portante peut différer dans la fondation, de sorte que les taux 
de tassement différentiel subi par les différentes parties de la structure sont distincts. 
Deuxièmement, comme il se produit une consolidation et une évacuation de l’excès 
d’eau lorsque les sols qui contiennent beaucoup de glace dégèlent, la glace souterraine 
répartie inégalement peut entraîner le tassement de certaines parties du terrain, ce qui 
cause une distorsion de la structure qui repose dessus. Troisièmement, si la «couche 
active» du terrain au-dessus du pergélisol qui gèle et dégèle tous les ans s’approfondit, 
les systèmes de fondation supportés par des pieux peuvent subir un soulèvement par le 
gel plus accentué. Le sol environnant gèle une moins grande partie de la surface des 
pieux durant toute l’année, tandis qu’une partie plus importante est exposée à la 
portance exercée par l’expansion du sol lorsque l’eau présente dans la couche active 
regèle pendant l’automne et l’hiver. 

Il est important qu’une infrastructure communautaire durable dans une zone de 
pergélisol prenne en compte l’instabilité potentielle du sol. Les fondations qui reposent 
directement sur un sol gelé doivent être conçues de manière à garantir que le sol ne 
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dégèlera pas à la suite d’une construction, et toutes les fondations doivent prendre en 
compte les changements prévus tout au long de la vie utile de la structure. 

Les trois principaux types de fondation généralement utilisés dans une zone de pergélisol 
sont les suivants : 

Dalles : La construction d’une dalle pour préserver la température du pergélisol sous-
jacent est courante dans le Nord canadien. L’un des principaux avantages de l’utilisation 
de semelles de surface sur un remblai granulaire doté d’un vide sanitaire sous la structure 
est la capacité de compenser tout tassement différentiel à l’aide d’un levage ou d’un 
nivellement par calage. Les structures non chauffées peuvent être construites 
directement sur une dalle, mais seulement si elles sont bien ventilées, si l’isolation est 
installée entre la structure et la dalle et si elles demeurent non chauffées tout au long de 
leur vie utile. 

Fondations profondes : Deux types essentiels de pieux sont utilisés dans le Nord 
canadien : les pieux à adhérence due au gel et les pieux encastrés dans le socle rocheux. 
La conception et l’application de ces pieux sont fondamentalement différentes. En règle 
générale, les pieux à adhérence due au gel sont installés dans les zones où la profondeur 
du pergélisol est telle qu’on n’y trouve pas de socle rocheux. La force portante de ces 
pieux dépend de la liaison au sol environnant. Le sol peut contenir beaucoup de glace, 
mais sa température doit être inférieure à –3 °C, et doit être encore plus froide si le sol 
est halomorphe. On utilise les pieux encastrés dans le socle rocheux lorsque le socle 
rocheux se trouve à une profondeur raisonnable sous la surface. Ces pieux sont conçus 
pour transférer la charge entière d’une structure au socle rocheux sous-jacent. 

Fondations dotées d’un échangeur de chaleur : Les fondations munies d’échangeurs 
de chaleur sont maintenant largement utilisées dans le Nord canadien. En règle 
générale, on les utilise où des vides sanitaires chauffés et des rez-de-chaussée chauffés au 
niveau définitif du sol sont nécessaires. Dans de telles structures, des systèmes sont mis 
en place pour intercepter la chaleur qui s’échapperait dans le sol et aurait une incidence 
sur le pergélisol. Les échangeurs de chaleur les plus utilisés sont les thermosiphons. 
Lorsqu’on envisage des conceptions utilisant des thermosiphons, des analyses 
géothermiques détaillées sont requises. Le fait de tenir compte du réchauffement 
climatique dans le processus de conception nécessite un examen approfondi des 
conditions choisies pour la conception, en particulier les températures hivernales qui 
déclenchent la dissipation de la chaleur par les thermosiphons. Les thermosiphons sont 
un exemple de système de fondation qui nécessite une expertise de taille pour la 
conception, l’installation, l’entretien et la surveillance. 

Sommaire des changements climatiques passés et futurs dans le Nord canadien 

Les répercussions sur l’environnement associées aux changements climatiques sont 
maintenant enregistrées dans l’ensemble des régions polaires. Les tendances des 
températures mesurées indiquent que l’ouest de l’Arctique canadien a subi un 
réchauffement à un rythme sans précédent au cours des 400 dernières années 

M
em

bers O
nly—

N
ot for Further D

istribution



xi

TECHNICAL GUIDE
Infrastructure in permafrost: A guideline for climate change adaptation

(Évaluation de l’impact des changements climatiques dans l’Arctique [ICCA], 2005), 
alors qu’au cours des dernières années, les températures annuelles moyennes de l’air ont 
augmenté plus rapidement dans l’est de l’Arctique que partout ailleurs au Canada. Les 
configurations des précipitations ont également changé de façon marquée dans de 
nombreuses régions nordiques. Depuis les années 1950, les précipitations annuelles 
moyennes ont augmenté entre 25 et 35 % dans l’Extrême Arctique, certaines régions 
recevant plus de neige. La durée de la saison de neige, ainsi que le début et le rythme de 
la fonte de neige, ont également été touchés par les changements climatiques. 

Il faut se servir des prévisions climatiques pour prévoir les conditions futures du pergélisol 
dans le cadre de la planification des projets d’infrastructure communautaire. D’après les 
scénarios d’émissions de gaz à effet de serre modérés, au cours des 100 prochaines 
années, les températures annuelles moyennes en Arctique devraient augmenter entre 
4 et 5 °C au-dessus des terres émergées et les températures hivernales, entre 4 et 7 °C. 

Dans ces lignes directrices, Environnement Canada a utilisé différents ensembles de 
modèles climatiques reconnus à l’échelle internationale pour la projection des 
changements de températures futurs sur une période de 30 ans dans neuf zones 
arctiques. Vingt-quatre modèles ont été exécutés initialement pour vérifier leur capacité 
à répliquer les températures annuelles moyennes dans chacune des zones. Sur cet 
ensemble, quatre ont été choisis pour leur capacité à reproduire les tendances 
historiques. Les résultats sommaires de ces modèles sont présentés aux tableaux 5.2 et 
5.3 pour chaque zone arctique. 

Tendances des conditions du pergélisol 

Des changements de température du pergélisol sont observés à de nombreux sites du
Nord canadien résultant du réchauffement climatique récent. Étant donné que les 
changements climatiques relativement modestes du XXe siècle ont eu des répercussions 
notables sur la température et l’état physique du pergélisol, nous devons nous attendre à 
ce que ces répercussions s’intensifient dans les scénarios de changements climatiques 
abordés au chapitre 5 des présentes lignes directrices. 

Prise en compte des changements climatiques dans la planification et la conception 
des fondations des infrastructures communautaires 

L’incorporation des changements climatiques à la conception des fondations des 
structures construites dans les zones de pergélisol est présentée en deux phases. La 
première phase comprend l’utilisation d’un outil pour évaluer le niveau de risque associé 
aux changements climatiques que présente un projet. Grâce à cet outil d’évaluation, un 
gestionnaire de projet sera en mesure de déterminer la portée des services de 
conception requis pour gérer les risques associés aux changements climatiques dans le 
cadre du processus de conception et d’implantation. Cette évaluation porte à la fois sur 
la sensibilité aux changements climatiques du pergélisol et du site proposé ainsi que sur 
les conséquences associées à un échec éventuel du projet. En principe, le processus 
d’évaluation peut également servir à la planification des sites proposés pour l’expansion 
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de la collectivité au cours des premières phases de développement, lorsqu’il y a 
évaluation de la possibilité de zonage du terrain. 

Si, à la suite du processus d’évaluation, une analyse rigoureuse des changements 
climatiques s’avère nécessaire pour une structure précise, on passe à la deuxième phase 
qui compte, notamment, les étapes à suivre pour veiller à ce qu’une évaluation plus 
détaillée des caractéristiques climatiques à la fin de la vie utile de la structure soit menée. 
Le protocole de la deuxième phase comporte une analyse quantitative du régime 
thermique du sol, un examen critique des limites de la conception, l’élaboration d’un
plan d’entretien et de surveillance ainsi que la préparation de l’avant-projet et du projet 
architectural. Au cours de cette deuxième phase, on fait appel à des experts de divers 
domaines. 
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1 INTRODUCTION TO THE GUIDELINE

1.1 Need for this Guideline

Engineering projects in the North often encounter permafrost in their foundation 
environment. The ability of frozen ground to support these structures depends mostly on 
local climatic conditions, ground temperatures, soil/rock material properties, and ground 
ice conditions.

Since significant climate warming is anticipated in northern Canada, community 
infrastructure in permafrost terrain should also be sited and foundations designed 
considering the potential for significantly different foundation environments in the future as 
permafrost warms and thaws. The analyses required to address permafrost and climate 
change-related factors will vary between projects, depending upon the type of 
infrastructure in question, its design, location, design life, and purpose.

CHAPTER AT A GLANCE

This Chapter introduces the Guideline. This Guideline is for community decision 
makers with roles in planning, developing, or managing community infrastructure in 
permafrost regions. It concerns structures that require foundations. It is not a design
text book for building in permafrost regions. It is intended to equip community 
decision makers with the ability to ensure that the impacts of climate change on 
permafrost are considered during the siting, design, and management of new 
community infrastructure.

Geographic range of permafrost in Canada 

This Guideline is relevant to communities in the territories and the northern portions of 
most provinces, where permafrost also occurs (see Figure 2.1). 
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This Guideline supports the appropriate consideration of climate-change-related factors 
during the planning, design, and management of a range of community infrastructure in 
permafrost regions. In particular, it sets out to:

1. Provide an understanding of permafrost as an environmental variable, with a focus 
on how permafrost responds to climate and other environmental change;

2. Provide a general assessment of trends in climatic and permafrost conditions across 
northern Canada;

3. Describe the most common foundation types used for community infrastructure in 
permafrost environments; and

4. Outline a process for ensuring that the effects of climate change are incorporated, as 
appropriate, into the siting of community infrastructure projects and the design of 
their foundations.

Infrastructure covered by this Guideline

This Guideline relates to structures that require foundations, whether buildings, utilidors, 
water treatment plants, towers or tank farms, and bridges. Community water supply 
facilities (containment structures) require special design considerations, but climate 
change effects should also be considered in the process. For detailed guidance with 
respect to roads and permafrost, the Transportation Association of Canada (TAC) 
guide, “Transportation Construction in Permafrost Regions” should be consulted. 
(TAC, 2010, www.tac-atc.ca). 

Permafrost and community infrastructure 

Many northern communities are predominantly underlain by perennially frozen 
ground, or permafrost. The anticipation of significant climate change means that many 
structures built on frozen ground will need to have their foundations designed not only 
for present conditions, but also for remarkably different foundation environments in 
the future. Professionals need to apply today’s best practices and technologies, and to 
design monitoring programs for the performance of the foundation. The foundation 
may require adaptation in the future. The engineering of structures for permafrost 
environments with ground ice is a substantially different exercise than the design of 
foundations for similar structures in non-permafrost areas.
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1.2 Target audience

This Guideline is for decision-makers with a role in planning, purchasing, developing, or
operating community infrastructure in permafrost regions. It is meant to assist people 
who are generally not experts in either permafrost or climate change, by providing them 
with: 

1. A better understanding of critical permafrost- and climate change-related issues;

2. A means for locating key information sources on these topics; and 

3. An ability to ask “the right questions” of those they hire in order to carry out the 
planning, assessment, design, and construction of projects.

1.3 Limitations of this Guideline

This Guideline relates to those structures that require foundations. As such, it will not be 
of direct relevance to all types of infrastructure in permafrost terrain.

This Guideline is not meant to be a designer’s text book for foundations in permafrost, 
and it should not replace the expertise provided by geotechnical and other civil 
engineers, architects, planners, climatologists, and other environmental scientists who 
need to be engaged in all aspects of infrastructure planning, design, construction, and 
operation. 

While this Guideline focuses mainly on foundations and permafrost, it is critical to note 
that any infrastructure is best designed and operated as an integrated system comprising 
the infrastructure and the social and natural environment within which it operates. The 
guidance in this document should be used together with requirements and advice on 
structural design, heating systems, insulation, health and safety, and other aspects of 
infrastructure systems, so as to deliver assets that efficiently and effectively meet their 
intended purpose in the future. The National Building Code of Canada (IRC 2005) and the 
Good Building Practices Guide, published by the Government of the Northwest Territories 
(2009), are two important resources in this regard.

The knowledge base concerning permafrost, community infrastructure and climate 
change, and mechanisms for minimizing risks stemming from the interaction of these 
factors, will undoubtedly improve in the future. Since this Guideline itself cannot be 
updated frequently enough to remain abreast of the latest developments in these rapidly 
evolving areas of knowledge, it instead makes reference to the websites of various “go-
to” organizations. There are a number of existing guides that address the issue of climate 
change adaptation. Users of the present Guideline might wish to consult, for example, 
“Adapting to Climate Change: A Risk-based Guide for Northern Communities” (Black 
et al., in press), and the “Infrastructure Climate Risk Protocol” (Engineers Canada, 2010).
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1.4 Important features of this Guideline

First, readers will notice that there are few citations within the text of the Guideline. This 
approach has been taken to facilitate reading of the document. A list of key references for 
each chapter is included in Appendix 3.

Second, beginning with Chapter 2, each chapter finishes with a section called 
“conclusions and key messages”. These sections highlight the elements of the chapter 
that are of greatest consequence.

Third, this Guideline contains both contextual material, as well as guidance. Chapters 2 
to 6 are predominantly contextual in nature, addressing among other things permafrost 
as an environmental variable, trends in climate and permafrost conditions, primary 
foundation types, and the effects of construction on the occurrence and condition of 
permafrost. These chapters establish a common appreciation of key planning and design 
considerations for the task of construction in a changing permafrost environment. These 
chapters also communicate important design-relevant parameters, especially climate 
projections for distinct regions of northern Canada (Chapter 5). 

Chapter 7 is the main “how to” chapter of this Guideline, providing both a screening 
tool, for determining the character and extent of climate change-related analytical 
requirements, and a step-by-step guide on the incorporation of climate-related analysis 
into planning and design processes.

Appendices are used to convey supplementary information. Two of the appendices are of 
particular importance for users: Appendix 2 is a glossary that will assist readers in verifying 
their understanding of concepts and terms relied upon within this Guideline. Appendix 3 
lists bibliographical information for each chapter. 

1.5 Development of this Guideline

This Guideline was developed by an Expert Working Group convened by CSA as part of its 
Municipal Infrastructure Solutions Program. Members were selected based upon their 
expertise with respect to the technical, environmental, socioeconomic, and cultural 
considerations of planning, designing, constructing, and managing community 
infrastructure in the Canadian North. Members of the Working Group are listed under 
Appendix 1.

This Guideline also benefitted from the input of participants at three consultations held in 
Whitehorse, YT, Iqaluit, NU, and Inuvik, NT, during January 2010. A full list of participants 
from these sessions is provided in Appendix 4.
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2 INTRODUCTION TO PERMAFROST

2.1 Definitions and distribution of permafrost

Permafrost is ground (soil or rock) that remains below 0 °C for two or more consecutive 
years. The ground above permafrost that thaws each summer and refreezes in the winter
is called the active layer. The permafrost region covers about half of Canada (see 
Figure 2.1). North of the tree line, permafrost underlies almost all the land area and is 
spatially continuous, while south of the tree line is a broad zone of discontinuous 
permafrost. Within the discontinuous permafrost zone the proportion of land underlain 
by permafrost decreases southwards. 

CHAPTER AT A GLANCE

This Chapter will provide users with an appreciation of

• the distribution of permafrost in Canada, and ways in which the ice content 
and temperature of permafrost may vary; 

• the thermal regime of permafrost (i.e., the changes in temperature 
throughout the permafrost);

• the significance of these key permafrost characteristics for the performance of 
community infrastructure; and

• key indicators of ground ice. 
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Figure 2.1
Continuous, discontinuous, and sporadic permafrost zones of Canada 

(Adapted from Heginbottom et al., 1995, with permission from 
Natural Resources Canada)

The discontinuous permafrost zone itself is subdivided into a more northerly, extensive 
discontinuous permafrost zone, where permafrost underlies more than 50% of the land 
area, and the southerly sporadic discontinuous permafrost zone, where 10 to 50% of the 
land area is underlain by permafrost. Further south, permafrost is confined to patches of 
terrain, such as areas of elevated peat lands and mountains. Throughout the permafrost 
regions, unfrozen ground underlies many rivers and lakes. 

Legend:

 No permafrost

 Subsea permafrost

 Isolated patches (0 – 10%)

 Sporadic discontinuous (10 – 50%)

 Extensive discontinuous (50 – 90%)

 Continuous (90 – 100%)

 Water area

M
em

bers O
nly—

N
ot for Further D

istribution



7

TECHNICAL GUIDE
Infrastructure in permafrost: A guideline for climate change adaptation

Permafrost is fundamentally a product of air temperature, so it is found at high altitude as 
well as high latitude. There is a clear correspondence between the spatial distribution of 
permafrost (see Figure 2.1) and the distribution of mean annual air temperature in 
northern Canada (see Figure 2.2). 

Figure 2.2
Mean annual air temperatures at locations across the Canadian Arctic for 

1979–2008, from homogenized data supplied by Environment Canada

While the majority of permafrost in Canada is found in the territories, there is also 
considerable permafrost in the mountains of Alberta and British Columbia, and in the 
northern portions of the provinces from Alberta eastward to Quebec and Labrador. 

Permafrost thickness at any location depends on climate, heat flow from the Earth’s 
interior, geological history, and local site characteristics such as snow drifting, drainage, 
and soil conditions. Permafrost thickness varies from a few metres at the southern limits 
of the discontinuous zone to over 700 m in the outer Mackenzie Delta area and the Arctic 
Islands. 
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The mean annual temperature of permafrost is generally warmer than –3 °C in the 
discontinuous permafrost zone, and can be as low as –15 °C in the High Arctic. The term 
“warm permafrost” generally refers to permafrost found within the discontinuous 
permafrost zone, while the term “cold permafrost” generally refers to permafrost found 
in the continuous permafrost zone. 

Ice content, temperature, and ground material are the key determinants of permafrost’s 
strength as a foundation material (see Section 3.3). The strength of permafrost generally 
rises as its temperature drops, but in coastal areas the salinity of the soil commonly acts to 
reduce its strength. Many northern communities, especially in the eastern Arctic, are 
situated on the coast, where salinity may reduce the strength of frozen ground.  

Temperature and ground ice content are the two most important characteristics 
distinguishing permafrost from unfrozen ground. Figure 2.3 shows a variety of drill cores 
collected from permafrost, which indicate how ground ice content can vary in permafrost 
terrain.

Figure 2.3
Different examples of ice content in permafrost: a) Ice rich, with soil inclusions 

suspended in ice; b) Frozen soil with no ice lenses; and c) Ice-rich peat interspersed 
with ice lenses (Photographs courtesy of Daniel Fortier)

2.2 Ground ice

The occurrence and character of ground ice is a key consideration in the siting and design 
of northern infrastructure. The presence of ground ice contributes significantly to the 
sensitivity of a site to disturbance. Melting ground ice usually leads to ground instability, 
while the ability of ground ice to bond to and support surrounding materials weakens as 
its temperature rises (see Section 3.4). Both warming and thawing of permafrost can 
therefore affect infrastructure performance (see Chapter 4). 
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Instability is common following the melting of excess ice, that is ice of greater volume 
than the soil pores in unfrozen ground. When excess ice thaws, the ground becomes wet 
and the water may pond on the surface. The development of excess ice is responsible for 
many of the landscape features associated with permafrost. These features are important 
to note when planning a municipal site, or when assessing permafrost conditions with 
respect to a particular project.

Ground ice can be classified into pore ice, which fills the soil pores and bonds the soil 
particles together, and larger horizontal ice lenses and vertical veins of more or less pure 
ice. Bodies of pure ice can range from thin lenses or veins that are less than a millimetre 
thick to massive icy beds several metres thick (see Figures 2.3 and 2.4). Most ice lenses 
form through the movement of water from unfrozen soil into freezing ground. Fine-
grained soils such as fine sands, silts, and clays are particularly susceptible to the 
development of lenses of relatively pure ice, and excess ice contents of 30% or more are 
common in these soils, especially in the upper few metres of permafrost. Ice lenses can 
also be found in bedrock fractures and can affect the use of the rock for rock-socketed 
piles (see Section 4.2.2). Many settlements in the Canadian North are located close to the 
ocean, rivers, or lakes at sites with silt and clay-rich marine and floodplain soils containing 
significant ground ice.

Figure 2.4
Extreme ranges of permafrost ground (Photographs courtesy of Igor Holubec)

Coarser grained soils are generally less susceptible to ice lens formation and contain less 
excess ice than finer-grained sediments. However, the expansion of water as it turns to ice 
during freezing of coarse sediments (sand and gravel) may lead to the expulsion of water 
from these areas; if this water subsequently becomes confined, then large ice lenses may 
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grow from such a reservoir. This can occur both within the active layer and during growth 
of permafrost.

Commonly, massive ice also occurs near the surface as V-shaped wedges of ice in 
networks of polygons each about 10 to 15 metres across. In flat terrain, these ice-wedge 
polygons are distinguishable in air photographs as indicators of ground ice at the site (see 
Figure 2.5). Most ice wedges are 1 to 3 metres wide at the top and penetrate up to 
6 metres into the ground.

Figure 2.5 
Ice wedge polygons: The network in this air photograph outlines a number of 
polygons of different sizes and shapes. Beneath the lines of the network lie ice 

wedges of almost pure ice. The ice wedges define the perimeter of each polygon; 
the ground enclosed by these wedges is likely ice-rich as well. The photograph is 

from the outer Mackenzie Delta. (Photograph courtesy of Chris Burn)

The distribution of various types of massive ice and permafrost conditions in various 
sediments has been documented for parts of northern Canada by the Geological Survey 
of Canada (GSC). There are more detailed descriptions for regions where extensive 
geotechnical investigations have been conducted for major projects, as in the Mackenzie 
Valley, but in regions with little or no industrial development, there has been little 
geotechnical investigation and the information that exists may require some effort to 
locate and assemble. For any project, GSC databases and maps are suitable first sources 
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for assessment of permafrost conditions, but may require expertise to interpret the data. 
The following text box indicates some of the most significant sources of permafrost data 
in Canada.

Main sources of permafrost data in Canada

Various agencies across Canada collect permafrost data.

1) The Geological Survey of Canada
The Geological Survey of Canada (GSC) manages the greatest amount of permafrost data in Canada, 
much of which is available electronically. The principal GSC-hosted electronic database contains data 
collected through the Global Terrestrial Network for Permafrost (GTNP). GTNP monitoring stations in 
Canada collect data on active layer thickness and temperature, as well as on the temperature of the 
underlying permafrost. These data can be accessed at the following site:

http://ipa.arcticportal.org/index.php/GTN-P/

Monitoring sites included in the GTNP are in undisturbed terrain and contribute to the Global Climate 
Observing System; they may be utilized to detect the climate signal in the cryosphere. The outputs of 
these stations also provide an essential baseline that can be utilized for land use planning and 
infrastructure design.

The GSC also provides access to a number of historical summary databases of ground temperature and 
permafrost data, portions of which can be accessed electronically at:

http://gsc.nrcan.gc.ca/permafrost/database_e.php

Finally, there are a number of GSC-run permafrost databases specifically for the Mackenzie Valley. They 
include ground temperature and active layer data, as well as information on geotechnical properties. 
These databases have been published as GSC Open Files (numbers 6041; 6287; 5331; 4924; and 4635) 
and are available for download without cost from the GSC Bookstore:

http://gsc.nrcan.gc.ca/bookstore/index_e.php

2) Other government agencies
In order to find the most relevant information for a community, a number of other agencies which also 
collect, receive, or manage permafrost-related data may be contacted. Among these agencies are:

Provincial and territorial geological surveys: Each province and territory has a geological agency which 
may collect or receive permafrost-related data from other parties. 

Regulatory agencies: As a rule, regulatory agencies such as Land and Water Boards, Water Boards, the 
National Energy Board, mining regulators, and others maintain registries which include reports with 
environmental data submitted by managers of regulated projects in compliance with the terms and 
conditions of their licenses and permits. These reports are project-specific.
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2.3 Detecting ground ice

There are a number of techniques that can be used in order to gather preliminary 
information on ground-ice conditions and terrain sensitivity to disturbance. In areas north 
of the tree line, some of the more distinctive indicators of massive ground ice can be 
identified by consulting aerial photographs and high-resolution satellite imagery. Among 
these indicators are: patterned ground associated with ice-wedge polygons (see 
Figure 2.5); circular hummocks; and frost boils at the ground surface associated with 
ice-rich soils [see Figure 2.6(a)]. Within the boreal forest, drunken forests of tilted trees [see 
Figure 2.6(b)], associated with terrain disturbance from freezing and thawing of the 
active layer above permafrost, and peat plateaus [see Figure 2.6(c)] that are higher than 
the surrounding bogs, are similarly useful indicators. At the southern fringes of the 
discontinuous permafrost zone, permafrost is largely limited to organic terrain and 
observations of forested peat plateaus on aerial photos can be indicators of ice-rich 
ground, because trees do not grow in the waterlogged bogs.

The uneven subsidence of ground caused by the melting of ground ice, called 
thermokarst [see Figure 2.6(d)], may also be used to determine areas of ice-rich ground 
that may be thaw sensitive. Thawing may result from natural processes and related 
environmental disturbance, such as wild fire; human activity such, as the clearing of 
vegetation; extreme climatic events; or ongoing climate change. Differential thaw-
settlement results in an irregular ground surface that is often poorly drained, with ponds 
or lakes [see Figure 2.6(d)]. These phenomena can be identified in aerial photographs.

Observations of slope instability [see Figure 2.6(e)] can also be used as an indicator of ice-
rich permafrost. Evidence of rapid mass movement due to the melting of near-surface 
ground ice on slopes — e.g., shallow landslides — is often visible on aerial photographs. 
Slower gradual movements due to creep may also occur on ice-rich slopes, creating lobe-
shaped patterns on the hillside.

Public Works Departments: Since most infrastructure in the North is publicly owned, departments of 
public works are party to studies carried out in support of numerous projects. Reports submitted by 
engineering consultants related to infrastructure planning and design may contain information on 
permafrost conditions.

Northern Research Institutes: The Nunavut Research Institute in Nunavut, the Aurora Research Institute in 
the Northwest Territories are responsible for, among other things, issuing permits for and receiving 
copies of reports with respect to all research undertaken in each of their respective territories, including 
research on permafrost.

3) Consulting geotechnical engineers

While their data is not usually open source, consulting geotechnical engineers with long-established 
practice in a particular region tend to have accumulated large amounts of site data from previous work.  
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Figure 2.6
Indicators of ice-rich ground 

(Photographs courtesy of Chris Burn and Daniel Fortier)

In addition to the assessment of aerial photographs (see Figure 2.7), office-based 
investigation techniques may include examination of surficial geology maps to delineate 
areas which are likely ice-rich due to their soil characteristics. The text box following 
Figure 2.7 notes that, for many regions, the ecological land classification maps of Canada 
include consideration of surficial geology. Both photograph- and map-based exercises 
require expertise and should be carried out by a professional geologist or someone with 
similar knowledge and experience.
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Legend:
Ap = alluvial plain (permafrost common, silt layer is generally ice rich and unstable when thawed)
Atk = alluvial terrace with thermokarst (permafrost common, silt layer is generally ice rich and unstable when 

thawed)
C, Mv = colluvial deposits, moraine veneer (sporadic permafrost)
M, Cb = moraine, colluvial blanket (sporadic permafrost, prevalent on most northerly facing slopes and on high 

plateau and mountain surfaces, less common on southerly facing slopes)
Gp = glaciofluvial plain (permafrost not common, but where present the deposits are mostly thaw stable)
Lpk = glaciolacustrine plain (permafrost present throughout, 15 to 50% segregated ice by volume common, highly 

unstable when thawed. Retrogressive thaw slumps and rotational failures are common where large streams 
are incised into glaciolacustrine sediments)

Lb = glaciolacustrine blanket (permafrost present throughout, 15 to 50% segregated ice by volume common, 
highly unstable when thawed)

Figure 2.7
Use of aerial photographs to classify permafrost terrain. Using the Legend and 

Photo (a), it is possible to identify those areas, Photo (b), where permafrost 
conditions may be problematic. The legend and aerial photograph interpretation 

were developed by the late O.L. Hughes, Geological Survey of Canada. 
(Photograph reproduced with the permission of Natural Resources Canada, 

courtesy of the National Air Photo Library, is aerial photograph A28299-161 of the 
Mayo area, Central Yukon Territory June 9, 1996)

Photo (a) Photo (b)
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Ecological land classification, surficial geology, and permafrost

The northern regions of Canada cover a wide range of terrain types and environments.  
Permafrost conditions vary from region to region, and within each region in the North. 
Ecological mapping is a high-level tool that can indicate the general nature of the physical 
environment in a region, and therefore can be useful at the planning stage of infrastructure 
development. Ecological land classification defines ecological units on the basis of bedrock, 
climate (temperature, precipitation), physiography (soils, slope, aspect) and vegetation. 
Ecological land classification systems organize these units into a hierarchy to enable landscape 
planning, development, and monitoring. 

The ecological land classification system for Canada proceeds from ecozones, down through 
ecoprovinces and ecoregions to ecodistricts. Many areas of Canada, including parts of the 
territories, have now been mapped down to the ecoregion and ecodistrict levels. This means 
that for certain regions, ecological land classification maps provide information for the 
planning process at a scale that is useful for desk-based permafrost studies in the planning 
process.

To link to such maps, please consult the following site: 

http://geogratis.cgdi.gc.ca/Ecosystem/1_ecosys/ecoreg.htm

The first map below shows the ecozones of northern Canada. The second map is provided in 
order to demonstrate the extent to which each northern ecozone corresponds to a particular 
permafrost zone. The close correlation indicates that a range of ecological factors, and not 
exclusively climate, have a bearing on the distribution and character of permafrost. 

Legend:

No permafrost

Subsea permafrost

Isolated patches
(0–10%)

Sporadic discontinuous
(10–50%)

Extensive discontinuous
(50–90%)

Water area

Continuous
(90–100%)

Map 1 — 
Terrestrial ecozones of Canada

Map 2 — 
Permafrost zones of Canada

Legend:

 Arctic Cordillera
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 Boreal Cordillera

 Boreal Plains

 Boreal Shield

 Hudson Plains

 Mixedwood Plains

 Montane Cordillera

 Northern Arctic

 Pacific Maritime
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 Southern Arctic

 Taiga Cordillera
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The primary field-based technique for characterizing ground-ice conditions at a site is  
drilling  to recover samples of permafrost for geotechnical testing (see Figure 2.3).  
Figure 2.8 depicts a (hypothetical) borehole log. Descriptions of the ground profile at 
different depths are recorded, including ice content, rock or soil type, and soil plasticity. 
Site investigations vary from project to project depending upon the needs of the client, 
the nature of the proposed design, previous information available about the site, and 
complexity of site conditions. The Government of the Northwest Territories has published 
a guideline on site investigation, which can be found at: 
www.pws.gov.nt.ca/pdf/publications/GeotechnicalGuidelines.pdf.  
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Note: Borehole data are a function of samples retrieved during drilling. Some drilling techniques provide 
generalized information about ground conditions while others are able to provide more detailed data.

Figure 2.8
Typical format for a borehole log 

(Courtesy of Ed Hoeve)

PEAT — moss/shrub, organic soil, dark brown

• becoming darker grey, medium to high plastic, trace gravel
• 3% gravel, 15% sand, 58% silt, 24% clay

• soil becoming dryer with a friable texture

• soil beginning to feel warm likely due to friction created by drilling

WEATHERED BEDROCK — shale, grey, dry, friable, cuttings 
coming up warm likely due to friction created by drill

END OF BOREHOLE (8.4 m) —very slow and difficult drilling

• salinity = 5 ppt

SILTY CLAY (TILL) — grey, trace gravel, low to medium plastic, 
moist

0

1

4

3

7

5

2

6

9

10

8

D
ep

th
 (m

)

S
am

pl
e 

nu
m

be
r

S
am

pl
e 

ty
pe

0

5

10

15

20

30

33

25
D

ep
th

 (f
t)

Unfrozen

Frozen

Vx, 5%

Vx, 10 to 15%

Nbn

20 806040

20 806040

Plastic LiquidM.C.

Soil
description

Ground ice
description

Completion depth: 8.4 m Completion date: 7/10/2010

Page 1 of 1Drawing no.:

6

1

5

8

7

4

3

2

Project name: COMMUNICATION TOWER

Backfill type

Sample type

Pea gravel

No recovery

Slough

SPT

Grout

A-casing

Drill cuttings

Shelby tube

Sand

Core

Bentonite

Disturbed

City/Territory/Province: INUVIK, NT

Client: COMMUNICATIONS COMPANY

UTM  11 6742 316mN  566 071mE

Drill: TEXOMA PRONTO SINGLE FLIGHT AUGER

Project No. — Borehole No.

Y141.002 – BH01

Standard penetration (N)

M
em

bers O
nly—

N
ot for Further D

istribution



© Canadian Standards Association

18

The drilling of cores only provides data from point sources. For some projects it is 
necessary to extend the investigation between drill holes, or to complement drilling with 
geophysical surveys. In these cases, ground penetrating radar (GPR) and electrical 
resistivity surveys may be used. GPR is useful for defining the geometry of the underlying 
sediment layers. It can be used to determine the depth to bedrock, where there is a 
shallow surface layer, and the presence and geometry of massive icy bodies. Resistivity 
surveys are particularly useful for defining unfrozen ground within continuous 
permafrost. They can also be used to determine the thickness and extent of permafrost 
bodies in the discontinuous zone. The use and interpretation of results from GPR and 
resistivity surveys requires significant expertise and may require the involvement of 
professionals such as geophysicists, geotechnical engineers, or earth science specialists.

2.4 Temperatures in permafrost

The essential features of the ground temperature regime in permafrost are shown in 
Figure 2.9. The annual ground temperature envelope is defined by the maximum and 
minimum temperatures experienced at each depth during the year. The active layer 
extends to the depth where the annual maximum temperature is 0 °C. In most 
permafrost, the seasonal variation in ground temperature decreases with depth to 
15 to 25 m, where the variation is almost imperceptible at the depth of zero annual 
amplitude. This is of significance to infrastructure since fluctuations in ground 
temperature affect the load-bearing capacity of foundations that depend on the frozen 
soil for support.

The depth of zero annual amplitude varies with material type and the moisture content 
of the soil. In discontinuous permafrost, the annual variation does not generally extend 
below a depth of 10 to 15 m. In thinner permafrost, the depth of zero annual amplitude 
may be at the base of permafrost, less than 10 m below the surface. It may be at a depth 
of 20 m or more in bedrock or granular materials with high quartz content. 

Under equilibrium conditions, that is when the effects of climate change are not 
included, ground temperatures increase with depth below the depth of zero annual 
amplitude (see Figure 2.9). The base of permafrost occurs where the mean annual 
temperature profile crosses 0 °C.

Techniques for assessing ice content of permafrost terrain

The drilling of cores to recover samples of permafrost for geotechnical testing is a 
critical step in understanding the potential permafrost-related vulnerability of a site. 
However, it only provides data from point sources. If a larger area is being surveyed, 
complementary approaches such as ground penetrating radar (GPR) and electrical 
resistivity surveys should be considered.
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Figure 2.9
Features of the ground thermal regime in a permafrost setting 

(Reproduced with the permission of Natural Resources Canada, 2010, 
courtesy of the Geological Survey of Canada, Smith et al., 2001)

An increase in temperature at the surface of the ground, due to a disturbance at the 
ground surface or to a change in climate, will lead to gradual and generalized increases in 
temperatures throughout the permafrost (see Figure 2.10). However, permafrost close to 
0 °C will respond more slowly to the effects of surface warming than will permafrost 
below about –3 °C, since near to 0 °C a significant amount of the incoming heat is used 
to melt ice in the ground. In colder permafrost, the ice is sufficiently far from its melting 
point that nearly all heat coming from the surface is used to raise the temperature of the 
ground. In this case, temperatures at depth will increase more quickly in cold permafrost 
environments as the result of external warming than they will in warm permafrost 
environments. This is important with respect to the planning and design of infrastructure 
foundations for two reasons: first, and most significant, while warm permafrost may not 
appear to be warming rapidly, its strength will be reduced significantly as the ice melts; 
second, in cold permafrost environments the strength of the bond between permafrost 
and the foundation may decrease as the temperature of the ground rises. Of these, the 
first is the most difficult to detect and monitor. 
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Figure 2.10
Annual mean ground temperatures profiles for cold permafrost at CFS Alert, 
northern Ellesmere Island for 1979/80 and 2005/06: the mean annual ground 
temperatures increased at all depths during the 26 year period. The greatest 

warming occurred in those layers closest to the surface, where built structures 
are founded (Adapted from Smith, in press).

An increase of temperature at the ground surface will gradually increase the depth of the 
active layer as well. Thin permafrost, only a few metres thick, may completely thaw in 
response to climate warming in the next century, but thicker, ice-rich permafrost will take 
much longer to thaw completely. 

Latent heat, permafrost warming and thaw

Latent heat is the energy needed to melt ice, rather than warm the ground.  In frozen 
ground, the ice in soil pores melts over a range of temperature close to, but below, 
0 °C.  As heat flows into the ground following climate warming, or due to changes in 
surface conditions, some of the heat is used to melt ice when the soil temperature 
approaches 0 °C. This reduces the strength of the soil, and lowers its bearing capacity.  
If all the ice melts, then the soil may subside, as excess water drains away.
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2.5 Conclusions and key messages 

The main conclusions and key messages of this Chapter are:

1. Permafrost is widely distributed across the northern portions of most Canadian 
provinces and across much of the Canadian territories.

2. The ice content of permafrost can range from near zero to 100%.

3. Office-based investigations may help determine whether a site is likely to have 
ice-rich permafrost, and may include

• interpretation of aerial photographs (for key indicators or ground ice); and

• interpretation of high-resolution satellite imagery and maps

4. Field-based investigations concentrate on

• geomorphological characterization; 

• surficial geology mapping;

• permafrost drilling operations; and

• geophysical investigations. 

5. Field measurement of ground temperatures is an essential contribution to the 
foundation design process for community infrastructure, since it is required in order 
to establish initial conditions for geothermal modeling, and to determine the 
strength characteristics of the ground.

6. Ground temperatures are affected by warming at the ground surface, either due to 
disturbance or a changing climate, and the warming of permafrost at depth may 
occur more quickly in cold permafrost (less than –3 °C) than in warm permafrost 
(around 0 °C) environments. 

7. During monitoring of structural performance, it is important to obtain high-
resolution measurements that may be used to detect small changes in ground 
temperature, and may signal significant adjustments in ground properties.
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3 CHANGES TO THE OCCURENCE AND 
CHARACTERISTICS OF PERMAFROST DUE 

TO CONSTRUCTION ACTIVITIES AND 
CLIMATE CHANGE

3.1 Climate-permafrost relations

Climate is the principal factor controlling the formation and persistence of permafrost in 
Canada. As air temperatures decline northwards in Canada, so do ground temperatures. 
The association of permafrost with climate means that as the climate warms, we also 
expect permafrost conditions to warm. 

There are general relations between air and ground temperatures, permafrost 
thicknesses, and summer thaw depths, but local factors are very important in 
determining specific permafrost conditions at a site that is chosen for construction. These 
include aspect, elevation, snow cover, vegetation, the presence or absence of an organic 
layer, surficial materials, soil moisture content, and drainage. These site characteristics 
determine the ground surface temperature, which is critical for the spatial distribution, 
thickness, and temperature of permafrost. A change in climate will result in a change of 
ground temperature, but the magnitude and rate at which this will occur may vary 
depending on site conditions, so the design, construction, and management of 

CHAPTER AT A GLANCE

This Chapter will give you an appreciation of

• the environmental conditions that control the temperature and conditions in 
permafrost;

• the way in which change in these surface conditions may lead to changes in 
ground temperature and warming of permafrost; and

• how the warming of permafrost leads to reduced soil strength, and to 
subsidence if permafrost thaws.
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infrastructure foundations must always recognize the importance of local site 
characteristics.

The mean annual ground temperature in permafrost is almost always higher than the 
mean annual air temperature due to the insulation provided by the snow cover in winter. 
In the 1970’s, data from many sites indicated that the difference was about 3 °C. More 
recently, a greater range in the difference has been observed, with measurements 
indicating the difference may be as much as 8 °C. It is no longer possible to give an 
accurate general value for the difference.

There is a general relationship between latitude and permafrost thickness (see Figure 3.1), 
but there may be considerable spatial variation locally in permafrost thickness and 
temperature, especially in the discontinuous permafrost zone. North of the tree line, 
where permafrost is continuous, the links between ground and air temperature are more 
direct.

Figure 3.1
Latitudinal Variation in permafrost thickness: from northern Alberta through 

the Mackenzie Valley to the offshore regions of the Beaufort Sea 
(Adapted from Smith et al., 2001; Reproduced with the permission of Natural 

Resources Canada, courtesy of the Geological Survey of Canada)
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3.2 Site-specific factors that affect permafrost conditions

The five main factors affecting the site specific occurrence and characteristics of 
permafrost are as follows:

(1) Snow is an effective insulator due to its low thermal conductivity. Under natural 
conditions, snow acts to reduce heat loss from the ground to the air, and results in 
higher winter ground temperatures beneath relatively deep snow packs of 50 cm or 
more (see Figure 3.2). Construction activities and the establishment of new 
structures commonly change the distribution and accumulation of snow at a site, by 
altering drifting patterns. As a result, ground temperatures at a site will be modified 
from pre-construction conditions. Potential changes in snow cover expected due to 
construction may be investigated by wind and snow modeling as part of project 
siting and design decisions.

Figure 3.2
Influence of snow cover on minimum and maximum ground temperatures: 
The red lines show the minimum (left) and maximum (right) ground 
temperatures at different depths at a site beneath a snow drift (Site 1). The 
blue lines provide the same information for a wind swept site with little snow 
(Site 2). The variation in temperatures at all depths is much larger at Site 2. 
These temperature envelopes are based on 1997 to 2005 temperature 
measurements made on an approximately monthly basis at Baker Lake, 
Nunavut (Adapted from Throop et al., 2008)
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(2) Vegetation has an important influence on permafrost distribution in the 
discontinuous permafrost zone, providing shade in summer and affecting the 
amount and pattern of snow accumulation. North of the tree line, warmer 
permafrost conditions are often found where shrubs, such as willows, trap snow 
during the winter.

(3) Mosses and peat at the ground surface critically moderate the transfer of heat in and 
out of the ground, and strongly influence the thickness of the active layer and near-
surface ground temperatures. Evaporation within the peat absorbs much of the heat 
otherwise available to warm the ground in summer. Dry peat also acts as an effective 
insulator. Permafrost at the southern fringe of the discontinuous zone is only found 
in organic terrain and at high elevations. 

(4) The thermal properties of the soil or rock influence the response of permafrost to 
changes in surface temperature. The latent heat content of the ground — heat used 
to thaw ice — is a key factor controlling the response of permafrost to surface 
warming. In dry ground or relatively cold permafrost, where the ground may warm 
without melting much ice, the response to a change in surface temperature may be 
rapid. Conversely, in “warm”, ice-rich ground, considerable melting of ice may 
accompany only a small change in ground temperature.

(5) Water bodies, including smaller water bodies that accumulate on the side of roads or 
where drainage is not adequate, have a significant impact on ground temperatures. 
Many deeper water bodies are not underlain by permafrost at all; because they do 
not freeze through in winter and the temperature at the bottom does not drop 
below 0 ºC. The unfrozen ground surrounded by permafrost beneath lakes and 
rivers is called a talik. Migrating river channels leave taliks behind them as they move 
across the landscape, and these zones subsequently freeze back. Taliks are sources of 
heat in the permafrost landscape, so permafrost temperatures nearby increase in 
response to the available energy.

These five factors all influence the temperature of permafrost at a site, and provide a 
range of ground temperatures in any area represented by a weather station. Changes in 
these factors influence ground temperatures and the condition of permafrost. Changes in 
air temperature by themselves will lead to permafrost warming, but climate change will 
include changes in snowfall and rainfall, and these will contribute further to changes in 
vegetation and snow cover. Over the long term, these cumulative effects of climate 
change may have a significant impact on permafrost, but at present we do not 
understand them sufficiently to predict the magnitude.
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3.3 Effects of surface disturbance on permafrost

During site preparation and infrastructure construction, significant disturbance will occur
to the ground surface and the near-surface soil, usually resulting in an increase of ground 
temperatures, irrespective of the effects of climate change. Site preparation and 
construction activities include vegetation clearance, grading of the surface, and removal 
or compression of the organic layer.

Structures themselves influence microclimatic conditions, particularly by shading and by 
altering snow accumulation. However, once built, the most significant impact on 
permafrost normally occurs immediately beneath the building as heat is conducted 
downwards into the foundation. In some cases, buildings are raised to allow circulation of 
cold air between the floor and the ground, but in others the structure is placed directly on 
the ground surface (see Section 4.2 for an overview of common foundation types).

3.4 Impact of warming on soil strength 

For construction design, a principal difference between unfrozen soils and permafrost is 
the short-term strength presented by ice lenses and the matrix of pore ice, which binds 
the soil particles together. The ice bonding of soil increases at lower temperatures, but is 
critically reduced in much of Arctic Canada by soil salinity. Frozen soils weaken as they 
warm, and lose all strength due to melting of ground ice and high pore water pressure. 
The long-term strength of frozen ground depends on the mineral matrix of the soil or 
rock and the presence and structure of ice, which may deform gradually, or creep, under
sustained loads. However, the creep resistance of ice decreases as it approaches the 
melting point, another indication of the loss of strength in “warm” permafrost. In many 
cases, piles are used for foundations in permafrost, in order to transfer the weight of a
structure from surface soils to a load-bearing layer at depth that is less susceptible to 
changes in soil strength due to seasonal warming and cooling or freezing and thawing 
(see Section 4.2).

Soils with excess ice undergo considerable transformation upon thawing. Initially, the 
excess water content raises the pore-water pressure and reduces the strength of the soil. 
On sloping ground this may lead to landslides, but in all ground, as excess water from 
thawing permafrost drains, the soil settles (consolidates), and its volume is reduced. In 
flat terrain, such settlement is noticed as subsidence of the ground surface, and the excess 
water may appear as ponds. Spatial variation in excess ice contents and soil drainage can 
result in differential thaw settlement. This is a design factor for larger structures which 
may cover patches of different materials, as it may lead to deformation of the structure. 
The terms “thaw sensitive” or “thaw unstable” are used to refer to frozen soils that exhibit 
significant settlement and consolidation upon thawing. Fine-grained soils such as silt and 
clay and organic material are thaw sensitive because they may contain significant 
amounts of excess ice, are generally drained poorly, and are compressible. Soils 
containing massive icy bodies will also be very thaw sensitive and can exhibit significant 
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settlement upon thawing. Thaw stable soils tend to be coarser-grained, granular material 
(sands and gravels) with negligible excess ice. Most bedrock is thaw stable, but ice may 
commonly be found where the bedrock is fractured.

Climate change may lead to increases in snow cover, and in turn to warming of 
permafrost. Increases in rainfall may also lead to deepening of the active layer, due to 
infiltration of warm water. As a result the load-bearing capacity of permafrost may 
decrease, and soil may lose further strength upon thawing. In some cases, these changes 
will be sufficient to affect the required foundation design for community infrastructure.

3.5 Conclusions and key messages

The main conclusions and key messages of this Chapter are:

1. While climate is the principal factor determining the occurrence and persistence of 
permafrost, a range of other, site-specific variables also play critical roles in 
determining the characteristics of permafrost important for foundation design.

2. These site-specific variables include: snow cover, vegetation, the organic cover of the 
ground, the thermal properties of the soil or rock, and proximity to water bodies.

3. The ground ice content of the construction site and the temperature of the ground 
are the main determinants of the load bearing capacity of the permafrost.  
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4 NORTHERN INFRASTRUCTURE 
FOUNDATIONS

Long-lasting community infrastructure in permafrost regions must accommodate the 
potential instability of the ground. Foundations that rely directly on frozen ground must 
be designed to ensure the ground does not thaw following construction, and all 
foundations must accommodate changes that are anticipated throughout the service life 
of the structure.  Engineering design needs to consider that changes in ground thermal 
regime (including thawing permafrost) may accompany both construction and operation 
of infrastructure. This chapter first discusses factors that affect foundation design and 
their modes of failure. It then reviews common foundations used in Canada for 
permafrost conditions. The relationship between foundation design and the uncertainty 
presented by climate warming is discussed in Chapter 7.

4.1 “Failure modes” associated with foundations in permafrost

Conventional foundation design primarily considers two factors: bearing capacity and 
settlement. Settlement results from deformation of one or more of the support elements 
beneath a structure. Differential settlement results in distortion of the structure. The 
predicted magnitude of differential settlement is usually the principal factor that controls 
foundation design, because when differential settlement results in severe distortion the 
infrastructure may collapse. 

CHAPTER AT A GLANCE

This Chapter will give users an appreciation of

• The challenges that frozen and thawing ground can pose to foundations and 
associated structures;

• Types of foundations in common use in order to address the potential 
instability of the ground in permafrost regions; and

• Considerations related to the function of these main foundation types.
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Foundation design in permafrost imposes several challenges for control of deformation 
and differential settlement. “Failure modes” in permafrost differ in important ways from 
non-permafrost settings, primarily because of the variable distribution of ground ice in 
permafrost. This can give rise to differential settlement and structural distortion. The 
three principal failure modes are addressed in Sections 4.1.1 to 4.1.3.

4.1.1 Soil strength and creep displacements

Soil is almost always stronger when frozen than thawed. The loss of strength as 
permafrost thaws is the greatest risk associated with soil warming, but there can be a 
significant reduction in strength as the soil warms gradually towards 0 °C. The strength 
of frozen soil not only depends on temperature, but also on the duration of loading.  
Buildings that transfer their load to the frozen ground by piles frozen into the permafrost 
develop a shear, or adfreeze, bond between the pile shaft and the surrounding ground.  
Under constant load, this bond will deform, or creep, like glacier ice at a predictable rate.  
Adfreeze piles are commonly designed to operate so that the creep is less than 25 mm 
over 25 years. The creep rate will increase if the soil warms towards 0 °C. The extent of 
predicted ground warming during a structure’s service life is critical for developing 
allowable design loads. 

4.1.2 Thaw settlement

Segregated ice lenses and pore ice are the most common forms of ground ice. 
Segregated ice lenses make up the principal excess ice in fine-grained soils (fine sand, silt, 
and clay). These ice-rich soils consolidate and discharge excess water as they thaw. Thaw
consolidation leads to substantial surface settlement and a dramatic loss in soil strength. 
Dense frozen granular soils will generally be free of excess ice, but may still exhibit small 
deformations on thawing because of the 9% volumetric reduction in pore ice as it 
changes phase.

M
em

bers O
nly—

N
ot for Further D

istribution



© Canadian Standards Association

30

Figure 4.1
A building in Yellowknife exhibits the effects of differential settlement 

 (Photograph courtesy of Don Hayley)

Ground-ice volumes and distribution can be linked directly to the thaw-settlement 
potential of a site.  There are a number of rules-of-thumb that are used when judging site 
conditions, for example

• the ice-content of permafrost decreases with depth; and

• granular solids are free of excess ice.

Such rules can be useful in assessing thaw-settlement potential, but these do not apply in 
every region. For instance, rules-of-thumb that apply in the Mackenzie Valley may need 
adjusting in the central Yukon, where deep, infilled valleys may have substantial 
accumulations of ground ice at depths below 30 m. 

Where the mean annual ground temperature (MAGT) is only slightly below 0 °C, minor 
climate warming may initiate permafrost degradation. Even in cold permafrost (below 

Permafrost and climate information for siting and design 

Information relating to the extent of the permafrost, the physical and mechanical 
properties of the soils, and the thermal regime of the ground are essential for assessing 
the most appropriate construction approach and foundation design for any given site. 
Section 7 of this Guideline provides a step-by-step approach on how to combine these 
types of information with preliminary information relating to the changing climate in 
order to determine whether the chosen site is acceptable, and the extent of any further 
climate change-related analysis required for siting the structure and designing its 
foundation.
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–4 °C), a temperature rise of one or two degrees may cause a substantial deepening of 
the active layer, which may initiate thaw settlement. Once critical thaw is initiated, 
permanent subsidence of the ground surface results, as the excess water released from 
the permafrost drains away. 

4.1.3 Accentuated frost heaving/jacking

Frost heave is the expansion of the soil that occurs during freezing and the growth of ice 
lenses. The active layer commonly heaves in autumn and winter as the freeze back occurs. 
The magnitude of frost heave depends on the type of soil and the availability of water to 
form ice lenses. Structures that are embedded in the active layer may be pulled upwards 
as the ground freezes, unless they are restrained by their adfreeze bond with the 
permafrost below. The following summer, the active layer settles around the structure, 
which is held in place by the lower frozen ground. In this way, structures may be jacked 
out of the ground. Deepening of the active layer and greater availability of ground water 
may lead to greater frost heave potential, as the amount of soil moisture and duration of 
freeze back increase.

4.2 Foundation types 

There are three principal foundation types used commonly in permafrost terrain: 

• surface pad foundations;

• deep foundations; and

• foundations with heat exchangers. 

4.2.1 Surface pad foundations

The construction of a surface pad to preserve the temperature of the underlying 
permafrost is a commonly used base for foundation support in northern Canada. These 
pads are generally composed of gravel or crushed rock placed to remain stable during 
annual freeze-thaw cycles (see Figure 4.2). The pad must be of sufficient thickness and 
material type to protect the underlying permafrost from thaw degradation. It is common 
to encourage the permafrost to aggrade upward into the base of the pad, causing the 
original active layer at the site to join the permafrost. It is important that the pad surface 
is protected from heat input from the building. This may be achieved by elevating the 
structure one or more metres above the surface of the pad and allowing the air to 
circulate freely below the insulated floor of the building (see Figure 4.2). Where buildings 

Clearing of permafrost

When the permafrost is thin, it may be advisable to clear it away completely before 
constructing your infrastructure.  
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must be placed directly on the pad surface, an alternative heat exchanger must be used. 
This case is described in Section 4.2.3 as a special case in the subsection on foundations 
with heat exchangers.

Figure 4.2
Two basic pad foundation designs 

(Courtesy of Igor Holubec)

One of the primary advantages of using surface footings on a granular pad with a cold 
crawl space below the building is the ability to compensate for differential settlement of 
a particular footing by jacking and shimming. In situations where future settlement is 
likely due to known thaw-sensitive permafrost, screw jacks may be permanently installed 
at each footing location to simplify the re-leveling (see Figure 4.3).

Figure 4.3
Screw jacks offer a relatively simply means of re-leveling structures 

(Photograph courtesy of Igor Holubec)

There are other variations of this simple footing system that use prefabricated steel trusses 
to transfer the load to a limited number of footings designed for releveling. This system of 
shallow footings is often referred to as a “space frame” [see Figure 4.4(a)], and has been 

Air space

HeatedLittle or
no heat

Insulation

Ground surface

Permafrost table

(a) Garages and warehouses
with little or no heat

(b) Heated buildings on
braced supports
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used successfully in the Canadian North for light structures of one or two stories, such as 
houses [see Figure 4.4(b)].

(a) (b)

Figure 4.4
Photograph (a) shows a space frame situated on rock and gravel pad, while 

photograph (b) shows a structure situated atop a space frame
(Photographs courtesy of Robert Chapple and Ed Hoeve)

Figure 4.2 provides a schematic diagram showing one structure founded directly on a 
gravel pad and another raised off the pad. The placement of structures on granular pads 
has been used for unheated buildings such as warehouses, fuel tanks and, with limited 
success, for garages. In these cases a layer of insulation is placed beneath the floor slab 
cast directly on the pad surface. This type of design is only effective as long as no heat is 
added and the structure is well ventilated. The history of garages with this type of 
foundation system has been poor, because they are frequently converted to mechanical 
shops and subsequently heated without recognition of the design limitations. Insulation, 
no matter how thick, reduces the heat flux into the ground but does not eliminate it.  
Heat loss from the building will eventually initiate uncontrolled thaw of the pad and the 
underlying permafrost.

4.2.2 Deep foundations

Structures may also be erected on a series of piles that penetrate into the ground to carry 
the load. There are two pile types in common use in the Canadian North: adfreeze piles 
and rock-socketed piles. The designs and their applications are fundamentally different.

(a) Adfreeze piles

Adfreeze piles are commonly installed where permafrost soils extend to substantial 
depths without encountering bedrock (see Figure 4.5). The soils can be ice-rich, but are  
preferably at temperatures below –3 °C, especially where the soil is saline. Relatively small 
concentrations of salt in the pore contents complicate the design and must be assessed 
during the site investigation. Saline soils are common near many Arctic coastal 
communities. 
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Figure 4.5 
This building in Inuvik, NT, is on adfreeze piles, since 

permafrost soils in Inuvik extend to substantial depths
(Photograph courtesy of Igor Holubec)

An oversized hole is drilled to a depth determined by the designer. The preferred piles are 
steel pipe with an open bottom (see Figure 4.6). Timber piles are seldom used because 
the shaft within the active layer may rot.  The piles are placed and backfilled with a sand 
slurry (see Figure 4.6), then vibrated to densify the slurry and allowed to freeze. Testing 
has shown that the frozen bond between the steel pipe and the sand backfill can be 
substantially improved by roughening the surface of the pipe. Amongst several 
alternatives, one method is to weld steel collars on the pipe before installation. 
Commonly, holes are cut in the pipe wall (see Figure 4.6), allowing sand slurry placed 
inside the pile to migrate through the holes, enhancing the bond between the pile wall 
and the frozen backfill.
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Figure 4.6
Sketch of an adfreeze pile installed in permafrost 

(Courtesy of Don Hayley)

(b) Rock-socketed piles

Where bedrock is found at relatively shallow depths (less than 10 m) a pile of substantially 
greater capacity can be keyed into competent bedrock. Rock-socketed piles are designed 
to transfer the entire load of the supported structure to the underlying rock. It is not good 
practice, except in exceptional circumstances, to count on both adfreeze and end 
bearing in the same pile type. Load distribution from a pile to surrounding frozen soil by 
adfreeze requires some pile deformation that will seldom occur in a pile bearing directly 
on rock.

Figure 4.7 shows all elements of a rock-socketed pile. A permanent steel casing is 
advanced through the permafrost and seated into the underlying bedrock.  A smaller drill 
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is used inside the casing to advance an uncased hole into the bedrock one metre or more.  
Steel reinforcing is placed into this rock socket and the entire assembly is grouted from 
the bottom up with a quick setting, high heat of hydration grout. This type of pile is 
designed based on the bond between the rock socket wall and the grout column within 
the socket length. Careful installation and grout choice will allow the entire structural 
capacity of the pile shaft to be used. These piles typically carry a design load an order of 
magnitude greater than a similar adfreeze pile, and are effective if they successfully 
transfer the load to the underlying bedrock.

Figure 4.7
 Rock-socketed pile secured in bedrock 

(Sketch courtesy of Igor Holubec and Don Hayley)

Piles of this type must be well anchored into the underlying rock to provide appropriate 
resistance to uplift.  A permanent drill casing is advanced through the permafrost 
overburden and set into the rock surface using a pneumatic drill with down-the-hole 
hammer.  The drill system, developed by Atlas Copco and referred to as ODEX or TUBEX 
drilling, then allows the bit to be extracted leaving the casing in place as the shell for a 
concrete and steel pile.  A small diameter drill is advanced below the casing into the 
bedrock where a rock socket is prepared for concrete with steel reinforcing. Contractors 
with experience and equipment for installation of rock-socketed piles through frozen, 
partially frozen, and unstable overburden operate from both Whitehorse, YT 

Steel casing
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Bedrock

Frozen ice-rich soil

Rebar anchor
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(www.midnightsundrilling.com/ODEX_system.html) and Yellowknife, NT.  Installation 
details are described in Wyllie (1999). 

Rock-socketed steel piles are not normally affected by ground thermal conditions. They 
are therefore not sensitive to long-term behavior of the permafrost and how it might be 
affected by climate warming. The designer must however recognize that other ancillary 
aspects of a development such as parking lots and buried utilities will be affected.

4.2.3 Foundations with heat exchangers

Foundation that use heat exchangers to maintain permafrost beneath structures, are now 
widespread in Canada’s North. Improvements to northern communities have led to 
public buildings such as schools, hospitals, and airport terminals that cover large areas 
and are regional gathering locations. In communities where rock socketed piles are not 
feasible, such as Inuvik, architects and design consultants are reluctant to accept the 
limitations imposed by surface foundations and a cold crawl space. They steer the 
geotechnical design to a warm crawl space, where services can easily be maintained and 
upgraded, and a warm first floor at finished grade to avoid stairs. The geotechnical 
engineer must therefore design a heat exchange system that can operate below the 
heated building on a prepared surface. The system must intercept heat that would 
otherwise flow to the ground and protect the underlying permafrost.

The use of heat exchangers, other than a cold crawl space below surface foundations, is 
not new. Free and forced ventilation pipes have been used before below bulk fuel storage 
tanks that must sit on a gravel pad, and they have also been used for industrial buildings 
such as airport hangers. However, they were not common for public buildings. Active 
refrigeration systems and heat pumps have been used in the past, but are not popular 
because of their high operating cost and complex maintenance requirements. These 
systems have been replaced by thermosyphons that are now widely used across the 
North American Arctic.

Thermosyphons use a fluid that evaporates at temperatures below 0 °C. Figure 4.8 shows 
a pool of this fluid at the bottom of the thermosyphon. The fluid evaporates into the pipe, 
and rises upwards. The evaporation requires heat, which is extracted from the 
surrounding ground. The gas rises to the above-ground radiator, where, in winter, it cools 
and condenses, releasing heat to the atmosphere. As a result, the ground beneath the 
building loses heat, and it may be possible to preserve the permafrost.
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Figure 4.8
Thermosyphon components and their functions 

(Sketch courtesy of Don Hayley)

Three concepts for incorporating thermosyphons into a surface foundation system are 
shown in Figure 4.9. The sloping thermosyphon and flat looped evaporator are the most 
common type in Canada. Use of thermosyphons within other structural elements such as 
piles (thermopile) to enhance the adfreeze bond is common in Alaska.

Ground surface
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Heat gain
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Figure 4.9 
Three thermosyphon foundation design options 

(Sketch courtesy of Igor Holubec) 

While thermosyphons are passive cooling devices and relatively maintenance free, they  
require annual inspection to verify they are working as intended and need to be backed 
up by ground temperature monitoring. Should one or more pipes fail, it could take 
several years for obvious distress to appear, and by then it is usually too late to develop an 
effective low-cost mitigation strategy.

A typical design sketch for a pad foundation stabilized with thermosyphons is shown in 
Figure 4.10. The thermosyphon evaporator pipes are buried under the slab at a spacing 
of one to two metres, and a row of radiators is supported along one side (or more) of the 
building. Gravity returns the liquid from the condensor to the bottom of the evaporator, 
and therefore the pipe is at an angle. A system of this type generally requires a 
geothermal analysis, which considers the spacing of thermosyphon tubes and the 
placement and thickness of the insulation layer. The objective is to maintain the active 
layer within the gravel pad, which should not be susceptible to movements resulting 
from seasonal freezing and thawing. The inclusion of climate warming in the design 

Inspection and maintenance of complex foundations in small communities

Complex foundations should be inspected annually and receive periodic maintenance. 
In order to carry out these activities, special technical expertise is required. Many 
smaller communities will likely need to contract with outside professionals in order to 
secure these services. This can become expensive, but the cost of skipped inspections 
or delayed maintenance could be far greater, as issues which may have been easily 
addressed could go undetected for sufficiently long periods of time to lead to 
irreversible failure of the system.

StructureStructure
Structure

(a) Thermopile

(c) Flat looped evaporator
thermosyphon

(b) Sloping
thermosyphon
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process requires careful consideration of the conditions chosen for the design, in 
particular the winter monthly temperatures that drive heat removal from the pad through 
the thermosyphons.

The slope thermosyphon system, illustrated in Figure 4.10, has generally been replaced in 
current foundation designs with thermosyphon loops. A closed loop allow continuous 
flow of both gas and liquid from the radiator around the buried evaporator loop with 
return of gas to the radiator for condensation. These systems use smaller diameter piping 
and do not rely on gravity. Therefore, they can be installed on a level pad prepared below 
the entire building footprint. The design principles are the same as a single pipe sloped 
system once appropriate parameters are applied to the selected system geometry to 
determine heat flux. 
 

Figure 4.10
Typical sloping thermosyphon design sketch showing insulation 

placement and evaporator pipes in an engineered foundation pad 
(Sketch courtesy of Don Hayley)

4.3 Conclusions and key messages

The main conclusions and key messages of this Chapter are:

1. Foundation design in permafrost imposes several challenges for control of 
differential settlement and the resultant deformation of dependent infrastructure.
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2. Differential settlement can result either from differing rates of creep among load-
bearing components of a foundation or from more pronounced subsidence under 
certain portions of a structure than others.

3. Choice of foundation type should be contingent upon an array of factors, principally  
the permafrost and thermal characteristics of the ground, as well as a community’s 
capacity for ensuring that monitoring and maintenance requirements can be met. 
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5 SUMMARY OF PAST AND FUTURE CLIMATE 
CHANGE IN NORTHERN CANADA

5.1 Measured changes in northern climate

Climate change has now been documented throughout the polar regions, including 
changes in air temperature, precipitation, and in typical weather patterns. Recently,
dramatic changes have been observed in Arctic sea ice extent, and more gradual changes 
have been detected in vegetation and ground temperature. As indicated in Chapter 3, air 
temperatures, precipitation patterns, and ground cover can all significantly affect the 
characteristics of permafrost.

5.1.1 Surface air temperatures

The western Canadian Arctic is warming at a rate that appears to be unprecedented in 
the last 400 years (ACIA, 2005), and average winter temperatures in the Yukon and 
Northwest Territories have increased by 2 to 3 °C since 1948 (Zhang et al. 2000, updated 
in 2005). Over the past five decades, warming over the Arctic has been most pronounced 
in winter months. Over the past several years, annual mean air temperatures have risen 
more rapidly in the eastern Arctic than anywhere else in the North, a trend reflected in 
the right-hand column of Table 5.1.

CHAPTER AT A GLANCE

This Chapter will give users an appreciation of the historical and projected changes in 
climate variables of significance to the engineering properties of permafrost and, hence, to 
the planning and development of infrastructure foundations in northern Canada.

Information relayed in this Chapter, especially in Tables 5.2 and 5.3, should be 
considered in the screening stages of siting and design of community infrastructure in 
permafrost regions.
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Table 5.1
Rate of change in mean air temperature for northern 

Canada, from homogenized data 
(Adapted from Holubec et al., 2009)

Surface air temperatures in the Arctic tend to be more variable than in the rest of Canada, 
with large changes in mean annual and seasonal temperatures from year-to-year and 
from decade-to-decade. In addition, climate records are generally shorter and less 
complete in the North than for southern climate regions. Figure 5.1 illustrates the rate of 
change in annual mean temperature for stations across Canada using “homogenized” 
temperature records from Environment Canada’s Adjusted Historical Canadian Climate 
Data (AHCCD). Adjusted datasets represent data records that have been carefully 
examined for non-climatic influences (e.g., station moves, urban influences, site 
disturbances). 

Region

Warming rates, °C/decade

50 years
(1958–2008)

30 years
(1978–2008)

Yukon and Mackenzie Valley 0.41 0.29

Central North 0.44 0.58

Eastern North 0.32 0.70
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Figure 5.1
Change in annual mean air temperature, 1950–2007, for stations across Canada. 
The data presented are the slopes of regression lines fitted to air temperature 

records for this period. Solid red and blue triangles indicate trends that are 
statistically significant at the 5% level. The size of the triangle is proportional to 
the magnitude of the trend. Solid triangles denote statistically significant trends 

(Vincent and Mekis, 2006: updated in 2008)

5.1.2 Precipitation

The North has the driest conditions in Canada. However, mean total annual precipitation 
has been increasing over the past half century, with increases of 25 to 35% observed in 
the High Arctic since the 1950s (Zhang et al., 2000, updated in 2005). At the same time, 
climate studies have indicated an increase in the annual number of days with snowfall 
(Mekis and Vincent, 2005), and increases in the frequency of heavy snowfall events in the 
High Arctic (Vincent and Mekis, 2006; updated in 2008). Figure 5.2(a) presents the 
trends in annual snowfall, and Figure 5.2(b) shows that in some northern regions the 
total snowfall amount has slightly increased compared to the annual total precipitation. 
Hanesiak and Wang (2005) have assessed changes in freezing precipitation in Arctic 
regions, showing that the frequency of freezing precipitation has increased across nearly 
all of the Canadian Arctic since 1953.
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Figure 5.2
Trends in two precipitation indices for 1950–2007. Solid brown and green 
triangles indicate statistically significant trends at the 5% level. The size of 

the triangle is proportional to the magnitude of the trend. 
(Vincent and Mekis, 2006: updated in 2008)
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5.1.3 Changing storm tracks 

Studies have highlighted recent shifts in both the location and intensity of high impact 
climatic events in the Arctic, including precipitation and wind extremes. For example, 
storm activity in the Arctic, including intensity of systems, increased from 1950 to 2006 
(Cassano et al., 2006; Hakkinen et al., 2008), while low pressure systems from the 
mid-latitudes have been moving further north (NASA/Goddard Space Flight Center, 
2008).  Arctic cyclone activity increased during the second half of the 20th century, with 
increased activity likely influencing increased temperature fluctuations and wind events in 
many regions. 

5.2 Projected changes in northern climate

For community infrastructure projects, climate change scenarios may be used to project 
future permafrost stability and hence the challenges that occur with respect to the service 
level, longevity, and maintenance of buildings in permafrost regions. There are different 
ways of “projecting” climate change into the future. All involve the evaluation of climate 
change model-based projections through various methods, including a comparison or
validation of the results against the available historic records. The main methods for 
projecting future climate include trend analysis (for the short term), climate modeling, 
and regional downscaling or adjustments from the climate models. For most of northern
Canada there is little regional modeling, so internationally accepted outputs from the 
greater number of peer-reviewed global models must be used instead. 

5.2.1 General background

Arctic regions pose significant challenges for climate models, as sea ice, seasonally frozen 
ground, snow cover, and permafrost conditions must be included in the simulations. At 
present arctic sea ice extent is declining faster than projected by climate models, and 
precipitation in the high latitudes is increasing faster than projected for the recent time 
period. The most recent global climate models endorsed by the Intergovernmental Panel 
on Climate Change (IPCC) and used to develop climate change scenarios may be 
conservative in their projections for the North, and future changes in temperature and 
precipitation may be greater than currently anticipated. As a result, it is critically important 
that climate models be chosen carefully for the North, that their historical performance be 
evaluated, and that appropriate downscaling methodologies are used in projecting future 
climate changes. Decision-makers should refer to climate specialists for assistance to 
determine which data and data sources to use. 

Advances in both the scientific understanding of the climate system and in super-
computer resources continue to improve. Although these models can simulate global or 
broad scale aspects of the existing climate conditions, they remain limited in their ability 
to capture regional variations and to describe the details of climate variability and 
extremes. 
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5.2.2 Climate change projections

All global climate models (GCMs) used by the IPCC project an initial, globally averaged 
warming for the near future (2011 to 2030) of between 0.64 °C and 0.69 °C compared 
to the 1980 to 1999 period. This increase is largely due to the greenhouse gases that have 
already been emitted into the atmosphere, as many of the greenhouse gases remain in 
the atmosphere for a long time. 

In the future, the atmosphere’s composition will continue to change, but the rate of 
increase or decrease of greenhouse gases over the next decades is, of course, now  
unknown. The simulations of future climates depend on the various expectations of 
future emissions rates. The importance of future emissions on the resulting climate 
increases with time, so that the climate conditions at the end of this century will greatly 
depend on the emissions path that we follow globally. By the end of this century, only 
about 20% of the projected warming will be due to the greenhouse gases that are now 
in the atmosphere, while 80% of the climate change will be associated with greenhouse 
gases that we will add in the future. The use of GCMs therefore involves acknowledging 
changes in certainty as the period of application lengthens into the future. 

5.2.2.1 Temperatures

All GCMs indicate that climate change will be greater in the Arctic than in other regions 
and will become more pronounced over time. Given moderate emissions scenarios 
(where we manage globally to significantly cut back on our emissions), over the next 
100 years average annual temperatures in the Arctic are projected to increase from
present values by an average of 5 °C over land. Over the same period of time, seasonal 
temperatures will also increase, with winter temperatures warming the most. All models 
currently project that within as little as 70 years, 100% or all of the summer average 
temperatures expected for the Arctic regions of North America will be higher than any 
observed from 1980 to 1999.

Background on climate modelling

Typically, scientists develop their projections of future climate using selected outputs 
from climate models that are produced by approximately 25 different climate change 
modeling centres internationally. These global and regional scale climate models depict 
the physical processes of the atmosphere-climate system and include future projected 
concentrations of greenhouse gases and aerosols. The greenhouse emission scenarios or 
pathways cover a range of demographic, societal, economic, and technical-change 
potential futures and form the basis for much of the climate projection work done for the 
Intergovernmental Panel on Climate Change (IPCC) Assessments.
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Recent projections from a range of ensembles

For the purpose of this Guideline, Environment Canada has used a number of different 
internationally peer-reviewed climate model results from the IPCC in order to project 
future temperature changes over periods of 30 years, by season, across nine arctic zones. 
Figure 5.3 indicates how the arctic zones were delineated according to a matrix of three 
longitudinal and three latitudinal bands. Twenty-four models were initially tested for their 
skill in duplicating historical, mean annual temperatures across the Western, Central, and 
Eastern Arctic, in order to select “ensembles” of the four models for each geographic 
sector that best reproduce historical observations.

Figure 5.3
Location of nine arctic sectors 

(Courtesy of Environment Canada, Adaptation and Impacts Research Section)

The four models selected for each sector were then run to capture their range of future 
temperatures, assuming both moderate (A1B) and high (A2) greenhouse gas emission 
scenarios, in order to yield three sets of mean seasonal air temperature projections into 
the future, for 2011 to 2040; 2041 to 2070; and 2071 to 2100. Since the recently 
observed warming has been greater than many climate model outputs, and since there is 
no binding international agreement to control greenhouse-gas emissions, the higher 
emission scenarios may be the better simulations of future climate. Results from these 
runs are provided in Tables 5.2 and 5.3. These results may be sufficient for a 
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screening-stage assessment (as per Section 7.2), but because the science is evolving 
rapidly, decision-makers should refer to climate specialists to obtain the best current data 
on projected climate changes when in-depth analyses are required (as per Section 7.3). 

The use of model ensembles

Different models often provide different regional projections of the future climate, 
even given similar initial conditions and model physics. As such, “due diligence” requires 
that the outputs from several (or an ensemble of) climate models and emission scenarios be 
considered when projecting future climates and that model outputs be validated for their 
ability to accurately replicate the past climate, its variability, and its extremes.
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Table 5.2
Seasonal mean temperature change from 1971 to 2000 baseline, under moderate (A1B) green-house gas 

scenario (Ensemble of best four model outputs — AR4 GCM models regridded to common 
2.5 × 2.5 degree NCEP grid) (CCCSN, 2009)

 

WESTERN ARCTIC: Latitude (deg N) — Ensemble results

60–65 (Arctic Sector W1) 65–70 (Arctic Sector W2) 70–75 (Arctic Sector W3)

Year Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual

2011–2040  0.9  0.9  0.6  0.6 0.8  1.4  1.0  0.5  1.4 1.1  1.4  1.3  0.4  2.2 1.3

2041–2070  2.3  2.0  1.6  2.2 2.0  3.8  2.5  1.6  4.0 3.0  4.4  3.1  1.3  6.4 3.8

2071–2100  4.3  2.8  2.5  2.9 3.1  6.6  3.7  2.7  5.3 4.6  7.8  4.4  2.1  8.8 5.8

Note: The value displayed in each cell represents the average change in mean seasonal or annual temperature for the specified 30-year period when compared to the average mean seasonal 
temperature from 1971 to 2000. 

 

CENTRAL ARCTIC: Latitude (deg N) — Ensemble results

60–65 (Arctic Sector C1) 65–70 (Arctic Sector C2) 70–75 (Arctic Sector C3)

Year Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual

2011–2040 1.9 1 0.8 1.3 1.3 1.8 1.4 0.6 1.8 1.4 1.9 1.7 0.4 2.2 1.6

2041–2070 4.2 2.1 1.8 2.7 2.7 4.5 2.7 1.5 4 3.2 5 3.3 0.9 5.4 3.7

2071–2100 6.2 2.8 2.4 3.4 3.7 6.5 3.6 2.2 5.2 4.4 7.2 4.5 1.5 7.4 5.2

Note: The value displayed in each cell represents the average change in mean seasonal or annual temperature for the specified 30-year period when compared to the average mean seasonal 
temperature from 1971 to 2000.  

 

EASTERN ARCTIC: Latitude (deg N) —  Ensemble results

60–65 (Arctic Sector E1) 65–70 (Arctic Sector E2) 70–75 (Arctic Sector E3)

Year Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual

2011–2040 1.9 1.0 0.6 0.9 1.1 1.5 1.2 0.7 1.5 1.2 1.7 1.3 0.7 2.0 1.4

2041–2070 5.5 2.3 1.4 2.0 2.8 4.2 2.5 1.4 3.6 2.9 4.3 2.8 1.3 4.7 3.3

2071–2100 8.7 3.5 2.0 2.7 4.2 7.3 3.8 2.1 4.7 4.5 6.9 4.0 2.0 6.5 4.9

Note: The value displayed in each cell represents the average change in mean seasonal or annual temperature for the specified 30-year period when compared to the average mean seasonal 
temperature from 1971 to 2000.
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Table 5.3
Seasonal mean temperature change from 1971 to 2000 baseline, under “high” (A2) green-house gas scenario

(Ensemble of best four model outputs — AR4 GCM models regridded to common 
2.5 × 2.5 degree NCEP grid) (CCCSN, 2009)

 

WESTERN ARCTIC: Latitude (deg N) —  Ensemble results 

60–65 (Arctic Sector W1) 65–70 (Arctic Sector W2) 70–75 (Arctic Sector W3)

Year Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual

2011–2040 1.2 1.0 0.9 1.3 1.1 1.8 1.2 0.9 2.1 1.5 1.8 1.4 0.6 2.9 1.7

2041–2070 2.7 1.9 1.7 2.1 2.1 4.2 2.5 1.7 4.1 3.1 4.6 2.9 1.3 6.5 3.8

2071–2100 4.6 3.4 3.0 3.5 3.6 7.8 4.7 3.1 6.3 5.5 9.6 5.5 2.5 10.1 6.9

Note: The value displayed in each cell represents the average change in mean seasonal or annual temperature for the specified 30-year period when compared to the average mean seasonal 
temperature from 1971 to 2000. 

 

CENTRAL ARCTIC: Latitude (deg N) —  Ensemble results

60–65 (Arctic Sector C1) 65–70 (Arctic Sector C2) 70–75 (Arctic Sector C3)

Year Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual

2011–2040 2.2 1.0 0.9 1.4 1.4 2.2 1.4 0.9 2.1 1.7 2.4 1.7 0.6 2.8 1.9

2041–2070 4.9 2.0 1.8 2.8 2.9 5.2 2.4 1.5 4.4 3.4 5.7 3.1 1.1 6.5 4.1

2071–2100 8.9 3.5 3.0 4.7 5.0 9.9 4.5 2.6 7.0 6.0 11.2 6.0 2.1 10.5 7.5

Note: The value displayed in each cell represents the average change in mean seasonal or annual temperature for the specified 30-year period when compared to the average mean seasonal 
temperature from 1971 to 2000. 

 

EASTERN ARCTIC: Latitude (deg N) —  Ensemble results

60–65 (Arctic Sector E1) 65–70 (Arctic Sector E2) 70–75 (Arctic Sector E3)

Year Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual Winter Spring Summer Autumn Annual

2011–2040 2.1 0.9 0.6 1.1 1.2 1.4 1.1 0.8 2.0 1.3 1.7 1.3 0.7 2.5 1.6

2041–2070 5.6 2.2 1.3 2.0 2.8 4.6 2.4 1.4 3.7 3.0 4.3 2.6 1.3 5.0 3.3

2071–2100 10.9 4.3 2.5 3.3 5.3 9.5 4.5 2.6 5.7 5.6 8.7 4.8 2.3 8.0 6.0

Note: The value displayed in each cell represents the average change in mean seasonal or annual temperature for the specified 30-year period when compared to the average mean seasonal 
temperature from 1971 to 2000. 
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Generally, warming increases with latitude for each sector, except around Hudson Bay. 
The greatest temperature increases are found in autumn and winter, with increases in the 
2050s — within the design life of many structures — of up to 8 °C. Increases of more than 
10 °C are projected for some regions in the 2080s. The smallest increases in temperature, 
in summer, are generally less than 2 °C in the 2050s and less than 3 °C by the 2080s.

5.2.2.2 Precipitation and extreme weather

Many model projections of future climates and their extremes suggest that the water 
(hydrologic) cycle will intensify, with higher precipitation rates and enhanced storm 
intensity. Recent projections and observed analyses of trends of the North American
climate indicate shifts in both the location and intensity of severe or high-impact climatic 
events, including precipitation, wind, and temperature extremes. The IPCC’s most recent 
comprehensive report indicates that, while the length of the snow season and snow
depths are very likely to decrease over most of North America, the northernmost (Arctic) 
parts of Canada will likely see greater maximum snow depths. The latest IPCC results also 
indicate that annual precipitation amounts in North America will very likely increase, with 
median annual precipitation increases of around 5% and with higher percentage 
increases in the North.
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Resources for the development and interpretation of climate change scenarios

There are a number of well-established organizations and resources to which 
Canadians may turn to learn more about the development and interpretation of 
climate change scenarios. Some are national in scope, while others are regionally 
focused.

The Canadian Climate Change Scenarios Network (CCCSN) is a leading-edge scenarios 
facility involving many partners and led by Environment Canada. The website 
www.cccsn.ca provides all the basic climate, trends, tools, and model data needed to 
construct climate scenarios from IPCC-assessed climate models (both global and 
regional), and data used as input variables for statistical downscaling tools. Other data 
useful to validate climate models and/or to calibrate statistical downscaling tools are 
also provided, as reanalysis products and climate observations. Data available for 
download are at various temporal resolutions:

• Time series: climate variables at daily, monthly, seasonal, or annual scale; and

• Period averages: average values over three decades (for the baseline period 
and future periods) at monthly, seasonal or annual scale. 

All time series and period average climate information are available for the baseline 
period (i.e., 1961 to 1990) and the three future periods (i.e., 2011 to 2040; 
2041 to 2070; and 2071 to 2100, called 2020s; 2050s; and 2080s respectively), if 
the model data are released.

The CCCSN and Environment Canada can provide high-level technical support for 
downscaling and impacts and adaptation research, access to existing research, access 
to new research tools as they are developed, and training in the use of these tools.

Regionally, the Pacific Climate Impacts Consortium (for western Canada including the 
Yukon), the Prairie Adaptation Regional Collaborative (for northern parts of the Prairie 
provinces) and the Ouranos Consortium (for much of Canada) all have capacity with 
respect to the development and interpretation of climate information, including 
scenarios.
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5.3 Conclusions and key messages

The main conclusions and key messages of this Chapter are:

1. Historical records show significant, positive long-term trends in temperature and 
precipitation across most northern regions, and climate models suggest that 
warming over much of the North will continue, but at an increasing rate.

2. Community infrastructure planning and foundation designs should draw upon the 
calculation of trends for the shorter term and, as appropriate, the outputs of climate 
models for the particular northern region.

3. It is critically important that climate models be chosen carefully for the North, that 
their historical performance be evaluated, that their assumptions regarding future 
greenhouse gas emission rates be understood, and that appropriate downscaling 
methodologies be used in projecting future climate changes.

4. Tables 5.2 and 5.3 provide temperature inputs for the screening level analysis of the 
effects of climate change on permafrost and foundation performance. Considering 
the rate at which climate change science is changing, for more in-depth analysis, 
decision makers should refer to climate specialists in order to obtain the most 
up-to-date information possible. 
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6 TRENDS IN PERMAFROST CONDITIONS

Climate warming has been observed in parts of northern Canada for several decades, and 
in response, permafrost temperatures have risen in these regions. Stations with records 
that are long enough to document changes in climate are sparsely distributed across the 
North, and, similarly, there are few sites with data sufficient to document the change in 
permafrost conditions. However, while we need continuous records to document the 
extent and rate of climate change at a site, the change in temperature with depth in the 
ground records the historical impact of climate change on permafrost. Permafrost 
monitoring sites have been developed and maintained in Canada over the past three 
decades. Data from this network illustrate how permafrost in Canada is responding to 
climate change.

6.1 Measured trends in permafrost conditions

Ground temperature profiles in continuous permafrost to depths of a few hundred metres 
can provide a record of change in surface temperature during the past few centuries. In 
Figure 6.1, the deeper, straight portion of the temperature profile indicates the normal 
warming with depth during a previous period of equilibrium permafrost conditions, 
when the climate and permafrost were in balance. The upper part of the profile is curved, 
with warmer conditions at the surface indicating that the permafrost is responding to an 
increase in surface temperature.

CHAPTER AT A GLANCE

This Chapter will provide you with an appreciation of the recent response of permafrost 
to climate change in northern Canada. There has been warming of permafrost with the 
increase in air temperature since 1970 in the western Arctic and since 1990 in the East.
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Figure 6.1
Ground temperature profile in continuous permafrost of Richards Island, 

Mackenzie Delta, NT: Open circles represent temperature data collected from an oil 
well on Richards Island in the Mackenzie Delta area in 1978. The solid dots in the 

top 50 m give ground temperatures collected near the site in August 2009. 
Warming of the ground since 1978 has been about 0.7 °C. 

(Courtesy of Chris Burn)

In Figure 6.2, the ground temperature profile shows curvature in the near surface that is 
a result of both climate warming and clearance of the surface for gravel extraction. The 
pit was developed about 40 years before the profiles were obtained.
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Figure 6.2
Ground temperatures at a gravel pit near Inuvik, NT 

(Burn et al., 2009)

At tundra sites in the Mackenzie Delta area where permafrost is several hundred metres 
thick, the temperature at depths of 24 to 29 m has increased by 0.2 to 0.6 °C per decade 
since the early 1990s. The regional variation in warming rates in the area is shown by 
comparing maps of ground temperatures measured in the 1960s and early 1970s and in 
2003 to 2007 (see Figure 6.3). Near-surface ground temperatures in the region have 
increased over the past three to four decades by 1 to 2 °C in the colder permafrost of the 
uplands, but smaller increases, of less than 1 °C, have been measured in the warmer 
permafrost of the Delta forests. The smaller change in the Delta itself is due to several 
factors which buffer the ground temperatures from changes in air temperature, including 
greater snow cover and the area covered by lakes in the Delta. 
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Figure 6.3
Comparing near-surface ground temperatures in the late 1960s and early 1970s 
(left-hand figure) to those taken between 2003 and 2007 (right-hand figure), 

in the Mackenzie Delta, NT (Adapted from Burn and Kokelj, 2009)

Figure 6.4 shows ground temperature records for the period 1985 to 2007 for depths of 
about 10 m along a transect in the central and southern Mackenzie Valley. In the central 
Mackenzie Valley (near Norman Wells), where permafrost is up to 50 m thick and at about 
–1 °C, warming of 0.3 °C per decade since the mid-1980s has been observed (Smith 
et al., 2005). In the southern Mackenzie Valley (near Fort Simpson) and northern Alberta 
where permafrost is patchy and within a few tenths of a degree of 0 °C, increases in 
ground temperature have been less. The lower increase in temperature at these sites is 
because much of the incoming heat has been used to melt ice in the ground.
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Figure 6.4
Trends in permafrost temperature at depths near 10 m in the central and 

southern Mackenzie Valley, NT (Updated from Smith et al., 2005)

Ground temperature records for the eastern Arctic and northern Quebec indicate that 
permafrost warming has occurred mostly since the early 1990s. Figure 6.5 shows ground 
temperature since 1989 at 18 m depth in bedrock near Kangiqsualujjuaq, Nunavik 
(eastern Arctic). The ground temperature record reproduces the climate change that 
occurred over those years. The end of a cooling period occurs from 1989 to 1992/93, 
followed by warming through to the present. The total amount of ground warming from 
1993 to 2008 has been about 2 °C.

0.3 °C per decade

1984

Norman Wells 12 m

20062004200220001998199619941992199019881986

–0.2

–0.4

–0.6

–0.8

–1.0

–1.2

–1.4

–1.6

–1.8

0.0

–2.0

Te
m

p
er

at
u

re
 (

°C
)

Fort Simpson 10 m

Northern Alberta 10 m

0.1 °C per decade

Wrigley 12 m

M
em

bers O
nly—

N
ot for Further D

istribution



© Canadian Standards Association

60

Figure 6.5
Readings of temperature in permafrost at the depth of 18 m, in bedrock (gneiss) 
in Kangiqsualujjuaq, Nunavik. Warming of the ground at this site follows directly 

from the increase in air temperature, which has been observed widely in the 
eastern Arctic. (Smith et al., in press)

Figure 6.6 provides information on annual mean ground temperature for 2007 to 2009 at 
nearly 70 sites across the Canadian Arctic.
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Figure 6.6
Annual mean ground temperatures at sites in western, central, and eastern 
Canada, as measured during the 2007-2009 period. (Smith et al., in press)

Table 6.1 summarizes the range of annual mean ground temperatures in each region of 
northern Canada, differentiating between areas of continuous and discontinuous 
permafrost. 
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Table 6.1
Range of mean annual ground temperatures in each region of northern Canada 

(Smith et al., in press)

Most of the examples provided in this Chapter come from relatively undisturbed sites. In 
a built environment, climate related ground warming is superimposed on effects due to 
the construction and operation of infrastructure. Construction disturbance, through 
removal of vegetation and the soil organic layer, and thermal effects associated with 
the structure itself will lead to warming of the ground and thawing of near-surface 
permafrost. Disturbance effects associated with infrastructure construction and operation 
are critical in the short-term, while climate warming is a longer-term phenomenon.

6.2 Conclusions and key messages

The main conclusions and key messages of this Chapter are:

1. The impact of climate change on permafrost can be seen in the ground temperature 
profile, or may be apparent through monitoring of ground temperatures. 

• Many sites in northern Canada show curvature towards higher temperatures in 
the upper portion of the ground profile as the result of recent warming of 
permafrost.

• Monitoring also shows that ground temperatures in permafrost are rising.

2. The warming has been greatest in cold continuous permafrost, because little of the 
heat that has entered the ground has been used to melt ice. 

3. In warm discontinuous permafrost the warming has been slower, because much of 
the heat entering the ground from climate change is melting ice. 

4. Since the relatively small climate change of the 20th century has had a noticeable 
impact on permafrost, we must expect these effects to develop further under the 
climate change scenarios discussed in Chapter 5 of this Guideline.

Region
MAGT (°C)
discontinuous

MAGT (°C) 
continuous

Western Canada 
(lowland 59.5 to 70°N)

> –2.2 –0.3 to –8.1

Western Canada
Mountain (60 to 63°N)

> –3.6 –2.2 to
unknown

Central Canada
(lowland 57 to 75°N)

NA > –12.3

Eastern Canada
(lowland 55.5 to 82.5°N)

> –2.6 –2.4 to –14.9
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7  ADDRESSING CLIMATE CHANGE IN SITE 
SELECTION AND THE DESIGN OF FOUNDATIONS

7.1 General

This Chapter describes the planning and design of community infrastructure in 
permafrost regions as a two-stage process. In Stage One, the “climate-change 
screening” stage, the potential sensitivity of the proposed structure to the effects of 
climate change on permafrost is determined, and associated risks are assessed. The 
screening can be conducted either for a specific project, or at the town-site level, for the 
expansion or establishment of a settlement. The climate-change screening determines the 
scope of site investigation and design services required to define and address risks 
attributable to climatic uncertainty and change. 

Stage Two allows the Project Manager to assess the foundation design required in order 
to construct a project. The services described are normally contracted to geotechnical 
engineers specialized in permafrost conditions. 

Figure 7.1 presents Stages One and Two in a single flow-chart, providing an overview of 
the planning and design process for community infrastructure projects in permafrost.

Applying the screening tool at different scales

The climate change screening process provides a rational basis for determining the 
scope of the site investigation and design services required for effective adaptation of a 
structure to climatic uncertainty and warming. When applied to an individual structure 
at a predetermined site, the screening process can establish the level of detail required 
for the geothermal analysis used in foundation design. Applied at the town-site level, 
the screening process can guide the assessment of different development options with 
respect to the effects of climate change.
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Figure 7.1 
Flow chart for the planning and design of community infrastructure in permafrost:
Stage One of the process results in a choice of one of three different options, 
depending upon the determined level of climate change and permafrost-related 

Project definition

Site characterization

Functional requirements

Concept level foundation
system

Determine
climate sensitivity

Stage 2 design
workplan

Preliminary
design

Climate and permafrost risk
low to moderate (levels C/D)

Geothermal analyses
(require further climate

change analysis)

Preliminary
design

Design limitations
assessment

Monitor and
maintenance plan

Final design

Documentation and
contract

Climate and permafrost risk
moderate to high (levels A/B)

Risk too great, reject
project as planned

Rationalize climate
parameters

Reconsider site
selection

Legend:

Stage 1

Stage 2
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risk. Two of these are Stage Two options: (a) proceed with the project, with 
significant further climate change-related analysis; or, (b) proceed with the project, 
with limited further climate change-related analysis. The third option, (c) is to reject 
the project as currently planned or sited, in which case Stage One is initiated again 
from the outset.  Risk levels (“A/B” and “C/D”) shown in this Figure are clarified 
below, in Tables 7.1 and 7.2.

Section 7.2 below elaborates Stage One of the process, while Section 7.3 elaborates 
Stage Two. 

7.2 Stage One: Climate change screening

7.2.1 Introduction

Chapter 5 described the magnitude of predicted climate warming in Canada’s North. 
Such climate change increases the complexity of site selection and foundation design for
community infrastructure throughout the region. Planners and engineers must estimate 
the climatic trends and annual extremes that a project may be exposed to over its 
operational life. The estimates, considered with the project’s functional criteria, should 
guide the extent and character of site investigation and ground thermal analyses required 
for foundation design. 

A process that considers both the climate-change sensitivity of permafrost and the 
consequences of failing to ensure the long-term stability of foundation design was 
developed in 1998 by Environment Canada and a committee of experts for the Panel on 
Energy Research and Development (PERD) of Natural Resources Canada. It has been 
applied in engineering practice to several structure types over the past decade, and is 
described by Hayley and Horne (2008). The climate change screening process described 
below draws significantly upon, and adds to, the PERD process.

7.2.2 Risk-based framework

The screening process places a “project”, whether an individual component of 
infrastructure or a larger town-site expansion, within a risk-management framework. As 
depicted in Figure 7.2, the project is assessed for both the climate warming-induced 
sensitivity of its permafrost environment (“material sensitivity”) and the eventual 
consequence of any permafrost-induced impact or failure. For the purpose of this 
Guideline, “sensitivity” reflects the extent to which the permafrost may settle, lose 

Rejecting sites due to climate and permafrost considerations

In some cases, screening may suggest that the site chosen for a structure is 
incompatible with the intended function of that structure. In such cases, alternative 
sites should be reviewed before proceeding to Stage Two.
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bearing strength, or initiate accentuated frost heave as a result of the warming climate. 
The likelihood of operational or structural problems developing in a structure on climate 
change-sensitive permafrost will normally be high, unless steps are taken to mitigate 
these vulnerabilities.

Figure 7.2
Framework for the assessment of permafrost and climate change-related risks 

(Adapted from Environment Canada 1998)

“Consequence” is a qualitative assessment of the degree to which structural or 
operational problems, were they to occur, would affect use of the structure. For example, 
structural and operational issues might be expected to impair personal safety, quality of 
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life, the surrounding environment, social wellbeing, or financial affairs within a 
community. Figure 7.3 situates a set of representative northern projects with respect to 
the “sensitivity” and “consequence” measures which, taken together, allow for an 
assessment of risk. The rankings in Table 7.3 are hypothetical and meant solely for 
illustration.

Figure 7.3
Infrastructure ranked according to permafrost “sensitivity” 

and “failure consequences” 
(Adapted from Environment Canada 1998)

A qualitative risk-ranking scheme is provided in Table 7.1, using the concepts of 
“sensitivity” and “consequence”.

Table 7.1 
Risk-based screening matrix (Adapted from Environment Canada 1998) 

Categories A and B imply “high” and “moderate” risk, while categories C and D 
suggest “low” and “negligible” risk. 

Consequences

Sensitivity Negligible Minor Major Catastrophic

High C B A A

Medium D C B A

Low D C C B

Mine water retention dam
in continuous permafrost

School, Hall Beach

Temporary road on
continuous permafrost

Highway over
discontinuous 
permafrost

Failure
consequences

High

Low

HighLow Climate change sensitivity

Hospital, Inuvik

Arena,
Dawson
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As shown in Table 7.2, each risk category is matched to a suggested level of climate 
change-related analysis, ranging from “not required” to “qualitative,” “semi-
quantitative” and “detailed quantitative”. Precise definitions of each level of analysis 
are provided in Table 7.5.

Table 7.2
Degree of climate change and permafrost-related analysis 

suggested for projects in each risk category 
(Adapted from Environment Canada 1998)

7.2.3 Step-by-step through Stage One 

This Section addresses each step in Stage One of the planning and design process for
community infrastructure in permafrost, including application of the above risk-based 
framework. The first step in the Stage One screening process is to characterize the site 
proposed for the project.

Step 1 — Characterization of the site

Knowledge of the site conditions is a prerequisite for proceeding to the planning and 
design process. The parameters required to characterize a site include:

• Site development history — previous structures, site clearing, and fill placement;

• Topography, geology, and surface cover;

• Soil stratigraphy, permafrost, and ground ice;

• Snow cover and drainage;

Defining rankings 

Because a word like “sensitive” can mean very different things to different people, or to 
the same person in different situations, corresponding, quantitative rankings should be 
established whenever possible. For example, parties might decide to agree that 
“insensitive” equates to a 1-in-10 chance of permafrost-induced impacts, and that 
“sensitive” will equate to a 4-in-10 chance.

Risk level Analysis prescribed

D Not required

C Qualitative

B Semi-quantitative

A Detailed quantitative

M
em

bers O
nly—

N
ot for Further D

istribution



69

TECHNICAL GUIDE
Infrastructure in permafrost: A guideline for climate change adaptation

• Initial ground temperature;

• Materials available for site grading; and 

• Access restrictions that may limit construction equipment and available 
operating periods, such as construction season, sealift, or winter roads.

Step 2 — Development of project functional criteria

The Project Manager must have a clear understanding of the intended function of the 
project and convey this to the Design Engineer. The choice of foundation type (see 
Chapter 4) must satisfy both site conditions and project function. The elements of project 
function that have the greatest effect on foundation design include the following:

• The site grading plan, as it affects initial fill placement in preparation for building 
construction and the main floor elevation relative to the original and final surface 
elevation.

• Slab-on-grade type of foundations are commonly preferred for heavily loaded 
floors such as maintenance garages and for sports facilities such as gymnasiums.

• Some public buildings have crawl space restrictions that require heated enclosures 
precluding natural air convection below the structure. 

• Sensitivity to deformation as determined by the nature of the structural elements 
and column spacing. The settlement tolerance for the particular structure is a
criterion provided by the structural engineer that will be required for sensitivity 
screening.

Step 3 — Characterization of permafrost sensitivity to climate change

The overall sensitivity of permafrost can be classified based upon ground material, ice 
content, and an estimate of the ground temperature at the end of a project’s life. Initially, 
future permafrost temperatures should be estimated by assuming that the current 
permafrost temperature will change at the same rate and magnitude as air temperature. 
In reality, ground temperatures tend to lag behind air temperature changes, and will vary 
with depth and other factors, but for screening purposes a conservative assumption is 
applied. For moderate-to-high risk structures (ranked “A” or “B” in Table 7.3), a more 
refined estimate of ground temperature response must be developed in Stage Two of the 
planning and design process.
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For the purpose of climate change screening, permafrost (or “material”) sensitivity is 
derived by considering three main factors: (a) the likelihood of thaw settlement due to 
active layer deepening; (b) the potential for a reduction in bearing strength and creep 
resistance due to warming of the frozen ground; and (c) the potential for accentuated 
frost heaving (see Section 4.1 for a description of failure modes). 

The sensitivity rankings in Table 7.3 take all three of the above-mentioned factors into 
consideration. The rankings, qualitative in nature, are provided in accordance with the 
ground material and temperature of permafrost. Ground materials have been classified by 
physical characteristics (predominantly grain size), or by material origin (with physical 
characteristics assumed). The concept of permafrost temperature zones (Vyalov et al. 
1988) has been slightly modified to reflect North American practice. The temperature of 
permafrost is the mean annual ground temperature (see Figure 2.5). Sensitivity is 
classified as high (H), medium (M) or low (L).

Air temperature is assumed to be the primary driver of changes to permafrost 
conditions when a project is initially screened 

While the influence of snow cover may be important in determining the effect of 
climate change on permafrost, changes in precipitation patterns and amounts are not 
explicitly included in the screening process. This is partially due to the relatively low 
confidence in projected changes in precipitation and snow cover. Snow accumulation 
pattern changes as a result of the development can have an even greater effect on the 
results. Such changes must be considered when examining the results and applying 
judgment to their inclusion in decision making. Those projects that are determined to 
be particularly sensitive will advance to a higher level of analysis where snow cover is an 
important parameter in the geothermal evaluation of the chosen design, and may be 
studied through wind and snow modeling exercises.
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Table 7.3
Sensitivity of permafrost material by temperature zone and ground material 

(Adapted from Environment Canada 1998)

Using the final year of the design life of the project, an “estimate” for ground 
temperature change should be determined. In Chapter 5, estimates for changes to air 
temperature are provided for each combination of time period, latitude, and season for 
moderate (Table 5.2) and high (Table 5.3) greenhouse-gas emission scenarios. The 
estimate should be added to the initial permafrost temperature to arrive at the final 
temperature for each material. By locating the permafrost material and final temperature 
in Table 7.3, the material sensitivity — high (H), medium (M) or low (L) — can be 
determined. The final sensitivity measure corresponds to the indices in Table 7.1.

Ground material

Permafrost temperature zone

Zone 4
( T  –7 C)

Zone 3
( –7  T  –4 C)

Zone 2
(– 4  T  –2 C)

Zone 1
(–2  T   0C)

Any soil containing 
massive ice

M H H H

Peat and organic L M H H

Lacustrine (silt or 
clay)

M M M H

Diamiction  
(dominantly fine 
grained)

M M M H

Diamiction 
(dominantly coarse 
grained)

L L L M

Marine soils with 
salinity

M M H H

Alluvial and  
glaciofluvial (sand 
or gravel)

L L L M

Frost-shattered rock L L M M
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Step 4  — Identification of relevant failure modes and consequences

The potential failure mode of a project depends both on the nature of the frozen ground 
used for support and how loads are transmitted to it. Relevant failure modes for various 
foundation types are indicated in Table 7.4.

Table 7.4
Index of relevant failure modes by foundation type 

(Adapted from Environment Canada 1998)

Addressing permafrost terrain sensitivity through land-use planning

Most northern communities were established with little consideration for the range of 
biophysical hazards affecting their locations. They were located for ease of access to 
transportation routes, proximity to water sources, and links with major natural resource 
development projects. Over time, many northern communities have required 
protection from flooding. Permafrost degradation must also be considered a natural 
hazard, and is likely to further affect communities as climate warming continues.

Permafrost terrain sensitivity should be determined where possible when new town 
sites or expansions are being considered. Table 7.3 can be used at the town-site scale, 
as the spatial segregation of terrain units can be mapped using aerial photographs, as 
shown in Figure 2.6, and further refined using supplementary information as available. 
In some cases, drilling programs or other surveys to establish ground-ice content in the 
proposed expansion may be needed.  

Failure mode

Foundation Type

Roads
Foundations/
piles

Foundations
(thermosyphons)

Elevated 
utilidors

Thaw settlement YES YES YES NO

Loss of strength/creep NO YES YES NO

Accelerated frost effects YES YES NO YES

System failure NO NO YES YES

Note: “System failure” in this Table refers to structural failure of a mechanical component, such as the 
depressurization of a thermosyphon.

M
em

bers O
nly—

N
ot for Further D

istribution



73

TECHNICAL GUIDE
Infrastructure in permafrost: A guideline for climate change adaptation

Given the relevant failure modes and the project description, a set of possible failure 
scenarios can be generated, and their consequences qualitatively rated as: catastrophic, 
major, minor, or negligible (see Table 7.1). Failure means that distortions in a structure or 
system become significant enough that it can no longer function at the level of efficiency 
or safety for which it was constructed. In devising failure scenarios and their 
consequences, social, environmental, and cultural factors should be broadly considered. 

Step 5 — Climate change analysis resulting from screening 

A prescribed level of climate change analysis may be assigned from the qualitative 
measures of sensitivity and consequence in Tables 7.1 and 7.2. Experts involved in the 
screening of projects may have reasons for higher or lower levels of analysis based on 
factors not identified in this screening process. Table 7.5 describes in more detail the 
analyses associated with each level of risk.
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Table 7.5
Recommended character of climate change-based analysis based on 

level of permafrost and climate change-related risk 

7.3 Stage Two: Design implementation where climate change poses a 
significant risk

7.3.1 Overview

Where rigorous design analysis is required (categories A or B in Table 7.5), the project 
passes to Stage Two. In Stage Two, the design process will generally include a thorough, 
quantitative, future-looking analysis of the ground thermal regime beneath the structure, 
requiring that the design life of the infrastructure must first be established by the owner. 
The service life for purposes of design may be different from the occupancy period. It 

Risk level Analysis prescribed

D No action required.

C Apply “qualitative analyses” and expert judgment. This requires a comparison of 
the project with other built structures in the region (the same or similar 
community) to judge their performance. The person assessing the options and 
making the judgment should be able to demonstrate directly related experience, 
both with the selected foundation design and with permafrost conditions in the 
community. This level of analysis will normally add only insignificantly to the 
normal schedule and budget associated with the engineering design services.

B This level of analyses includes those measures suggested for Level C, while 
adding the restriction that there should be a good comparison both of structure 
type and foundation system on a similar site within the same community. 
Sufficient performance data must be available for the particular foundation 
system to provide a reasonable level of confidence in the judgment that arises 
from the comparison. If a direct comparison is not available, as would be the 
case for a “greenfield” site or an innovative, untested foundation system, the 
design should be elevated to a Level A analysis. In either case, a systematic 
performance monitoring program is recommended to identify if corrective 
action is required at some future time.

A The highest risk level requires that special care and attention be paid to assuring 
the integrity of permafrost used for structural support. This requires a full 
quantitative analysis of the ground thermal regime that will persist below the 
structure over its useful lifetime. This screening process outcome pushes the 
project into Stage 2 of the design process. A significant level of complexity is 
added to the design, usually necessitating that up to an additional two (2) 
months of time be added to the planning schedule. Engineering costs will 
typically increase proportionally. On-going monitoring and assessments should 
be included among planned operating costs.  
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should be anticipated that near total reconstruction may be required at the end of a 
service life in order to extend the occupancy period. With some notable exceptions, the 
service life of northern buildings is usually shorter than comparable southern buildings.  

Foundation systems that commonly require the Stage Two design process are those that 
require engineered heat exchangers, such as thermosyphons (see Figure 4.4). The heat 
exchangers must intercept building heat before it enters the ground. Elevated structures
on surface foundations or shallow piles with an ambient air temperature crawl space 
seldom require geothermal analyses during design. Large structures, such as hospitals or 
schools with structural components supported on the surface or in direct contact with the 
underlying permafrost, require the greatest attention during design analyses. A ground 
thermal model is used to predict the temperature at any time and location below the 
structure throughout its design life. The results are then used to refine the configuration
of the supporting elements and any systems required to offset heat transfer into the 
permafrost foundation.

7.3.2  Foundation design parameters

Surface foundations

Those features that can be controlled within the design process for surface foundations 
include the following:

• Configuration of a crawl space that separates the ground from the heated interior 
space. The crawl space provides access for utilities that service the building and 
may have an ambient temperature above 0 °C. Effective use of insulation and 
protection from water inflow are important design variables. 

• A heat exchanger may be required to intercept building heat that escapes from
the crawl space into the ground. The heat exchanger may be air ventilation 
pipes, thermosyphons, or refrigeration piping connected to a heat pump or 
compressor. The design of these systems typically includes sizing and spacing of 
pipes in a manner that is capable of extracting heat from the ground at a rate 
that exceeds the predicted heat flux from the building.

• The building and its heat exchanger must be separated from the natural 
permafrost with an engineered pad of granular fill. That pad is particularly 
important for surface foundation types where near-surface ground movements 
due to freezing or thawing can be transferred directly to the building structure. 
The pad material and construction methods must be specified so that the pad 
remains stable during seasonal freezing and thawing.  
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Deep foundations

Deep foundations separate the structure from the near-surface soils. The loads are 
transmitted to the surrounding ground along the pile shaft or at the tip if it is embedded 
in bedrock. The design variables include the following:

• Pile dimensions and spacing. Steel pipe piles are the most common pile type for 
arctic structures because they must be installed in pre-drilled holes. Pile diameters 
and wall thickness are often limited by the available drilling equipment, so it is 
common to use smaller diameter piles at more frequent spacing than in 
conventional southern practice.

• Pile length. The pile length must be sufficient to dissipate the load to the 
surrounding frozen ground by shear at the frozen bond. The calculation takes 
into account creep-like displacement of the pile relative to the surrounding 
frozen ground over the life of the structure. Since creep is highly dependent on 
ground ice and ground temperature, changes in these conditions during the life 
of the structure and their effects must be predicted.

• Active-layer thickness, soil type, and drainage. The active layer is an important 
design parameter for deep foundations because it freezes and thaws annually 
along the pile shaft. The process of refreezing each fall and winter will exert an 
uplift force on the piles that could result in damaging heave. Persistent small 
annual heave displacements can accumulate into substantial heave over time. 
In conditions where gradual warming of the permafrost is predicted during 
structure life, the risk of heave will rise as the proportion of the pile shaft subject 
to seasonal freezing increases while the anchorage offered by the frozen bond 
decreases.

7.3.3 Analytical tools

Analytical tools for predicting future ground temperatures below the structure, taking 
into account the various design variables, are based on numerical methods that solve the 
equations for heat flow in the ground. These analyses are readily available for desktop use 
by engineers who specialize in design for permafrost conditions.

Typically finite difference or fine element models are utilized in the thermal analysis. 
Examples of models that are commercially available or current utilized by Canadian 
engineers are:

• TEMP/W: a commercial finite element model marketed by Geo-Slope 
International;

• SVHEAT: a finite element model marketed commercially by Soil Vision Systems;

• GEOTHERM: a finite element model developed and used by EBA Engineering 
Consultants; and

• THERM2: a finite difference model developed by Nixon Geotech and used by 
several consultants.
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A geothermal model must be able to simulate two-dimensional heat conduction with 
change of phase (solid-to-liquid and vice versa) within the elements for a variety of 
boundary conditions. Two-dimensional analyses are satisfactory for modeling buildings, 
as the thermal regime can be effectively represented by a cross-section of width and 
depth beneath the structure.  The algorithm that deals with freezing or thawing is critical, 
as it must capture the exchange of latent heat as a thaw or freeze boundary migrates 
through the model’s grid. Another important consideration is the simulation of ground 
surface heat flux. Some models simply represent the ground surface temperature as a 
function of air temperature. More refined models represent the solar radiation, heat 
transfer by convection in the air, and snow cover at the ground surface.

The input parameters for any model must represent the soil conditions, boundary 
conditions, and initial temperature conditions. The soil parameters for each element in 
the site stratigraphy must include thermal conductivity of frozen and thawed soils, the 
specific heat, and latent heat. These properties are sensitive to the soil moisture or ice 
content and the bulk density of the soil. It is seldom necessary to measure soil thermal 
properties in the laboratory, as there are published values available for the experienced 
geotechnical engineer to use once common soil properties are known. Certain soils, such 
as relatively dry sand and gravel, may be strongly influenced by the mineralogy of the 
constituents. Gravels used for site grading and road construction that have a high quartz 
content will have relatively high thermal conductivity and low water content. 

The initial conditions for the simulation are the current soil temperatures. This 
information comes from the site investigation and is obtained from ground temperature 
sensors that are installed in drill holes where the stratigraphy has been determined. It is 
desirable to have a year of ground temperature data or a minimum of four sets of 
readings representing the late winter (coldest ground conditions) and the late summer or 
fall (warmest ground conditions).

Boundary conditions must simulate the heat flow into and out of the soil. These are the 
external thermal drivers that maintain the current or initial ground temperature. These 
parameters are generally considered at the ground surface and at the lowest level in the 
model. They represent the heat exchange at the ground surface and the flow of heat 
upwards into the soil along the geothermal gradient.

Geothermal models used for design assume that the structure is to be built where ground 
temperatures before disturbance do not vary significantly over the site, and that heat flow 
in the ground is by conduction. Local conditions, especially in discontinuous permafrost, 
may indicate that ground temperatures may vary over the site. Heat transfer by ground 
water may also be important, especially where the permafrost is thin. In these cases, more 
extensive site investigations may be needed to characterize the initial and boundary 
conditions for the model.
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7.3.4 Derivation of climate parameters

The climatic input can be developed using data available from 

• Environment Canada’s Weather Office (www.weatheroffice.gc.ca); 

• regional modeling sites, such as the Canadian Centre for Climate Modelling and 
Analysis (www.cccma.ec.gc.ca/models/crcm.shtml);

• the expanding network of regional climate modeling centres led by Environment 
Canada (www.cccsn.ca/index-e.html); and

• regional organizations listed in text box on page 52 of this Guide; together with 
information from Tables 5.2 and 5.3. 

The process will generally include the following steps, and may consider annual or
seasonal climate warming:

• Review and plot all available mean annual air temperature data for the closest 
meteorological station(s).

• Plot current published Canadian Climate Normals (temperature) for reference.

• Develop a “dynamic normal” by averaging the most recent 30 years of air 
temperature data, for comparison with the plotted Canadian Climate Normals.

• Develop trend analyses using a least squares fitting technique for the entire data
set as well as for the past 30-year dynamic normal period.

• Derive air temperature projections from an ensemble of global climate models 
(GCMs) evaluated and verified for the project region (as described in Chapter 5). 
Optimally, site-specific projections from regional models known to be reliable 
within the project area will be obtained.

• Extrapolate the linear trends to the end of building life, or 30 years, whichever is 
the shorter time period. Take into consideration that because changes in air 
temperature are highly variable from year-to-year and decade-to-decade, they 
may in the future depart from linear trends of previous decades (see text box 
below). When analyzing climate and the atmosphere, the present trajectory 
should be considered as one of various pieces of evidence, and one that, like 
most others, becomes less precise as the time span for prediction increases. 

• Compare the end-of-life projections from the GCM ensemble with the 
extrapolated historical trends.  A comparison of this type is considered 
reasonable, where a comprehensive historical database exists, over a limited 
service life (not exceeding 30 years, although climate model projections are valid 
for consideration beyond this timeframe).

• Using all available results from above, make a value judgment regarding an 
appropriate design climate at the end of structure life. 
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• Convert the mean annual air temperature at the end of life to projected design 
mean monthly air temperatures, recognizing the seasonal variation in climate 
change described in Chapter 5.

7.3.5 Calibration and use of geothermal models

Once the ground thermal model has been selected and appropriate input parameters 
determined, the simulation must be calibrated to current conditions. The model should 
be set up and run for the present site conditions and the ground temperature at the site 
should be simulated. The predicted ground temperatures should be compared with 
available measured values. Deviations between predicted and observed ground 
temperatures must be rationalized and, in some cases, minor adjustments to the input 
parameters made. The interpretation of calibration runs and minor adjustments of the 
input parameters must be made with considerable judgment by an experienced 
engineer. Any refinements made after calibration provide a basis for initiating the thermal 
design of the foundation system.  

The site-calibrated model must be set up in a two-dimensional grid with temperature 
controlled boundaries that include the contact of the building with the ground. The 
climate surface boundaries can be set to vary annually on a linear trend from the present 
climate to the climate at the end of the service life. The simulation proceeds in set time 
intervals during which heat flow between points in the grid is calculated, and changes in 
ground temperature are determined. The results are normally presented as ground 
temperature isotherms at chosen times during the analyses. The temperature prediction
must be examined at the end of service life for fall conditions (September-October) when 
the ground is expected to be warmest. This condition will usually be the initial basis for 
judging adequacy of the design.

Extrapolation of air temperature trends: further explanation

Climate scientists have indicated that the natural variability of air temperature trends, 
especially in the Arctic, may suggest that extrapolations in excess of 10 years will be 
subject to significant uncertainty, even when based on long-term datasets. And yet 
most community infrastructure is expected to remain in service for periods of much 
greater than 10 years from the time of construction. As such, the methodology in 
Section 7.3.4 suggests that a range of evidence, including temperature Normals, 
modeled projections, as well as historical trends, be combined in order to “ball-park” 
mean air temperatures at the anticipated end-of-life of a structure. While an important 
input, once derived, end-of-life air temperatures will ultimately be combined with 
many other factors for the dynamic modeling of ground temperatures over time. A 
level of uncertainty will be associated with all temperature inputs, yet the combination 
of sources suggested in Section 7.3.4 should allow for a sufficient amount of accuracy, 
and is preferable to assuming no change in air temperatures over time.
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A foundation configuration that provides an acceptable result for a design linear climatic 
warming trend must also be tested for extreme weather events. The historic database can 
be analyzed statistically to determine the frequency of extreme annual mean 
temperatures. Mean monthly temperatures representative of these conditions may be 
developed. The design based on the trend analyses or GCM should then be checked for 
robustness against a combination of extreme conditions

An example result from a geothermal model is shown in Figure 7.3. The figure shows the 
predicted temperature distribution below a structure with a warm crawl space embedded 
in permafrost at Inuvik, NT. This case history from 2001 (EBA Engineering Files) is actual 
design output for the Inuvik Hospital described by Hayley and Horne (2008). The results 
show the warmest predicted ground temperature (September) following 30 years of 
linear climatic warming. This building has been monitored from 2001 to 2007 by Arctic 
Foundations of Canada and results are reported by Holubec (2008). The measured data 
reasonably matches predictions of warmest ground temperatures (within 0.5 °C). Winter 
temperatures below the foundation at a depth of 4 m drop to –7.5 °C each year.

Figure 7.4
 Example output from geothermal design of the Inuvik Hospital in 2000 showing 

the predicted warmest ground temperatures after 30 years of operation.
(Courtesy of Don Hayley)
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The predictions shown in Figure 7.4 were considered to provide marginal design security 
because the 0 °C isotherm is close to the bottom of the frost-stable engineered fill at end 
of service life. The insulation thickness below the building was therefore increased from 
150 mm to 200 mm for final design. 

7.3.6 Critical evaluation of design limitations

A design that has been analyzed and refined in order to meet the tests established in the 
geothermal analysis must be assessed to confirm that a logical and practical construction 
plan can be prepared to meet limitations imposed by location and schedule. The 
evaluation must address as a minimum the following key principles:

• Constructability. The construction logistics must fit with local contractor
experience and the ability for equipment, supplies, and manpower to reach the 
site in a timely manner. 

• Schedule. The design may impose schedule constraints. For example, if 
excavation into permafrost is required, there will be preferred seasons for this. 

• Contingency Planning. There is never complete understanding of site conditions, 
especially on northern projects where geotechnical investigation is often 
restricted by budgetary conditions. It should be recognized at the outset that 
adaptation of the design during construction will be a field requirement. 
Contingency planning for changed conditions should be a requirement for any 
northern project.

• Robustness Review. The final step is to review the entire design and construction 
plan for robustness. The review must examine the design within the context of 
the overall site development and should consider site drainage and snow 
management both during the construction and operational phases. This may 
entail an independent review by an experienced person who has not been part of 
the design process. 

7.3.7 Monitoring and maintenance plan

All projects that proceed to Stage Two of the design process are sensitive to minor 
variations in permafrost conditions that are integral to foundation support. Where 
thermosyphons and other complex elements are used in the foundation design there 
must be sufficient monitoring to determine that they function as intended. There are no 
formal procedures for developing a monitoring program, but the principal features to be 
measured are ground temperature and soil deformation. Deformation can be detected 
by setting plates on structural elements, such as piles, for periodic elevation survey. 
Ground temperature measurements need to target those areas of the foundation system 
that are most vulnerable to temperature changes, and the collected data must be 
compared over time to the values predicted in the planning and design processes.
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The requirement for monitoring, reporting, and reacting to any changes that are noted 
must be recognized early in the project. The responsibilities need to be defined at the 
project outset and budgets allocated to collect and summarize the data. An annual review 
by the geotechnical engineer is recommended with more frequent reviews if undesirable 
trends appear. Monitoring is pointless unless the data collected are evaluated. 

7.3.8 Design and construction documentation 

Documentation of the design and construction process for complex foundation systems 
in regions of permafrost is an essential component of the project. The documentation 
should include the following:

• A design basis document;

• A thermal design report stamped and signed by the geotechnical engineer of 
record;

• Specification for materials and fabrication of buried features integral to 
foundation performance such as piles, pads, and thermosyphons;

• Operating limitations knowingly accepted by the designer and the owner and 
their role in on-going maintenance;

• Issued-for-construction drawings and specifications;

• As-built drawings and quality control procedures that are supported by 
inspection reports and test data;

• Monitoring plan documentation with reporting procedures; and

• Non–routine maintenance and operating procedures that arise from the design 
process.

Project documentation must be sufficiently thorough to be easily interpreted by future 
owner-representatives who were not involved in either design or construction. The 
unique features of foundations on permafrost are seldom understood by those without a 
history in the region. Owners must be able to recognize when to request expert review of 
any sign of building distress. The design analyses must be reproducible in order to test 
contingency plans should they be required.

7.4 Conclusions and key messages

The main conclusions and key messages of this chapter are:

1. The planning and design of community infrastructure in permafrost regions should 
include application of the climate change screening process described in Section 7.2 
of this Chapter.
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2. Application of the screening process results in a preliminary determination of the 
level of climate warming-related risk associated with a project. The risk is determined 
through an assessment of the sensitivity of the project’s permafrost environment to 
climate warming, and the potential consequences associated with any permafrost-
induced failure of the eventual infrastructure.

3. The potential failure mode of a project depends both on the nature of the frozen 
ground used for support and how loads are transmitted to it.

4. One outcome of the screening process may be to determine that a project is too 
risky if constructed where planned and that a new site is required.

5. Projects that are assessed as presenting high climate warming-related risk require full 
quantitative analysis of the ground thermal regime that will persist below them over 
their useful lifetimes. This screening process outcome pushes the project into Stage 2 
of the design process, adding a significant level of complexity to the design and 
usually necessitating that up to an additional two (2) months of time be added to 
the planning schedule.

6. Projects that are assessed through the climate change screening process as 
presenting lesser levels of risk may still require further related analysis, ranging from 
qualitative to semi-quantitative.

7. Stage two of the design process comprises the following steps:

• Refinement of design parameters;

• Selection of ground thermal modeling tools;

• Derivation of climate design parameters;

• Calibration of ground thermal modeling tools;

• Critical evaluation of design limitations;

• Development of a monitoring and maintenance plan; and

• Production of design and construction documentation.
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Adfreeze/adfreezing — the process by which two objects are bonded together by ice 
formed between them. Generally, adfreeze is considered a combination of the ice-to-
surface bonding (adhesion), mechanical interaction, and friction. 

Clay — particles of soil less than 0.004 mm in size.

Condensor — the upper part (above ground) of a thermosyphon where cold CO2 gas 
flowing from below the ground surface is cooled and condenses into a liquid (see 
Evaporator).

Continuous permafrost — permafrost that occurs everywhere beneath the exposed 
land surface.

Creep — a way that snow or ice can move by deforming its internal structure.

Creep resistance (also “Creep strength”) — the failure strength of a material at a given 
strain rate or after a given period under differential stress. Under heavy loads and at 
relatively high freezing temperatures, most frozen soils creep and eventually fail in a 
plastic manner.

Cryostructure — the structural characteristics of frozen, fine-grained earth materials. 

Depth of zero annual amplitude — the distance from the ground surface downward to 
the level beneath which there is practically no annual fluctuation in ground temperature. 

Discontinuous permafrost — permafrost occurring in some areas beneath the exposed 
land surface. Discontinuous permafrost is widespread near its northern boundary, 
whereas it occurs in isolated patches or islands and is commonly referred to as “sporadic 
permafrost” near its southern boundary.

Drunken forests — trees leaning in random directions in a permafrost region. A 
descriptive term for trees usually growing on ice-rich terrain and subject to repeated 
differential frost heave or thermokarst subsidence.

Electrical resistivity surveys — electrical resistance (also “Earth resistance” or 
“Resistivity”) survey is one of a number of methods used in archaeological geophysics. In 
this type of survey electrical resistance meters are used to detect and map subsurface 
archaeological features and patterning.

Ecozone — an area of the earth’s surface, at the top of the ecological hierarchy, having 
similar biotic and nonbiotic characteristics including climate, vegetation soil, geology, 
and physiographic features.
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Evaporator — the underground part of a thermosyphon in which liquid CO2 gas 
evaporates by extracting heat from the surrounding soil.

Excess ice — the volume of ice in the ground that exceeds the total volume that the 
ground would have under natural unfrozen conditions.

Failure modes — the process or means by which the integrity or function of an 
engineered structure is adversely affected as the result of changing conditions in the 
underlying permafrost.  

Frost heave — the upward or outward movement of the ground surface (or objects on, 
or in, the ground) caused by the formation of ice in the soil.

Frost jacking — cumulative upward displacement of objects embedded in the ground, 
caused by frost action.

General circulation model (GCM) — a global, three-dimensional computer model of 
the climate system that can be used to simulate human-induced climate change. GCMs 
are highly complex and represent the effects of such factors as reflective and absorptive 
properties of atmospheric water vapor, greenhouse gas concentrations, clouds, annual 
and daily solar heating, ocean temperatures, and ice boundaries. The most recent GCMs 
include global representations of the atmosphere, oceans, and land surface.

Geotechnical properties — thermal and mechanical properties of soils that are relevant 
to engineering problems.

Geothermal gradient — the increase in temperature with depth below the maximum 
depth of annual variation. The gradual increase in temperature is due to the heat of the 
Earth’s interior.

Grout — cement-like material used to anchor piles to rock.

Ground penetrating radar (GPR) — a geophysical method that uses radar pulses to 
image the subsurface. This non-destructive method uses electromagnetic radiation in the 
microwave band (UHF/VHF frequencies) of the radio spectrum, and detects the reflected 
signals from subsurface structures. GPR can be used in a variety of media, including rock, 
soil, ice, fresh water, pavements, and structures. It can detect objects, changes in 
material, and voids and cracks.

Hummocks — small lumps of soil pushed up by frost action, often found uniformly 
spaced in large groups. Hummocks can form in areas of permafrost or seasonally frozen 
ground, and are one of the most common surface features of the Arctic. 

Ice lens(es) — a predominantly horizontal, lens-shaped body of ice of any dimension.

Ice-rich permafrost — permafrost containing excess ice.
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Karst — a terrane, generally underlain by limestone or dolomite, in which the 
topography is chiefly formed by the dissolving of rock, and which may be characterized 
by sinkholes, sinking streams, closed depressions, subterranean drainage, and caves.

Lacustrine — pertaining to lakes.

Latent heat — the amount of heat required to melt all the ice (or freeze all the pore 
water) in a unit mass of soil or rock.

Patterned ground — a term used to describe the distinct, and often symmetrical 
geometric shapes formed by ground material in periglacial regions.

Peat plateau — a generally flat-topped expanse of peat, elevated above the general 
surface of a peatland, and containing segregated ice that may or may not extend 
downward into the underlying mineral soil.

Permafrost — ground (soil or rock) that remains at or below 0 °C for at least two winters 
and an intervening summer.

Piles — posts made of wood or steel driven into the ground to provide support for 
buildings.

Seasonal frost heave — the upward or outward movement of the ground surface that 
occurs in response to seasonal freezing of the ground.

Silt — soil particles with a diameter of 0.002 to 0.05 mm.

Sporadic permafrost — permafrost occurring in isolated patches or islands near the 
southern boundary of discontinuous permafrost.

Statistical downscaling — downscaling is a method for obtaining high-resolution 
climate or climate change information from relatively coarse-resolution GCMs. Typically, 
GCMs have resolutions of 150–300 km × 150–300 km. Many climate impacts models 
require information at scales of 50 km or less, so some method is needed to estimate the 
smaller-scale information. Statistical downscaling first derives statistical relationships 
between observed small-scale (often station-level) variables and larger (GCM) scale 
variables, using either analogue methods (circulation typing), regression analysis, or 
neural network methods. Future values of the large scale variables obtained from GCM 
projections of future climate are then used to drive the statistical relationships and so 
estimate the smaller-scale details of future climate.

Talik — a layer or body of unfrozen ground within a permafrost area.

Temperature wave — the warming of ground temperature at depth resulting from the 
conveyance of heat from the ground surface downwards.
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Thaw consolidation — time-dependant compression resulting from thawing of frozen 
ground and subsequent drainage of pore water.

Thaw settlement — downward movement of the ground causing a lowering of the 
ground surface resulting from the melting of ground ice in excess of pore fillings. Ground 
settlement will occur if thawing of ice-rich permafrost takes place. It also occurs annually 
during the summer when excess ice melts during thawing of the active layer.

Thaw stable permafrost — perennially frozen ground that will not experience either 
significant thaw settlement or loss of strength upon thawing.

Thaw unstable permafrost — perennially frozen ground that will experience either 
significant thaw settlement or loss of strength upon thawing.

Thermokarst — land-surface configuration that results from the melting of ground ice in 
areas underlain by permafrost. In areas that have appreciable amounts of ice, small pits, 
ponds, valleys, and hummocks are formed when the ice melts and the ground settles 
unevenly.

Varve — the alternating of coarse and fine grained layers in glacial lake sediment.
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APPENDIX 4 — PARTICIPANTS AT THE THREE 
NORTHERN INPUT SESSIONS

Session #1: Whitehorse, YK, January 12, 2010
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Ottawa, ON
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