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Executive Summary
Permafrost or perennially frozen ground refers to ground (soil or rock) that remains at or below 0 °C (32
o
F) for at least two years. About half of Canada is underlain by permafrost and it exists extensively
throughout the northern region. The exploitation of the non-renewable resources of this region requires
the development of a transportation network including railway lines over the permafrost.
The general understanding about permafrost is that it can provide adequate bearing capacity. However,
the thermal stability of frozen ground is very sensitive. This balance is subjected to change due to various
reasons such as construction activities and climate warming. The change in thermal equilibrium may
initiate thawing and lead to permafrost degradation. The more rapid warming trend in the north has
raised concerns regarding the development and maintenance of a transportation infrastructure in this
region.
The National Research Council of Canada Automotive Surface Transportation Research Centre (NRC AST)
in collaboration with the Transport Canada Innovation Centre has conducted an extensive literature
review to document the current state of knowledge regarding the design, construction and maintenance
of transportation infrastructure, in particular railway tracks, on permafrost regions around the world. This
review was conducted in response to increasing interest in the construction of new railway lines for the
transportation of goods in northern Canada. The results of this literature review are summarized within
the 10 sections of this report.
Section 1 provides an overview to permafrost and all the terminologies and concepts that form the basis
for this document. The ground thermal regime and its importance on the stability of permafrost is
discussed. There is also a detailed discussion on the effects of various parameters such as snow,
vegetation, construction activity, etc. on the thermal stability of permafrost.
Section 2 presents the latest map of permafrost distribution in Canada. This map, which shows the extent
of various types of permafrost, is also overlaid on Canada’s rail network to give a better understanding of
the rail lines that pass over permafrost. This section includes a brief description of various geophysical
methods used for mapping the extent of permafrost in a specific site.
Section 3 presents the most recent information regarding the projected climate in various parts of Canada
and its effect on the stability of permafrost. This section also summarizes the economic impacts of climate
change on the critical infrastructure across the Arctic region. The ability of different territories in Canada
to absorb the additional cost of maintaining the affected infrastructure is discussed.
Section 4 discusses the major challenges encountered during the construction and operation of railway
lines in permafrost regions around the world. The most common issues for railway embankments are
listed and the root causes of the problems are illustrated. This section includes case studies from Russia
and China. There is also a detailed historical description of the design, construction, and maintenance of
the Hudson Bay railway line in Canada.
Section 5 presents a summary of the major considerations for the design and construction of
transportation infrastructure in permafrost regions, recommended by various codes and standards in
Canada. Even though these codes do not directly address railway design, most of their recommendations
are also applicable to railways.
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Section 6 provides an extensive review of the mitigation methods that are commonly used to preserve
the stability of transportation infrastructure in permafrost regions. A detailed description is provided
regarding their function, installation procedures, advantages and limitations, and their applicability for
use under different permafrost conditions. Several case studies are presented to explain their
effectiveness in stabilizing railway embankments. Some examples are provided regarding their long-term
performance under highway embankments in northern Canada. The costs associated with construction
and maintenance of these techniques are discussed. The material presented in this section is from peerreviewed conference and journal papers and includes a wide range of research projects conducted
through field observations, laboratory experiments, and numerical simulations.
Section 7 describes the practical considerations for construction of railway embankment in a permafrost
region. The intention of these recommendations is to ensure there is minimum disturbance to the ground
thermal stability during construction.
Section 8 introduces the proposed railway line to connect the Baffinland iron ore mine (located on Baffin
Island, Nunavut) to Milne Inlet. The iron ore from this mine is currently transported via road but to
increase production, a 110 km railway line is proposed. According to geotechnical investigations, the site
of this project is located on permafrost that extends up to a depth of approximately 500 m. This section
provides a detailed discussion on the history of the geotechnical investigation at the project site and the
latest proposed design.
Section 9 discusses the state of permafrost research in Canada over the last few decades and compares it
with other Arctic countries. This comparison is based on analyzing the number of publications listed in
Scopus, the world’s largest abstract and citation database of peer-reviewed literature. This section also
provides information on the top Canadian researchers and universities active in the area of permafrost
engineering.
NRC has also reached out to some of the most experienced and distinguished researchers in the area of
permafrost engineering in Canada. They were asked for their opinion on what is the most significant gap
in the current state of knowledge regarding the construction of transportation infrastructure over
permafrost regions in Canada, particularly railways. Six of the 14 researchers that responded to the inquiry
submitted their opinion via email. This information is compiled in section 10 and includes the name and
affiliation of the researchers. In section 11 some research topics are proposed for future work.
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1. Introduction to permafrost
Permafrost or perennially frozen ground refers to ground (soil or rock) that remains at or below 0 °C (32
°F) for at least two years (International Permafrost Association 1998). This definition is exclusively on the
basis of temperature. Permafrost is not necessarily frozen, because the freezing point of the included
water may be depressed several degrees below 0 °C. For example, when permafrost contains clay, a
substantial amount of unfrozen moisture can persist even at a temperature several degrees below 0 °C
because of the depression of the freezing point by capillary forces (Ferrians, Kachadoorian and Greene
1969). In other words, whereas all perennially frozen ground is permafrost, not all permafrost is
perennially frozen (Harris, French, et al. 1988). Permafrost contains high ice content, making it susceptible
to consolidation if thawing occurs (Jørgensen, Doré and Voyer, et al. 2008).
Figure 1 shows various ground layers in a permafrost zone. Permafrost could be from a few metres to over
700 m thick. The upper surface of the permafrost is called permafrost table and the ground above the
permafrost is called suprapermafrost layer. The active layer is that part of the suprapermafrost that is
subjected to seasonal freeze and thaw and is typically 20-200 cm deep. The depth of the active layer is a
function of climate and local conditions such as snow cover and the thermal conductivity of the soil
(Vincent, Lemay and Allard 2017). The thickness of active layer can be approximated by Stephan’s
equation:
𝑍 = √2𝑇𝑘𝑡/𝐿
Where 𝑍 is the thickness of active layer, 𝑇 is the temperature of the ground surface during thaw, 𝑘 is the
soil thermal conductivity, 𝑡 is the duration of thaw, and 𝐿 is the volumetric latent heat of the soil which is
a function of its water content (Vincent, Lemay and Allard 2017). In most cases, seasonal frost penetrates
down to the permafrost table; however, if it does not, an unfrozen zone called talik remains between the
active layer and the permafrost table. These unfrozen zones, talik, may also exist within the permafrost
(Figure 1).

Figure 1. Typical ground composition in permafrost zone (Ferrians, Kachadoorian and Greene 1969)
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Some researchers have used the term “buffer layer” when modelling permafrost (Vincent, Lemay and
Allard 2017). This layer lies between the top of the active layer (ground surface) and the air. In a natural
environment, the buffer layer may include vegetation or snow. In an engineered environment the layer
may include buildings or transportation infrastructure. This layer has a significant effect on the thermal
stability of permafrost.
Figure 2 shows a typical ground temperature regime in permafrost. The temperature within the near
surface depends on the atmospheric climate and is continuously modified by the various energy exchange
processes that occur between the air and subsurface, the local surface conditions such as vegetation and
snow, and the thermal conductivity and heat capacity of the soils. The temperature variation declines with
depth until the variation is almost imperceptible at the depth of zero annual amplitude. Under equilibrium
conditions, the ground temperature increases with depth below the depth of zero annual amplitude (CSA
Group 2019). Seasonal (annual) variations of the atmospheric climate affect the ground temperature at
depths of 15 m to 20 m while longer term (decades, centuries, millennia and longer) variations reach
greater depths (“roughly proportional to the square root of time from onset”) (Williams 1995).

Figure 2. Typical ground temperature regime in permafrost (CSA Group 2019)

The gradient of mean annual ground temperature (MAGT) as a function of depth in soil is an indication of
the thermal stability of permafrost (Batenipour, et al. 2010). This is shown schematically in Figure 3. Figure
4 is an example of the variation of MAGT under the centre line of an experimental embankment along the
Alaska Highway near Beaver Creek, Yukon, Canada (Kong, Doré and Calmels 2019). Even though the MAGT
at the base of the embankment is below zero, permafrost degradation can still happen due to a positive
thermal gradient within the natural ground. Whether permafrost degradation occurs or does not occur at
this site depends on the total amount of heat flowing into or flowing out of the foundation. To maintain
permafrost stability under an embankment, the amount of heat flowing out of the foundation should be
equal to or larger than the amount of heat flowing into the foundation during a year (Kong 2019).
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Figure 3. Principle of thermal stabilization (Kong 2019). Note: ITC: interface temperature correction, SM: safety margin.

Figure 4. Mean annual ground temperature (MAGT) envelope under the centre line of a test section along Alaska Highway near
Beaver Creek, Yukon, Canada between 2009 and 2012 ( (Kong, Doré and Calmels 2019)).

Based on its spatial distribution, permafrost is classiﬁed as island or isolated patches (<10% coverage),
sporadic discontinuous (10%–50% coverage), extensive discontinuous (50%–90% coverage), and
continuous (90%–100% coverage). In a discontinuous region, permafrost occurs together with unfrozen
ground and its distribution is patchy, while in a continuous region, permafrost is widespread and occurs
everywhere.
The term “warm permafrost” generally refers to permafrost found within the discontinuous zone with
MAGT, at the depth of zero annual amplitude (Figure 2), between -2 and 0 °C, while “cold permafrost”
refers to permafrost found in the continuous zone with MAGT lower than -5 °C (R. McGregor, et al. 2010).
Warm permafrost is very sensitive to warming and a slight temperature increase can induce thawing and
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settlement. Cold permafrost is less sensitive to warming and provides a good bearing capacity. Figure 5
shows the distribution of MAGT in Canada.

Figure 5. The distribution of MAGT across Canada (Heginbottom, Dubreuil and Harker 1995)

The term ground ice refers to all types of ice contained in frozen ground and is an important factor that
determines the permafrost behaviour under load and its sensitivity to thawing. Ground ice may exist in
the pores of a soil medium, in the form of ice lenses, or in extreme cases, ice can form massive inclusions
(tens of metres thick and hundreds of metres wide) that exceed the volume of soil particle (RSI & uOttawa
2013). Generally, there is a high concentration of ground ice at the bottom of the active layer and its
concentration decreases with depth within permafrost (CSA Group 2019). The thaw-settlement potential
of a permafrost site is directly linked to ground ice volume and distribution.
The general understanding about permafrost is that it can provide adequate bearing capacity when frozen
as the ice lenses and the pore ice bind the soil particles together. However, the thermal stability of frozen
ground is very sensitive. This balance is subjected to change due to various reasons such as construction
activities (short-term effect, 5 to 10 years) and climate warming (long-term effect, several decades) that
may initiate thawing and lead to permafrost degradation. In the past, climate warming was not considered
as a major factor affecting permafrost, but since the late 1990s it is recognized as a critical factor in
engineering design of infrastructures in northern regions (Prowse, et al. 2009). The change in permafrost
temperature affects its bearing capacity. For instance, a change of permafrost temperature from -4 °C to
-1 °C results in 30% decrease in its bearing capacity (Cole, Colonell and Esch 1999) and large settlements.
In extreme cases, when permafrost thaws, the high water content transforms soil to slurry and the
foundation will be unable to carry any significant load (Crawford and Johnston 1971).
Various factors including relief, drainage, vegetation, snow cover, moisture conditions, slope, and soil type
affect the thermal stability of permafrost (Johnstone, Brown and Pickersgill 1963). The field observations
have shown that permafrost may exist where mean annual air temperature (MAAT) is just 0.5 °C below
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freezing and it may be absent where MAAT is 6.4 °C below freezing (Crawford and Johnston 1971) which
signifies the interaction between various parameters.
The presence of snow on the ground is one the factors affecting the heat exchange between ground and
air. Snow has a very low thermal conductivity and prevents heat loss from the ground to the air and results
in a higher winter ground temperature. Construction activities could affect the ground temperature by
altering the distribution and accumulation of snow in a site. Snow has also a high albedo, a nondimensional and unitless value that indicates how well a surface can reflect solar energy. The albedo for
snow varies between 0 and 1 (>0.8 for fresh snow versus <0.2 for bare ground) and therefore reflects
most of the solar radiation (Vincent, Lemay and Allard 2017). The effect of vegetation is more variable
than snow and it may cause an increase or decrease in permafrost temperature (CSA Group 2019). In
summer, the presence of vegetation reduces the solar absorption while during winter it affects the pattern
of snow accumulation. Another important factor is drainage and the presence of surface water. Studies
at the Mackenzie River delta have shown that the ground below a shallow lake was unfrozen with MAGT
between 0.5 °C and 1.7 °C while the MAAT was -4.6 °C and the permafrost in the surrounding area
extended to more than 100 m (Brown, Johnston and Brown 1964).
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2. Permafrost distribution in Canada
Nearly 20 percent of the land area of the world and more than half of Canada is underlain by permafrost
(Crawford and Johnston 1971). The distribution of permafrost is controlled by climatic, geologic,
hydrologic, topographic, and botanic factors (Ferrians, Kachadoorian and Greene 1969). As per the
research performed by Dr. Brown, Division of Building Research at National Research Council of Canada,
the southern boundary of discontinuous permafrost coincides approximately with the MAAT isotherm of
-1.1 °C and the northern limit occurs between MAAT of -6 °C and -8 °C. Near the southern border, the
permafrost may be few inches thick but in the Far North it may be greater than a thousand feet (Crawford
and Johnston 1971).
Figure 6 Shows the most recent map of permafrost in Canada published by Natural Resources Canada in
1995 (Heginbottom, Dubreuil and Harker 1995) and Figure 7 shows the result of superimposing the
Canadian rail network onto this map. Since the shape file of the permafrost map was not available to NRC,
the pdf version of the map was georeferenced in ArcGIS and the rail network map was added as a layer.
Note that this layering process created a minor misalignment.
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Figure 6. Distribution of permafrost in Canada (Heginbottom, Dubreuil and Harker 1995) . Note: The color legend can be found in Figure 8. This map can also be viewed at
https://ftp.maps.canada.ca/pub/nrcan_rncan/raster/atlas_5_ed/eng/environment/land/mcr4177.jpg
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Figure 7. Permafrost map of Canada along with the Canada’s rail network. Note: Canada’s rail atlas can be viewed at https://rac.jmaponline.net/canadianrailatlas/
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Figure 8. The color legend for Figure 6.

In general, there is a relationship between latitude and permafrost thickness (north-south gradient from
continuous to sporadic), but there may be considerable local variations in permafrost temperature and
thickness due to site-specific characteristics such as snow cover, vegetation soil type, and moisture
content. Table 1 presents some surface features that provide clues for engineers regarding the extent and
the nature of underlying permafrost.
Table 1. Surface features indicative of permafrost presence (R. McGregor, et al. 2010).

Raised dry peat bog landforms within fen wetland

Water filled sinkhole-like depressions referred to as
thermokarst

Patterned ground with polygonal shapes often indicative of
ice wedge features

Shallow retrogressive landslide on shallow slopes
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Exposed ice-rich soil

Vegetative indicators such as stunted trees,” drunken or
toppled forest, and black spruce

Mapping the distribution of permafrost within a specific site is a critical step in any geotechnical
investigation prior to the design and construction of an infrastructure. Drilling to take soil samples for
geotechnical testing is important, however, the obtained information is limited to specific drilling
locations. Geophysical methods can be used to extend investigations between drill holes. The results from
the geophysical surveys are also useful for better planning the geotechnical investigations and that’s why
they should be performed prior to any geotechnical program (R. McGregor, et al. 2010). A brief description
of the most common geophysical methods used for permafrost assessment is provided in Table 2.
Table 2. Geophysical methods for permafrost condition assessment (R. McGregor, et al. 2010)

Method

Application

Electrical Resistivity

The electrical potential observed at the ground surface due to inducing an electric
flux, allows the assessment of the resistivity of soils which is strongly affected by
its frozen or unfrozen state.

Ground penetrating radar

Based on the difference in their dielectric property, GPR data could distinguish
different layers, depth to bedrock, and the presence and shape of massive ice
below the ground. It provides high resolution information and is quick and
inexpensive to use.

SeismicReflection/Refraction

It is used to map variations in the density/acoustic velocity of subsurface layers.

Natural Gamma Logging

It is a borehole logging tool designed to measure natural background gamma
radiation emitted by all soils and rocks.
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3. Permafrost and climate change
“Climate refers to the long-term perspective of individual weather events. ….A change in climate doesn’t
mean that each new day or year will be different from each of the previous ones, but it does mean a
change in average values, in variability, and in the frequency of extreme events. Global climate change is
largely a consequence of elevated levels of greenhouse gases in the atmosphere. These gases increase
the amount of energy stored in the Earth system, thereby directly increasing the temperature of the
atmosphere and surface, and consequently causing changes in atmospheric circulation and the hydrologic
cycle (Duckert, et al. 2020). “
The change in climate has been demonstrated by the increase in MAAT since the 1970s in the western
Arctic and since 1990 in the eastern Arctic. As an example, in Inuvik, Northwest Territories, the MAAT in
the 2009-2018 period was -6.3 °C, 3.4 °C warmer than its value in 1961-70. The MAAT in 1998 (-4.6 °C)
was considered an extreme event at the time with a return period estimated at 300 years, but the MAAT
of -5.7, -4.8, -6.1 °C were recorded in 2016, 2017, and 2018, respectively suggesting such conditions are
no longer unusual (CSA Group 2019).
Figure 9 shows the projected MAAT changes for the Arctic area by using climate inputs from six
preselected general circulation models (GCMs) (Suter, Streletskiy and Shiklomanov 2019). As the average
of these six models suggest, the largest temperature increase is projected to occur in the Siberian
continental landmass, northern Canada, and North/Central Alaska.

Figure 9. Model outputs showing projected changes in MAAT between 2005–2010 and 2050–2059, under RCP8.5 (Suter,
Streletskiy and Shiklomanov 2019).
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The technical guide on “Infrastructure in permafrost: A guideline for climate change adaptation”
published by CSA Group, divides Northern Canada into eleven zones (Figure 10). For each zone, an average
projection of air temperature is derived from an ensemble of IPCC Fifth Assessment report (AR5) climate
models. The projected values are provided in Table 4 for three time periods (2011-2040, 2041-2070, and
2071-2100) under a high emission scenario, known as representative concentration pathway (RCP) 8.5.
The RCPs are identified by approximating the radiative forcing at the end of the 21st century (Table 3).

Figure 10. The eleven zones in Northern Canada (CSA Group 2019)

Table 3. Description of various Representative Concentration Pathways (RCPs) (Cannon, et al. 2020)
Scenario

Description

RCP2.6

represents a low emission pathway (i.e., roughly compatible with the Paris Agreement) with a radiative
forcing of roughly 2.6 W/m2.

RCP4.5

represents modest emission mitigation pathways with a radiative forcing of roughly 4.5 W/m2.

RCP6.0

an incrementally larger increase in emissions and a radiative forcing of roughly 6.0 W/m2.

RCP8.5

represents a pathway with continued growth in GHG emissions leading to a radiative forcing of roughly
8.5 W/m2 at the end of the century.
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Table 4. The average change in mean seasonal or annual temperature compared to average temperature from 1986-2015 under
RCP8.5 (CSA Group 2019).
Zone

Description

W1
W2

Western
Arctic

W3
C1
Central

C2

Arctic

C3
E1
Eastern

E2

Arctic

E3
C4
E4

High

Latitude(deg N)

Winter

Spring

Summer

Autumn

Annual

60-65

1.51, 4.02, 6.933

1.1, 2.8, 5.0

1.0, 2.6, 4.7

1.1, 3.1, 5.2

1.2, 3.1, 5.5

65-70

2.0, 5.8, 10.2

1.5, 3.6, 6.4

0.9, 2.5, 4.5

1.9, 4.6, 7.1

1.6, 4.1, 7.1

70-75

2.6, 7.6, 14.3

1.6, 4.1, 7.3

0.6, 1.9, 3.6

3.0, 7.2, 10.8

2.0, 5.2, 9.0

60-65

2.0, 5.6, 9.8

1.3, 3.3, 5.9

1.0, 2.7, 4.9

1.4, 3.7, 6.1

1.4, 3.8, 6.7

65-70

2.1, 6.1, 11.1

1.5, 3.8, 6.7

1.0, 2.7, 4.7

2.0, 5.1, 8.2

1.7, 4.4, 7.7

70-75

2.4, 7.0, 13.2

1.5, 4.0, 7.2

0.7, 2.0, 3.7

2.8, 7.2, 11.3

1.9, 5.1, 8.8

60-65

2.6, 7.1, 11.9

1.2, 3.4, 6.4

0.8, 2.3, 4.3

1.1, 2.8, 4.8

1.4, 3.9, 6.8

65-70

2.3, 6.5, 11.7

1.3, 3.6, 6.4

0.8, 2.3, 4.1

1.8, 4.4, 6.9

1.6, 4.2, 7.3

70-75

2.1, 6.0, 11.5

1.3, 3.4, 6.3

0.7, 1.9, 3.5

2.3, 5.8, 9.1

1.6, 4.3, 7.6

75-82

2.5, 7.4, 14.2

1.6, 4.3, 7.6

0.5, 1.3, 2.7

3.1, 8.3, 13.2

1.9, 5.3, 9.4

Arctic
75-85
2.0, 6.0, 11.5
1.5, 3.9, 7.1
0.7, 1.8, 3.3
2.5, 6.8, 11.3
1.7, 4.7, 8.3
value shows the increase in mean temperature in 2011-2040 time period compared to 1986-2015 baseline.
2 The value shows the increase in mean temperature in 2041-2070 time period compared to 1986-2015 baseline.
3 The value shows the increase in mean temperature in 2071-2100 time period compared to 1986-2015 baseline.
1 The

The average annual soil temperature can be approximated by adjusting the average annual air
temperature using following equation (Ashpiz 2020):
𝑡𝜉 = 𝑓(𝑡𝑎 , ∆𝑡𝑠𝑛𝑜𝑤 , ∆𝑡𝑣 , ∆𝑡𝑤 , ∆𝑡𝜆 , ∆𝑡𝑖𝑛 , ∆𝑡𝑐𝑛 , ∆𝑡𝑐𝑣 )
Where 𝑡𝜉 is the average annual soil temperature, 𝑡𝑎 the average annual air temperature, and
∆𝑡𝑠𝑛𝑜𝑤 ; ∆𝑡𝑣 ; ∆𝑡𝑤 ; ∆𝑡𝜆 ; ∆𝑡𝑖𝑛 ; ∆𝑡𝑐𝑛 ; ∆𝑡𝑐𝑣 are the temperature corrections due to snow cover, vegetation,
surface water bodies, changes in thermal conductivity during freezing and thawing, the infiltration of
precipitation, the condensation of water vapour in very coarse soils, and convection in water and air
vapour. According to this equation, the increase in annual air temperature will affect the permafrost
temperature.
Ground temperature measurements from the Mackenzie River Valley have indicated an increase of about
3 °C in the uppermost 10 m of the ground since 1970 and changes were observed to a depth of more than
50 m (CSA Group 2019). The global mean surface temperature between 2081 and 2100 is projected to be
warmer by 2.6 °C to 4.8 °C compared to the average surface temperature recorded between 1986 and
2005, with larger impacts expected in the high Arctic (Pachauri, et al. 2014). A similar trend is projected
for permafrost temperature, under natural conditions (snow and vegetation undisturbed), with an
average increase of 3.7 °C expected (between 2005–2010 and 2050–2059) which is about 0.1 °C lower
than under a snow-removed condition.
(Smith, et al. 2010) studied the thermal state of permafrost in northern North America by using ground
temperature data collected from 350 boreholes. Figure 11 shows the distribution of these boreholes and
their classification into regions: Alaska, Western Canada, Central Canada, and Eastern Canada. Table 5
shows the summary of MAGT for each of these regions. Synthesizing the measurements over the past two
to three decades, Smith et al. (2010) concluded that permafrost temperatures have increased across
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northern North America, with the magnitude of this increase being less in warmer permafrost than in
colder permafrost. They also concluded that while the warm permafrost is already undergoing internal
thawing, it will take decades for cold permafrost to reach the thawing point.

Figure 11. MAGT during the International Polar Year period where data were available (Smith, et al. 2010).
Table 5. Summary of MAGT for regions shown in Figure 11 (Smith, et al. 2010)
MAGT (oC)
Region
Discontinuous

Continuous

Alaska

> -4.8

-0.5 to -9.4

Western Canada (lowland)

>-2.2

-0.3 to -8.1

Western Canada (mountain)

>-3.6

-2.2 to unknown

Central Canada (lowland)

NA

>-12.3

Eastern Canada (lowland)

>-2.6

-2.4 to -14.9

The rate of change in the permafrost temperature differs depending on the permafrost temperature.
When the permafrost temperature is close to 0 °C the changes occur more slowly as the incoming heat is
used to melt ice, while for a colder temperature the heat is used for increasing permafrost temperature
(CSA Group 2019). The increase in permafrost temperature is more concerning for warm permafrost, as
their relatively high temperature makes them much less resilient to the effects of climate change. Table 6
shows the resiliency of permafrost according to its temperature. In addition to changes in air temperature,
climate change also affects snowfall and rainfall which will cause changes in vegetation and snow cover.
These cumulative changes may have a significant long-term impact on permafrost (CSA Group 2019).
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Table 6. Classification of resiliency of permafrost based on its temperature (CSA Group 2019).

Classification

Warm permafrost

Cold permafrost

Ground temperature range

Warmer than -2 °C

Resilience to
climate change
Not resilient

Permafrost between -2 °C and -4 °C behaves as either warm or cold
permafrost depending on ice content and soil type. Foundation designs
that rely on frozen ground should not be used in warm permafrost unless
they include an active or passive heat exchanger as appropriate for the
ground conditions and infrastructure purpose.

Possibly resilient

Colder than -4 °C

Presently resilient

Even though the warming of the Arctic has the potential to improve the accessibility of offshore resources,
it will negatively affect the inland infrastructure by creating additional strains on structures beyond what
is expected from a normal condition (Melvin, et al. 2016). The temperature increase will result in a
deepening of the active layer and the thawing of permafrost that decreases the bearing capacity of the
soil. This results in a large differential settlement, lateral spreading, and long-term instability of
infrastructure. Figure 12 shows an example of changes in active layer thickness at a test site located on
Tasiujaq Airstrip, Nunavik, Quebec. The deepening of the active layer is an indication of climate change
effect on permafrost at this location.

Figure 12. Deepening of the Active Layer, Tasiujaq, Nunavik, QC. (R. McGregor, et al. 2010)

The increase in ground temperature over the permafrost region may lead to recurrent and costly
maintenance, extensive rehabilitation, and in extreme cases, even relocation of infrastructures
(Coulombe, Fortier and Stephani 2012). The impact is more pronounced for linear infrastructures such as
railways, that cover large distances as the spatial variations in soil characteristics and ice content may
result in differential settlements (Prowse, et al. 2009). Several studies have quantified the additional cost
of maintaining infrastructures in a permafrost region caused by climate change.
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By comparing the maintenance costs between a permafrost affected section and a non-affected section
of the Alaska Highway near Beaver Creek, Yukon (Reimchen, et al. 2009) concluded that road maintenance
due to permafrost degradation during the 2005-2008 period was about 8 times higher than for nonaffected areas. They estimated that the average cost per year per kilometre to bring the permafrost
affected section up to a minimum standard to compensate for thawing permafrost in 2008 was about
$22,000, an amount that could be much higher if more funding was available to further increase the
quality of the affected section. (Mueller 2007) estimated that by 2055, an additional $3 million (CAD) per
year will be required in the Northwest Territories to make up for permafrost degradation.
(Melvin, et al. 2016) quantified the economic impacts of climate change on all of Alaska’s public
infrastructure for the 2015-2099 time period. Under RCP8.5 and RCP4.5 (Table 3), they projected $200
and $97 million damage to railroad infrastructure caused by permafrost thaw. Their study indicated that
in the case of railroads, the cost of adaptations will be more than the estimated damage.
(Suter, Streletskiy and Shiklomanov 2019) quantitatively evaluated the cost of climate change on critical
infrastructures across the circumpolar arctic using the RCP 8.5 scenario. Figure 13 shows the distribution
of permafrost within their study area. They created an inventory of both linear (railroad, road, and
pipeline) and point (airports/ports and buildings) publicly owned infrastructures located in the Arctic
region and used different climate and geotechnical models to project air temperature, permafrost
temperature, and active layer thickening. They used this information to estimate the extent of damage
due to climate change. Table 7 presents the cost of climate change impact on various types of
infrastructure located on a permafrost region within their study area. They also calculated the mean
annual costs to address increased lifecycle replacement costs and direct damages due to climate change,
as a percent of annual gross regional product (GRP), as an indicator of the ability of the regional budget
to absorb the increase in costs of maintaining the affected infrastructure. According to their analysis,
Yukon, Northwest Territories, and Nunavut with 3.73 %, 1.46 %, and 1.06 % have 1st, 2nd, and 4th highest
damage per GRP.
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Figure 13. Permafrost extent within circumpolar arctic (Suter, Streletskiy and Shiklomanov 2019)
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Table 7. Summary of the extent of impact of climate change on various types of infrastructure located in different countries
(Suter, Streletskiy and Shiklomanov 2019)
Baseline and climate forced lifecycle replacement costs by 2059

Share of assets with climate
change impacts by 2059

Percent
Increase
from Climate
Change

Total Asset
Value ($
Millions)

Percent of
Total Assets
Impacted by
2059

$6,087.00

40.40%

$25,027.67

18.92%

$5,576.98

$1,598.50

40.20%

$7,663.67

12.30%

$3,001.90

$4,827.56

$1,825.65

60.80%

$7,553.11

15.02%

Buildings

$27,610.02

$30,948.61

$3,338.58

12.10%

$98,179.46

13.29%

Airports

$4,951.72

$6,999.09

$2,047.37

41.30%

$5,878.75

25.89%

Ports

$1,340.23

$1,913.52

$573.29

42.80%

$1,630.50

13.65%

Total

$55,938.34

$71,408.73

$15,470.39

27.70%

$145,933.17

14.80%

Country

($ Millions)

($ Millions)

($ Millions)

%

($ Millions)

%

Canada

$12,865.02

$17,190.46

$4,325.44

33.60%

$27,977.44

18.75%

Russia

$24,085.29

$30,716.65

$6,631.36

27.50%

$40,339.14

31.87%

United States

$7,061.91

$9,620.59

$2,558.68

36.20%

$16,044.38

21.79%

Norway

$10,718.64

$12,313.67

$1,595.03

14.90%

$51,760.96

0.01%

Sweden

$780.19

$988.47

$208.28

26.70%

$3,796.27

0.00%

Finland

$381.50

$517.22

$135.72

35.60%

$2,657.83

0.00%

Iceland

$45.79

$61.67

$15.87

34.70%

$3,357.15

0.00%

Total

$55,938.34

$71,408.73

$15,470.39

27.70%

$145,933.17

14.80%

Category of
infrastructure

Baseline Lifecycle
replacement
costs($ millions)

Costs with
Climate Forcing
($ millions)

Diﬀerence

Roads (Paved)

$15,055.97

$21,142.97

Rail

$3,978.49

Pipelines
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4. Engineering problems of railways in permafrost regions
Railways have been constructed over permafrost in Canada, USA, China, and Russia over the past century.
In the past, the main consideration for designing the track alignment was to minimize the quantities of
fill, therefore most of the railway embankment was kept at low heights which today is considered
insufficient to prevent thawing (embankment height plays an important role to provide adequate
insulation and minimize permafrost degradation, this topic is extensively discussed in section 6 of this
report). In addition, the excavated material from cut sections was used in nearby fill sections to balance
the cut and fill, with little regard to the type of material or its frost susceptibility. The Alaska Railroad is an
example of such construction. This line was constructed by the same methods used to build the railroads
in the Western United States. Removal of the protective vegetation cover during the construction
disturbed the permafrost and created large deformations (Fuglestad 1983). Even the substantial
improvement of the roadbed did not help and its operating and maintenance costs continue to be
influenced by these early construction techniques (Fuglestad 1983). These construction features,
combined with a constant increase in the length and weight of trains, have resulted in very extensive wear
and tear of the railway (Gravesen, Ammendrup and Lollike 1995). According to (V. Kondratiev 2013) :
“…no one has ever been able to build a railway track not subject to deformation caused by
subsidence resulting from ice-rich subgrade soils thawing.”
In the mid-20th century, more attention was given to the design and construction in permafrost regions.
In North America, the engineering studies on permafrost started in the 1940s due to the need for
development of roads during World War II. In China, it began in the 1950s along with the economic
development (Vincent, Lemay and Allard 2017).
Table 8 describes some of the most famous railway lines constructed over permafrost around the world.
Compared to other Arctic countries, Russia has the most developed railway infrastructure in a permafrost
region with at least 5,000 km of railway track. It includes sections of the Far Eastern, East Siberian, TransBaikal, Northern, Krasnoyarsk, and Sverdlovsk branches of the Russian Railways (Loktionov, Sharaborova
and Asanov 2019). Despite the extensive experience in construction and maintenance of railway track in
permafrost in Russia, emergency repairs continue to be carried out on a yearly basis (Vladislav, Pavel and
Dmitrii 2020).
In Canada, the Hudson Bay Railway line is the only line that passes through both discontinuous and
continuous permafrost. Although a small portion of the Quebec North Shore and Labrador (QNS&L)
Railway track traverses the isolated permafrost (Figure 17), permafrost is not considered an issue for
railway operations along this line (personal communications, 2020). Another major transportation
infrastructure passing through permafrost in Canada is the Dempster Highway (completed in 1979) and
the Inuvik to Tuktoyaktuk Highway (ITH) in Yukon and the Northwest Territories (completed in 2017), both
of which connect southern Canada with the Arctic (Figure 18).
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Table 8. Important railway lines constructed over permafrost.

Name

Description

Baikal-Amur Magistral
(BAM) Railway line (Figure
14)

2000 miles completed in 1980. It is estimated that to date, the cost of maintenance
has exceeded the construction costs of the line (Ferrell and Lautala 2010).

The Trans-Siberian Railway
(Figure 14)

~ 5800 miles, Completed in 1905
1,118 km of railway completed in 2006. 632 km crosses permafrost with:
550 km crossing continuous permafrost and 82 km on discontinuous
permafrost.
275 km underlain by warm permafrost (MAGT between 0 and -1), 221 km
underlain by ice-rich permafrost with more than 20% volumetric ice
content, and 134 km by warm and ice-rich permafrost (Ma, et al. 2012)

Qinghai–Tibet Railway
(QTR) (Figure 15)

Alaska Railroad (Figure 16)

470 miles, connecting Seward to Fairbanks, completed in 1923

Quebec North Shore and
Labrador (QNS&L) Railway
(Figure 17)

260 miles of track constructed in 1954. This line connects Iron Ore of Canada (IOC)
mining and process facilities near Labrador City to the company’s shipping port in
Sept-Îles (in 1954, the line was extended to the Schefferville mine but by 1982 this
deposit was worked out). A small portion of track passes through isolated patches of
permafrost. Permafrost is not considered a major issue for this line. Of particular
interest is the depth of seasonal frost penetration.

Hudson Bay Railway (HBR)
(Figure 22)

510 miles of railway track in northern Manitoba, completed in 1929, crossing over
discontinuous and continuous permafrost.

Figure 14. (left) Map of the rail network in Russia (Encyclopædia Britannica, Inc. https://www.britannica.com/) (right)
permafrost distribution in Russia and the Trans-Siberian railroad alignment (Shiklomanov 2005)
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Figure 15. Distribution of the permafrost and the location of QTR (Wang, Xing and Yang 2014)

Figure 16. Alaska railroad and the distribution of permafrost

Figure 17. QNS&L railway (red line) position relative to permafrost map of Canada. Note: see Figure 8 for map colour legend.
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Figure 18. Dempster Highway and ITH, Yukon and NWT (Stockton, et al. 2019)

Permafrost warming and degradation, and the consequent thaw settlement, are almost inevitable for
most cold region engineering infrastructures which severely affects their serviceability, increases their
maintenance costs, and reduces their useful life span (Mu, et al. 2018). According to (Wei, Guodong and
Qingbai 2009), if the damage rate was deﬁned as the length of railway affected by permafrost-related
issues divided by its total length, the permafrost-related damage rate of Baikal-Amur Magistral (BAM)
Railway was about 19.2% in 1992 (the first operational year), 27.5% in 1994, and 34.2% in 2004. For the
Trans-Siberian Railway, the damage rate was about 45% in 1996. In China, the permafrost-related damage
rate of the Qinghai–Tibet highway was about 31.7% and the damage rate of the railway was about 40% in
1990.
After reviewing the main geotechnical problems of railways constructed in Kriolitozone in Russia, (V. G.
Kondratiev 2017) concluded that:
“During, more than age-long, history of the railroad development of Kriolitozone, no one and
nowhere was a success to build a railway line which would not undergo deformations because of
sags at thawing of icy soils or frost heave at freezing of wet dispersed soil of the foundation.”
He found that over the Transbaikal railroad’s “golden” kilometre (named because of the significant annual
expenses incurred for correcting track deformations), constructed over 25-30 m of permafrost with
significant ice content (often reaching 30% to 50%), chronic deformations have been taking place since
1949. Various mitigation techniques employed between 1957 and 1992 could not stop track deformation.
Many of them even did more harm than good, often promoting the development of thermokarst (uneven
ground subsidence caused by the melting of near-surface ice) (V. G. Kondratiev 2002). Ballast is added
annually to compensate the sag in an embankment. At some sections, the ballast has dropped 5-7 m and
the embankment continues to sag. Between 2009 and 2011, this section had to be aligned 32 times to
keep it in an operable condition (V. Kondratiev 2013). The recent repairs (2013-2016) were not successful
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in stopping the deformation. The excessive deformation of track has forced the rail operators to
periodically lower trains speed to 15 km/h (V. G. Kondratiev 2017).
The most common issue for a railway in a permafrost region is non-uniform embankment displacement
on thawing soil that leads to geometry degradation. The main factors causing permafrost thawing include
construction operations (e.g. soil compaction, destruction of vegetation cover), increased amounts of
absorbed solar radiation by the embankment in comparison with the natural surface, infiltration of the
warm summer precipitation through the body of the embankment, increased thickness of snow cover on
the toe of the embankment, and the presence of groundwater (V. G. Kondratiev 2002).
Based on his observations from the Russian Railway, (Ashpiz 2020) attributed thawing soil to the violation
of natural heat exchange between the atmosphere and the soil due to following reasons:
The replacement of a peat layer or over-moistened clay with draining low-moisture soil in
seasonal freezing–thawing zone,
The decrease of evaporation and the increase of infiltration of heat through the surface of
embankment compared to the natural marshy landscape,
The increase of solar radiation absorbed by the surface of the embankment compared to
natural condition, and
The disruption in drainage conditions and the decline in surface water runoff near
embankment resulting in water seeping through the embankment.

the
the
the
the

Based on the observations from QTR, (Xizhou and Zhengping 2012) classified the permafrost hazard for
railway operation as follows:
Frost heaving, freezing-thawing and frost boiling of the roadbed: It is mainly due to insufficient
embankment height and results in uneven subsidence and track stability issues.
Thaw collapse and mud flow of a cutting slope (a slope formed by excavating overlying material):
When there is an ice-rich permafrost at a relatively shallow depth under a cutting slope, the
permafrost is subjected to melting and subsidence. The continuation of the subsidence and
melting could lead to thaw collapse and mud flow.
Bridge foundation frost heaving and thaw settlement: The bridge foundation uplifts when frozen
and sinks when melted. This repeated up-and-down movement causes bridge pier tilt or collapse.
Culvert deformation: Frost action, the circumstances created by freezing and thawing such as
thaw softening and frost heave (A. Nurmikolu 2005), damages the integrity of the culverts
including development of cracks, damage to the entrance and exit of the culvert, and damage to
the bottom of the culvert.
Tunnels and stations: Are also affected by freezing, thawing, and degradation of permafrost.
Lining frost crack is the major issue for tunnels. Also, tunnels greatly enhance the convective heat
transfer effect and create a new frozen soil layer.
Another common problem for railway embankments is the accumulation of snow at the slopes. The
insulating effect of snow will cause a rise in the temperature of the foundation resulting in thawing of
permafrost. During spring and summer, the accumulation of the meltwater will accelerate the transfer of
heat to the permafrost layers (Gravesen, Ammendrup and Lollike 1995).

National Research Council Canada

25

Given their observations from a railway constructed in the 1950s in Siberia, (Gravesen, Ammendrup and
Lollike 1995) reported that the embankment suffered excessive settlement wherever the permafrost
constituted massive subsurface ice, talik, and thermokarst. Under this condition, frequent surfacing and
track lifting will be required to maintain the track in an operable condition. Figure 19 shows several
examples of permafrost related issues on railway tracks.

Ice dam on Baikal-Amur Rail Line (Ferrell and Lautala
2010)

Thaw settlement along Russian North Railway (Vladislav, Pavel
and Dmitrii 2020)

Embankment displacement along Chum-Labytnangi line,
Russia (Ashpiz 2020)

Formation of a thermokarst lake near the deforming
embankment on the Chum-Labytnangi line, Russia (Ashpiz 2020)

Track distortion in permafrost, cited by (S. M. Ferrell
2011)

Rail track in Russia twisted due to thawing permafrost
(https://www.dailymail.co.uk/sciencetech/article4072890/Putin-s-crumbling-empire-Towns-cities-RussiaCOLLAPSE-2050-thawing-permafrost.html)
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Deformation of a track on Transbaikal railroad, (left) March 2013 before repair, (right) June 2016 after repair (V. G.
Kondratiev 2017)

A section of track north of Transbaikal line in Russia, (left) in 2003, 2 years after construction, (right) in 2015, 14 years after
construction (V. G. Kondratiev 2017)

Track deformation along Alaska Railroad (V. Kondratiev 2013)

Adverse deformation of power line towers along the electrified section of the Transbaikalian Railway (V. G. Kondratiev 2017)
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Differential subsidence of the roadbed of the Copper River and Northwestern Railway constructed on permafrost. The
thermal equilibrium of fine-grained sediments underlying the roadbed was disrupted during construction and the permafrost
started to thaw (Ferrians, Kachadoorian and Greene 1969).

Differential subsidence caused by thawing permafrost along the Alaska Railroad (Ferrians, Kachadoorian and Greene 1969).

Differential settlement due to degrading permafrost along the Alaska Railroad (Fuglestad 1983)
Figure 19. Examples of permafrost related issues on railway tracks.

Railway line construction often requires excavating permafrost which disturbs the surface energy balance.
The excavation, especially in ice-rich permafrost, can cause serious engineering problems such as thaw
settlement, frost heave, thaw slump, slope instability, and erosion from surface runoff. (Wen, Zhang, et
al. 2011) conducted an extensive investigation to understand the problems caused by excavating in icerich permafrost along QTR. Figure 20 shows several examples of observed damage along the QTR cutting
slope through ice-rich permafrost.
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The insulation board used on a cutting slope was damaged
due to frost heave (after the first freeze-thaw cycle it
experienced). These damages are irreversible due to the
rigid structure of the insulation boards and lead to the lack
of soil support

Thaw settlement due to thawing of ice-rich permafrost at the
toe of the cutting slope. Cutting completed in May 2002 and
settlement observed in September 2002.

Slope failure of cutting in permafrost regions during
Erosion due to surface runoff on the cutting slope
construction
Figure 20. Examples of damage observed at a cutting slope along Qinghai–Tibetan Railway (Wen, Zhang, et al. 2011)

(Krzewinski, et al. 2006) discussed the permafrost related challenges encountered during the realignment
of the Alaska Railroad between Anchorage and Matanuska Valley. The project was focused on
straightening a sharp curve to allow increasing the operating speed from 26 mph to 60 mph. During the
site subsurface investigation, an unexpected amount of massive ice was encountered that is not typical in
that area due to its climatic conditions (Figure 21). Massive ice thickness ranged from 5 feet to 40 feet
and contained an ice content of 20% to 95% interbedded with silt and clay. The presence of this massive
ice below the proposed embankment created a significant challenge including the potential for differential
embankment settlement, slope stability and bearing capacity when considering a 100-year track design
life. The thermal analysis suggested that without employing any mitigation technique, the massive ice will
gradually thaw in approximately 20 years after stripping the existing peat surface layer. Several options
were considered to accomplish this project including:
Excavating the massive ice: It has to be done during winter to avoid potential cutting slope stability
issues. This approach would require excavation of approximately 200,000 m3 of material.
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Actively thawing the massive ice: This can be done by removing existing peat and overburden soil
and exposing the massive ice during summer. Thawing can be expedited by using steam heating
pipes and circulating melting water.
Keeping the ice frozen and realigning the track: Track realignment to a more suitable foundation
is recommended from a geotechnical engineering perspective but not feasible due to property
agreement issues.
Maintaining massive ice: This method would require thermosyphons and insulation boards to
actively cool the massive ice.

Figure 21. Photo of a soil sample containing massive ice (Krzewinski, et al. 2006)

4.1

Hudson Bay Railway (HBR)

In Canada, Hudson Bay Railway (HBR) is constructed over permafrost region. This line is 510 miles long
and connects The Pas to Churchill in northern Manitoba (Figure 22). This line serves agricultural, mining,
forestry, general freight, and passengers, playing an important role in the region. HBR was the first major
transportation facility to be built over permafrost in Canada (Hayley 1989). This line was built to connect
the Western prairies to a seaport on Hudson Bay. One the earliest publications found regarding the HBR
line is from (Charles 1959). Charles, who was an Engineer at Canadian National Railway at the time, states
that:
“In 1939, the well-known Arctic explorer, Dr. VilhJalmur Stefansson, making inquiries on behalf of
the U. S. Army with respect to permafrost and its probable effect on railway operations in Alaska
turned to the Canadian National Railways for information based on actual experience gained
during construction and operation of the Hudson Bay Railway to Churchill. “
The following is his description of the extent of permafrost under HBR:
“Observations made during the construction of this line [in 1910] showed permafrost to occur in
scattered patches or islands as far south as Wabowden, latitude 54o 50’. Northward, these
patches increase in extent until Limestone River, Latitude 56o 30’. From there to Churchill,
Latitude 58o 47’, the sub-surface is almost entirely permafrost.”
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Figure 22 shows the gradual northward transition of the permafrost condition along HBR from nonexistent to sporadic discontinuous to extensive discontinuous and finally to continuous permafrost in
Churchill (Addison, Oommen and Lautala 2015).

Figure 22. Location of the Hudson Bay Railway (HBR) from The Pas to Churchill in northern Manitoba (Addison, Oommen and
Lautala 2015)

Table 9 presents the history of construction and maintenance along HBR. Based on his observations over
HBR, (Charles 1959) provided the following general recommendations regarding the construction of a
railway embankment in the permafrost region:
1) Those locations with small isolated permafrost areas should be avoided along the route as
much as possible and practical.
2) Wherever practical, excavations in permafrost should be avoided. When it is not practical, the
excavation should be extended to a depth of 3 to 5 feet below subgrade, then backfilled
immediately with granular material.
3) Do not disturb the natural surface insulation.
4) Try to retain the permafrost condition.
5) Sides of cuts in permafrost should be excavated to very flat slopes to avoid material sliding
and obstructing drainage ditches.
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6) Drainage is important and should be well maintained to prevent accumulation of water
against sides slope particularly where they are built on permafrost, as water in contact with
embankment will cause thawing.
7) Selection of site, type, and cross section area of culverts are very important. Culverts should
be comparatively large to facilitate cleaning in the event of ice accumulation.
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Section of track

From the south limit
of "patches or
“islands" of
permafrost northerly
for a distance of 220
miles (between
Milepost 137 and
352) to where it
becomes general
(yellow portion
shown in Figure 22).

Description

Table 9. History of construction and maintenance along HBR line described in (Charles 1959)

Construction was carried out from 1912 to 1915.

The topography along this section varies from extensive flat areas of muskeg to rolling country of the Canadian Shield
containing rock with heavy overburden of clay and sand.
Patches of permafrost encountered at many locations along this section.

Drainage of the muskeg was the first operation. In absence of mechanical equipment, hundreds of miles of ditches were
excavated by hand.

Timber bridges were constructed during winter, when materials and pile drivers could be hauled in over the frozen terrain.

Track was laid each winter with a “Pioneer” tracklaying machine, when the unconsolidated roadbed was frozen. The following
summer, embankments were progressively improved and the track was ballasted with sand and gravel.

Embankment lifting and ditching were continued each summer until 1917, when due to wartime conditions further work was
suspended and trains were not operated north of Mile 214.

Beyond there, without maintenance, embankments settled to such an extent that at some locations track was hanging in the
air and sinkholes (a term used by railway personnel that refers to thaw settlement of the embankment at a discreet location)
occurred where cuts had been excavated through frozen organic materials and ice. Removal of surface insulation and
exposure to annual thawing caused water to accumulate and aggravate the situation.

In 1926, it was decided to complete the railway to the Bay and to construct a harbour with facilities for trans-shipment of
goods.

After resuming the construction, the initial requirement was to rehabilitate the 330 miles of track laid prior to the suspension
of construction. As it was customary to use untreated ties during construction, a large percentage had to be replaced and
heavy programmes of ditching and rebuilding of timber bridges were necessary. Culverts renewed and additional ones
installed. Selection of culvert sites is of great importance, if it is possible they should not be placed on permafrost.

It is important, however, that drainage ditches are re-excavated periodically every ten years, to prevent accumulation of
water against the slopes of embankments.
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Cuts, particularly those excavated through permafrost, must be kept well drained, and berms should be built at the toe of
slopes of embankments and up to two feet above high-water level at locations where total drainage is not practicable.
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From the Limestone
River northerly where permafrost is
general - to
Churchill, a distance
of 160 miles (red and
blue in Figure 22).

Over this section, there is a vast area of muskeg, with hundreds of shallow lakes and ponds. Opinions had been expressed
that it would not be practicable to construct and maintain a railway there.

Surveys and soil tests carried out during the winter of 1926-27. In the absence of drill equipment (as load had to be kept to a
minimum) chop test holes used to ascertain the depth of organic materials overlying the glacial drift. The greatest depth
found was 18 feet. Lenses of clear ice up to 6 inches thick were cut through in both the organic and glacial materials.

Further reconnaissance made during the following summer confirmed observations made under winter conditions that,
almost the entire area was under laid with permafrost and that generally the annual thaw of the active layer extended only to
a depth of one to two feet from the surface.

Originally, all bridges were of the pile trestle type and were built during winter, in order that materials and equipment could
be hauled from site to site over the frozen ground.

To ensure that permafrost would remain in this condition and future maintenance of track and structures would be the
minimum, it was decided to design the railway to be almost entirely embankment and make as few cuttings as practicable.

Grading prior to tracklaying was restricted to minor levelling of surface mosses and ditches excavated only where it was
essential to drain shallow lakes and ponds; the final roadbed was on undisturbed permafrost. The covering of sand and gravel
embankments does not appear to have affected the permafrost below, and may have even assisted in perpetuating this
condition.
Track was laid into Churchill on March 1929.
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This most northerly section of railway has been in operation for 30 years (the paper published in 1969). Maintenance of track
is comparatively light, there is very little settlement, very few weeds grow, and life of ties and timber structures is
considerably longer than in southern areas where some of the original untreated ties are still in service. As renewals are
required, treated ties are being installed and it is expected they will have a life of fifty years.
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(Hayley 1989) provides a more recent overview of the performance and maintenance of the HBR. He
describes the challenges of maintaining HBR in a serviceable condition as:
“Even with annual expenditures on maintenance three times the normal cost for western
Canadian railways, it has barely [been] possible to keep pace with grade deterioration. The
situation is further aggravated by improvements in rolling stock that demand a better class of
track structure to carry greater axle loads at higher speed. The operational challenge is primarily
due to the presence of permafrost with the widespread occurrence of peat being a secondary
factor.”
He reported the presence of serious sinkholes along the discontinuous permafrost portion of track (Figure
22), some requiring 100 to 150 mm of fill each year. An example is shown in Figure 23. The analysis of the
locations of sinkholes showed that they are more frequent where there is an extensive discontinuous
permafrost (Figure 24). (Hayley 1989) hypothesized that these sinkholes are formed at the transition
between elevated peat landforms (referred to as peat plateaus) and the adjacent fens. At these locations,
progressive lateral thaw of an unstable permafrost boundary causes the sinkhole to slowly migrate into
an otherwise stable frozen peat plateau (schematically shown in Figure 23). The field observations have
suggested that the sinkholes can be either simple (characterized by a short and abrupt dip in the track
and formed over two to three transitions from frozen to non-frozen) or complex (often as long as 300 m
and underlain by four to seven permafrost transitions). The employment of heat pipes (thermosyphon)
was found to be effective in cooling the transition area after a trial installation conducted in 1978. This
trial indicated that a transition could be stabilized with four heat pipes spaced four metres apart with two
pipes on either side of the rails. Despite the effectiveness of heat pipes for stabilizing the embankment,
their adoption was found to be expensive for large-scale use. To ensure that they were installed efficiently
in permafrost transition, ground penetrating radar (GPR) with 120 MHz frequency pulse was used over 77
km of HBR during the winter of 1985. The GPR data were processed to delineate the boundary between
organic and non-organic soil or between frozen and non-frozen soil based on the difference in their
electrical properties. Through the use of GPR results, two sections were selected as test sites for a
prototype installation of heat pipes. 400 heat pipes, with a 61 mm diameter charged with carbon dioxide,
were installed in 1987. On average, 3.3 units were installed per hour.

Figure 23. (left) Typical sinkhole along HBR line and (right) sinkhole formation hypothesis (Hayley 1989)
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Figure 24. Frequency of sinkhole occurrence relative to distribution of permafrost (Hayley 1989)

HBR was operated by Canadian National Railway (CN) until 1997 when it was sold to OmniTRAX. During
its ownership, CN extensively invested in this line to maintain it in an operable conditions. EBA Engineering
Consultants Ltd. (EBA) investigated the root cause of the problems and the feasibility of mitigation
techniques. (Addison, Oommen and Lautala 2015) reviewed all the reports prepared by EBA between
1977 and 1991 and summarized the major findings. Table 10 is the summary of what was provided by
(Addison, Oommen and Lautala 2015). In addition, the research conducted at Michigan Technological
University in 2013 revealed that HBR’s track is degrading at an accelerated rate. They realized that the
mitigations suggested by EBA in 1997 were not implemented. In addition, it was found that the mitigation
techniques implemented in 1988 are no longer effective. They also processed the track maintenance
records and found that the maintenance requirement is increasing over this line (Table 11). Electrical
resistivity tests were also conducted at selected sections in 2014 and the results showed great promise in
identifying the permafrost layers and good correlation with past data by EBA (Addison, Oommen and
Lautala 2015).
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Report title

March 1977

Date

This report provided the installation details of the heat pipes proposed in the previous report. Four test sections were selected for
mitigation with heat pipes. The number of heat pipes at each test section varied between 8 and 12 and the spacing between heat
pipes varied between 3 and 4 m. Thermistor cables and surface settlement plates were installed to monitor temperature and
deformation at the test section. In addition one test section was mitigated by flattening the slope of embankments (6H:1V).

Highlights
This report investigates the root cause of the formation of sinkholes along HBR. Some of the sinkholes were reported to undergo
100 to 150 mm settlement during a single summer thawing season. CN kept lifting and placing granular fill at these locations. The
field investigation shows that these sinkholes mainly happened at non-permafrost to permafrost transitions. The results of a
numerical modelling exercise concluded that active methods should be employed to extract heat from the ground during winter,
otherwise the track would not stabilize. This report recommended the installation of heat drains.

Table 10. EBA reports regarding HBR investigation. Note: The content of this table is extracted from (Addison, Oommen and Lautala 2015)

Settlement of a Railway Embankment
Constructed on Permafrost Peatlands

April 1979

July 1980

Embankment Stabilization Research
Program, Test Site Construction and
Instrumentation
Embankment Stabilization Research
Program, Interim Test Site Performance
and Monitoring (a)
April 1981

September
1982

This report described the use of air photos to delineate the probability of the presence of permafrost. These maps are then used
to select 14 sites representing a variety of permafrost conditions. To determine the boundaries of permafrost, these sites were
surveyed using 120 MHz ground penetrating radar (GPR). it was concluded that using GPR was effective but it needed to be used
in conjunction with air photos and track maintenance records.

These reports summarized the observations from the instruments installed at the test sections. The results suggested that heat
pipes could prevent permafrost degradation or even have a cooling effect. The optimal spacing of heat pipes was found to be 4 m.
The results also indicated that flattening the embankment slope could achieve similar results but at a much slower pace.

Embankment Stabilization Research
Program, Branch Line Rehabilitation
Hudson Bay Railway, Herchmer
Subdivision
February
1986

This report provided a list of 700 active sinkholes along with their maintenance history, site reconnaissance, surficial geology, and
GPR results. Based on the information in this report, a 3-mile prototype test section was recommended to test the feasibility of
stabilizing these continuous 3-mile segments of track with heat pipes.

Embankment Stabilization Research
Program, Interim Test Site Performance
and Monitoring (b)

Embankment Stabilization Research
Program, Interim Report, Route Data
Collection and Comparative Heat Pipe
Study

January
1987
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Requirements for Subgrade Stabilization,
Hudson Bay Railway

National Research Council Canada

Hudson Bay Railway Stabilization
Program, 1988 Progress Report No. 3

Hudson Bay Railway Embankment
Stabilization Program, Progress Report
No. 2, Initial Performance Monitoring
Data

February
1990

January
1989

May 1988

March 1988

Prototype Stability Program, Hudson Bay
Railway

August 1991

Heat Pipe Installation Phase, Hudson Bay
Railway Prototype Stability Program

Prototype Stability Program, Hudson Bay
Railway, 1990/91 Heat Pipe Effectiveness
and Geotechnical Investigations
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This report documented the prototype installation recommended in the previous report. The final installation sites were selected
based on further GPR and field drilling at candidate sites. The final installation includes a total of 400 heat pipes with 4.0 m spacing
and 4.0 m away from the near rail (to provide clearance for maintenance activities). They were installed as high as possible to
ensure that their efficiency was not affected by snow accumulation. Instruments were installed at these sections to monitor
temperature and deformation.

These reports summarized the results of monitoring temperature and deformation at the prototype sections described previously.
The results suggested that heat pipes were effective in lowering ground temperature and even creating frozen ground. These
results also indicated that deformation continued but at a reduced pace. The observations showed that 18% of heat pipes were
non-operative due to loss of charging gas and 23% were operating at reduced capacity.

In addition, a hydrology study was conducted to identify critical areas where the roadbed impeded the natural drainage system
and to suggest mitigation measures to reduce ponding along the railway.

This report concludes the tasks completed under past reports and provides a general assessment of the railway conditions. As final
monitoring, the entire route was visually inspected in September 1990. It was observed that the number of active sinkholes was
more in 1990 (775 sinkholes) than it was in 1987 (700 sinkholes) with the frequency of distribution shifting northward. A total of
8,000 heat pipes were projected to be required to stabilize the whole route.
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Table 11. Details of track re-surfacing done annually from 2008 – 2013 (Addison, Oommen and Lautala 2015)

Percentage of miles surfaced in a year
Subdivision

Milepost

The Pas
Wekusko
Thicket
Herchmer

0.0-4.7
0.0-136
136-326
326-510

2008

2009

2010

2011

2012

2013

Yearly
average per
subdivision

0%
4.6%
8.1%
66.0%

0%
13.0%
50.5%
142.4%

0%
52.6%
62.8%
59.8%

138.3%
20.9%
88.6%
88.1%

0%
85.4%
22.6%
142.3%

12.8%
21.3%
41.2%
91.2%

25%
33%
46%
98%
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5. Codes and Standards
The design and construction of any structure in a permafrost region requires careful consideration of the
sensitive thermal stability of the permafrost. The early design will determine the long-term performance
of the infrastructure and its operating costs. Until the late 1990s, climate warming was not considered in
engineering design in Canada. For those structures built prior to the 1990s, climate warming may induce
thaw settlements beyond design values and potentially result in increased maintenance costs and
upgrades needed to ensure their structural integrity. Ever since, climate change has become an integral
part of designing infrastructures in northern regions (Prowse, et al. 2009) and has been addressed in
various codes and standards.
This section provides a summary of some of the codes and standards in Canada regarding the design and
construction of infrastructure in permafrost regions. Even though these codes may not directly address
railway design, for the most part their recommendations are also applicable to railways.

5.1

Guidelines for development and management of Transportation Infrastructure in
Permafrost Regions (R. McGregor, et al. 2010)

This document, coordinated by the Transportation Association of Canada, provides a compendium of best
practices for planning, design, construction, maintenance and rehabilitation of transportation
infrastructure in the permafrost regions of northern Canada. The main focus is on an all-season roads,
however, the information presented is also applicable to rail lines and airports. Throughout this document
practical examples are given regarding the lessons learned and the challenges encountered during the
construction of transportation infrastructure in Canada, which is very useful for engineers and designers.
Given the higher cost of building and operating transportation systems in the permafrost region compared
to the southern region, a systematic planning approach is required to optimize costs. This guideline divides
the planning stage in the development of new transportation infrastructure or the upgrade of an existing
one into three stages:
I.

II.

Assessment of transportation needs and functional requirements: This step includes assessing
what needs to be moved, in what volume, and when and why it needs to be moved. Once the
needs are defined, the operational scenarios such as the mode of transportation (air, rail, or road)
and the number of years of operation should be determined. These scenarios then need to be
assessed based on a set of criteria and the preferred scenarios should be selected for more
detailed development and evaluation. This is an important step because it is not cost effective to
take all potential scenarios to a detailed investigation stage.
Route (site) identification and evaluation: In this stage, the preliminary site options that meet the
functional infrastructure requirements are identified. These options are then narrowed down to
a few as it is not cost effective to undertake detailed field work for each option. As general
guidance, a favourable foundation (such as bedrock or granular soil) and good drainage conditions
are preferred. Other considerations include: minimizing the number of water crossing; staying on
high grounds where the soil conditions are generally better and less ice-rich; staying away from
slope stability issues; avoiding areas needing substantial cuts; avoiding unfavourable ice-rich
permafrost; and avoiding obstructing or altering natural surface drainage.
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III.

Functional planning: In this stage, environmental impacts are identified and mitigation efforts are
considered to address these impacts. In addition, the drainage structure and potential locations
for borrow materials are identified.

Assessing the infrastructure’s vulnerability to climate change is an important step that needs to be
considered throughout the three stages.
Chapter 3 of this guideline provides information regarding the route investigation. It recommends to start
the investigation by analyzing the easy to access information and gradually move to specialized detailed
data. A high level description of these approaches is summarized in Figure 25. This guideline emphasizes
the geotechnical investigation program and states that:
“Avoid reducing the level of effort in the geotechnical investigation program due to high costs and
operational difficulties in remote northern locations. Reducing the number of tests/holes and or
investigation depth in complex permafrost environments can lead to increased risk and
maintenance cost, and possibly to dramatic failures of transportation embankments.”

Analysis of route information,
satellite imagery, aerial
photography, and existing geological
and geotechnical information

Terrain reconnaissance involving
general observations along the
proposed routes including
topography, exposed soil and
bedrock, drainage conditions,
permafrost related geo-hazards, etc.
for effective planning of site
investigation activities

General and specific site
investigation including (a) utilizing
relatively inexpensive techniques
such as geophysical surveys and (b)
using more sophisticated
investigation techniques

Figure 25. Route investigation step-by-step approach

Figure 26 shows a typical pavement structure for roads and airfields provided by this guideline. Table 12
describes the type, characteristics, and properties of material used for each layer. An extensive discussion
can be found in Chapter 4 of this guideline regarding the technical considerations for selecting the material
source required for constructing the embankment. Supplemental information is also presented in Chapter
7 of this guideline.
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Figure 26. Typical pavement structures for roads and airfields (R. McGregor, et al. 2010)
Table 12. Material used for roads and airfield construction in permafrost region (R. McGregor, et al. 2010)

Application
Surfacing material
Base

Sub-base

Type/Characteristics/Properties

Typical thickness

Asphalt, concrete, surface treatment, or other materials

25 mm-120 mm

Well-graded gravel or crushed stone. Max particle size 20 mm to 50 mm and
fine contents between 5% and 10%.

100 mm-200 mm

Well-graded sand and gravel with low sensitivity to moisture. Non-frostsusceptible. Max particle size 100 mm and max fine content of 10%.

300 mm-600 mm

Embankment (Fill)

Any material that can be compacted with maximum particle size of 300 mm
and low frost susceptibility.

Variable

Rock fill or Rip-rap

Cobbles and boulders used to protect against erosion. Typical size 300 mm
to 900 mm or larger. Corrective material can be used to protect permafrost
with varying particle size between 150 mm and 300 mm.

Variable

Chapter 5 of this guideline provides a detailed description of engineering considerations for designing a
transportation system in permafrost regions. It emphasizes the necessity of evaluating the risk level
associated with construction in permafrost conditions and highlights the importance of the soil type,
permafrost temperature, and ground ice content (Table 13). It also compares the relative consequence of
permafrost degradation for various modes of transportation. It suggests that at the same level of
permafrost sensitivity, the consequence of a failure is more pronounced for railways compared to other
modes (Figure 27).
Table 13. Classification of sensitivity by soil type and permafrost temperature (R. McGregor, et al. 2010)

Permafrost temperature zone
Soil type
Any soil containing massive ice
Peat and organic
Lacustrine (silt or clay)
Glacial tills
Marine soils with salinity
Alluvial and glaciofluvial (sand and gravel)
Frost-shattered rock

Zone 4
(T< -7 °C)
M
L
M
L
M
L
L

Zone 3
(-7<T< -4 °C)
H
M
M
L
M
L
L

Zone 2
(-4<T< -2 °C)
H
H
M
L
H
L
M

Zone 1
(-2<T< 0 °C)
H
H
H
M
H
M
M

Note: L: low, M: Medium, and H: High sensitivity
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Figure 27. Relative consequence of permafrost degradation on different types of transportation facilities (R. McGregor, et al.
2010)

Figure 28 shows the generalized approach to embankment design. Overall warm, ice-rich permafrost has
a high sensitivity to thermal disturbance and is more challenging from both a design and performance
perspective. Under these conditions, it may not be practical to prevent thaw and settlement. Therefore
the design approach is more focused on mitigating the impacts of thaw. It is generally recommended to
provide a wider and thicker embankment for highly sensitive permafrost.

Figure 28. Generalized approach to embankment design based on permafrost sensitivity (R. McGregor, et al. 2010)

In Chapter 5 of this guideline, there is an extensive discussion regarding the use of special protection
techniques to preserve permafrost under transportation infrastructure. These discussions are briefly
presented in Section 6 of this report.
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Chapter 6 provides a detailed discussion on how to provide adequate drainage near the transportation
systems in permafrost regions. This is a critically important design consideration since poor drainage may
cause surface water ponding (leading to a change of geothermal conditions and induce accelerated
thawing of permafrost), thermal erosion, thermokarst and/or formation of icing. This guideline divides
the surface water runoff near transportation infrastructure into two categories: cross drainage, i.e. water
flowing across the structure; and longitudinal drainage, water flowing parallel to the structure. Culverts,
small bridges, or highly permeable material (rock fragments not less than 0.5 m in diameter) can be used
to deal with cross drainage. Following are some of the major considerations for designing culverts in
permafrost region:
Culverts do not perform well in permafrost except when they are underlined by low-settling icepoor soils or bedrock. If conditions impose culvert installation at ice-rich permafrost, some subexcavation may be required to provide bedding for it. A conceptual culvert cross section design is
presented in Figure 29. The site also needs to be investigated by drilling boreholes with a
minimum depth of 6 m. Poor knowledge regarding the permafrost condition may lead to poor
design and consequently culvert failure. An example of culvert failure is shown in Figure 30.

Figure 29. Conceptual culvert cross section (left) when permafrost is not encountered in the sub-excavation, (right) when there is
ice rich permafrost (EBA Engineering Consultants 2000) cited in (R. McGregor, et al. 2010)

Figure 30. Culvert failure along Dalton Highway in Alaska caused by thawing of a massive ice formation underneath the soil (R.
McGregor, et al. 2010)

The culverts will provide a channel for cold air circulation, causing deeper frost depth penetration
and larger frost heave when frost-susceptible soil is present. This should be considered during the
design stage.
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Culverts should be sized two or three times larger than what is normally used in a nonpermafrost region to account for uncertainties. The thickness should be greater to provide
enough resistance against settlement forces.
Culverts should be inspected regularly for icing conditions. In the spring, the snow melt water
cannot flow through the ice-blocked culvert and can cause a high head of water on one side of
the embankment, washout, or water flow on top of the embankment. The remedial maintenance
measures to avoid this situation include: installing a secondary culvert or staggered culvert above
the level of the main culvert, fire pot technique, armoured heat tapes, or installing thaw pipes in
which steam or hot water are circulated.
Chapter 7 presents considerations for construction in permafrost regions. Some of the main
considerations from this chapter are summarized in section 7 of this report.
Chapter 8 discusses general guidelines for management and maintenance of transportation structures in
a permafrost zone. It points out that intensive maintenance is one of the strategies that can be used to
manage transportation infrastructure in thaw sensitive soils. This could be more cost effective than other
solutions involving thermal stabilization or embankment strengthening. Chapter 8 divides maintenance
into three categories: routine maintenance (e.g. snow removal), major maintenance (e.g. ballast tamping),
and rehabilitation (e.g. embankment reconstruction).

5.2

CAN/BNQ 2501-500: Geotechnical Site Investigations for Building Foundations in
Permafrost Zones (National Standard of Canada 2017)

Geotechnical site investigations are critical for proper building design, construction, and maintenance,
especially in permafrost areas where investigations are more complex due to ice presence in the soil or
bedrock and climate change which modifies the permafrost properties. The sensitivity of the permafrost
to climate change and the consequences of foundation failure determines the risk level associated with
each project and the required level of detail for the geotechnical site investigation.
This standard is the fifth of in a suite of innovative National Standards of Canada (NSC), aiming to promote
long-term sustainability and resiliency of Canada’s northern infrastructure, despite the uncertainties
surrounding climate change. This standard, along with the other four in the series, form part of the
Northern Infrastructure Standardization Initiative (NISI):
CAN/CSA-S500-14: Thermosyphon foundations for buildings in permafrost regions.
CAN/CSA-S501-14: Moderating the effects of permafrost degradation on existing building
foundations.
CAN/CSA-S502 -14: Managing changing snow load risks for buildings in Canada’s North.
CAN/CSA-S503-15: Community drainage system planning, design, and maintenance in northern
communities.
This standard is geared towards geotechnical consultants but can also be used by building owners,
building designers, contractors, and regulators. It was created to achieve a consistent methodology for
geotechnical site investigations which include data collection, site condition reports and evaluations,
seasonal and annual climate conditions, and predicted future climate conditions that will appear during
the service life of building foundations. Implementation of this standard will reduce maintenance issues
over time and avoid possible permanent structure damage resulting from climate change or improper site
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evaluations. This standard provides information about the requirements for various aspects of a
geotechnical investigation such as: planning, development of the investigation program, qualifications for
geotechnical consultants who conduct the investigation, preliminary site evaluation, site visit,
determining the risk level of the project, and the detailed reporting requirement. This standard describes
the pros and cons of conducting site visits and site investigations at different times of the year (Table 14).
Table 14. Pros and cons for site visits and site investigations at different times of the year

Time of
the year

Pros

Cons

Spring
to Early
Summer

Easier drill rig access due to frozen ground, better cores
in the active layer, less cold temperature interventions
since air temperatures are higher, available surface
water sources during drilling, evidence of snowdrifts
and snowbanks, evidence of frost blisters and icing are
noticeable, noticeable surface drainage conditions,
longer daylight hours, and a building site visit in spring
or early summer could allow enough time for site
investigation later in the summer or fall.

Summer groundwater conditions are not
fully developed, the active layer is not fully
thawed to the maximum depth, the test
pits are limited to the depth of frost in the
active layer, a freshet can affect the site
investigation, and lingering snow can hide
topography, vegetation, or other significant
surface features.

MidSummer
to
Autumn

Surface features are easier to recognize, the active
layer is at or near maximum depth and ideal for test
pits and measurement, and surface and groundwater
conditions are most developed.

Softer ground can affect rig access and is
easier to disturb, caving or sloughing of the
active layer soils can impact drilling
methods, and a building site visit in late
summer or autumn might not allow enough
time to develop and execute a site
investigation during the same summer.

Winter

Frost blisters, snowdrifts, and icing are noticeable if
they are not hidden by snow, there will possibly be
less disturbance to the natural ground surface, easier
drill site access over snow than across rough tundra,
undisturbed frozen sample recovery is easier when
drilling, and a building site visit in winter may facilitate
site investigation in spring and maybe same-year
summer construction.

Fewer daylight hours and frigid
temperatures reduce efficiency and are
harder on equipment, snow cover hides
micro-topography, vegetation and other
surface features, unable to determine the
active layer depth, unable to see surface
drainage and groundwater conditions,
difficulty with locating water sources for
drilling, and work and travel delays due to
weather can increase costs significantly.

One of the important sections of this standard is the desktop evaluation. The desktop evaluation will be
used to develop the site investigation program (drilling, excavation of test pits, laboratory tests,
instrumentation, level of climate change analysis required, etc.) and help to decipher the results of the
data obtained from the site investigation. The desktop evaluation is specific to the type of building under
consideration. Many resources and technologies exist to help gather information such as satellite imagery,
topographic plans, aerial photographs, LiDAR (light detection and ranging) data, interferometric synthetic
aperture radar (InSAR) data, elevation/terrain models, technical and scientific papers, existing surficial
geology information, bedrock geology mapping, engineering reports, community development plans, data
on historic land use, ground temperature spatial databases, government climate data and models,
permafrost maps, etc. A more detailed description of the desktop evaluation is presented in Table 15.
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Table 15. Components of desktop evaluation required during a geotechnical investigation for building foundations in permafrost zones

Initial
assessment of
the climate
conditions
Based on historic or gridded air temperature data.

Based on seasonal and inter-annual climate conditions. Preliminary assessment of how climate conditions may impact the
service life of the foundation’s mechanical properties and thermal state of permafrost.

Description

MAAT

To be calculated from historic and gridded air temperature data.

Item

Air thawing and
freezing indices

Monthly rainfall and snowfall data, wind direction and velocity, snow drifting/scouring at the construction site should be
determined. Understanding how the proposed building will affect snow accumulation patterns is essential.

For the service life of building foundation under consideration and its effects on the building site’s thermal regime and
permafrost conditions.

Precipitation and
wind
Climate change
projections

Type of overburden, organic cover, thaw sensitivity, frost susceptibility, homogeneity, previous disturbances, type of bedrock,
predicted thickness of overburden, rock outcrops, surface cobbles, boulders, fill areas, existing borrow pits, ice wedge
polygons, frost mounds, frost blisters, pingos, icing, palsas, thermokarst features, mass movements, retrogressive thaw slides,
solifluction, erosion, and avalanches.

Seismic hazard of the building site determined in accordance with the “National Building Code of Canada.”

Surficial geology
and
geomorphology

Surface water drainage, building site’s predicted groundwater conditions, permafrost degradation from surface and
groundwater movement during summertime, grading requirements to control water flow, slope and vegetation cover,
presence of creeks and water bodies, springs and icings, sea levels, closest drainage paths and ditches, nearby culverts,
expected icing issues during freezing, presence of bogs and fens, possible high groundwater table in the active layer during
summertime, taliks or cryopegs, and historic flood events.

Seismicity

Surface and
groundwater
hydrology

Types of shrubs, trees, low ground cover, vegetative mat thickness, organic soil thickness, coverage percentage, forest fire
history, moss and peat.
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Vegetation cover
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Permafrost zone
and local
distribution

Refer to the permafrost map of Canada for the permafrost zone where the building site is located.
MAGT – to be estimated if ground temperature measurements do not exist at the building site.

Active layer thickness - the geotechnical consultants predict the changes in active layer thickness for the service life of the
building foundations, based on published values from nearby sites and/or types of surficial material.

Site-specific
features

Logistics constraints, building site’s potential access challenges, and restrictions due to seasonal operations

Site elevation, slope gradient, north-facing or south-facing slopes, steep slope location, snow stockpiles and snow
management details, adjacent structures (parking lots, buildings, roads, utility infrastructure).

Permafrost
characteristics

Building site
access and
logistics

Development history, previous land uses, previous structures removed or abandoned, ground subsurface, surface backfilling,
existence of contaminants, environmental site assessment reports, recreational use or use as borrow pits, fill areas such as
granular pads and stockpiles.

Other permafrost characteristics - ice content, soil/bedrock types, pore water salinity, ground temperatures. Note: Depending
on the salinity or concentration of salts, saline soils may contain a significant amount of unfrozen water at temperatures
below 0 °C. Since ice-bonding is the primary source of strength for frozen soils, strength of saline permafrost will be less than
freshwater permafrost at same temperature (CSA Group 2019).

Historic land use

The geotechnical consultant will investigate the foundation types of other buildings and structures near the building site, report
any existing infrastructure foundation-related issues, and document the characteristics of fill materials and the location of
borrow pits.
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Assessment of potential borrow materials near the building site which could affect the type of foundation selected for the
proposed building.

Nearby
structures
Availability of
borrow materials
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5.3

Technical guide: Infrastructure in permafrost: A guideline for climate change
adaptation (CSA PLUS 4011)

The technical guideline, CSA PLUS 4011, was initially published in 2010 by the technical subcommittee on
Climate Change Adaptation for Infrastructure in Permafrost, under the jurisdiction of the technical
committee on Northern Built Infrastructure. This guideline outlines the methods to estimate the
sustainability of engineered structures on permafrost foundations over their service life in northern
Canada with the goal of mitigating climate change induced risk of failure. While the initial edition was
developed for design and management of new community infrastructure, its recent edition, published in
May 2019, is applicable to all new infrastructure in permafrost regions, including those for resource
development. The recent version has updates mainly regarding climate change projections and ground
temperature trends throughout northern Canada. This is not a design textbook for construction in
permafrost regions. Instead, it is intended to provide a framework that needs to be considered during site
selection, design, and management of new infrastructure. This guideline relates to structures that require
foundations, whether they are buildings, water treatment plants, towers, tank farms, or bridges. While
this guideline is not directly relevant to railway design, it can provide some basic understanding about
foundation design considerations in permafrost regions.
This guideline provides a two-stage approach for the design and planning of infrastructure in permafrost
regions. Stage one, which is the climate change screening stage, determines the effects of climate change
and the associated risk to the structure. Depending on the output of this stage, the project may proceed
with limited or significant additional climate-related analysis. If the stage one result determines that site
characteristics are not compatible with the intended function of the structure, then the project is rejected
as currently planned. A summary of the stage one approach along with risk assessment basics is provided
in Table 16. Stage two is focused on the design process including a thorough, quantitative, future-looking
analysis of the ground thermal regime beneath the structure.
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Table 16. Permafrost climate-change-related risk assessment (CSA Group 2019)

Infrastructure ranked according to permafrost
sensitivity and failure consequences

Risk-based screening matrix
Consequence
Sensitivity

Negligible

Minor

Major

High
Medium
Low

C
D
D

B
C
C

A
B
C

Catastr
ophic
A
A
B

A: High, B: Moderate, C: Low, and D: Negligible risk

5.4

Permafrost-Supported Linear Infrastructure Risk Analysis Software (Brooks, Doré and
Locate 2017)

It is not practical to design most future projects in anticipation that the permafrost will be preserved. As
a result, the strategy is now shifting toward a risk-based design that includes prediction of the rate of thaw
and adoption of techniques to mitigate the effects of thaw settlement (McGregor, Hassan and Hayley
2008).
Even though the work conducted by (Brooks, Doré and Locate 2017) is not a standard or code, it
provides useful information for engineers and designers about the risk along the linear infrastructures
and therefore it is discussed in here.
To assist engineers and decision makers in determining infrastructure locations on permafrost or to justify
mitigation expenditures, (Brooks, Doré and Locate 2017) developed a Microsoft Excel based risk analysis
program to semi-quantitatively assess the risk for a section of permafrost-supported linear infrastructure.
The program calculates hazards (the probability of a failure occurring), consequences (the cost associated
with repairing, or indirect damages on communities), and risks for dangers to embankments by
considering geotechnical reliability and statistical methods, site-specific geotechnical and construction
information, and climate data. It also calculates change of risk as the MAAT increases due to climate
change. The software considers several possible dangers for permafrost-supported infrastructure: lateral
embankment spreading, culvert failures, settlement, active layer detachment slides, and the formation of
bridges within the embankment (during thawing, soil particles within the embankment above the
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permafrost move and create an arch or bridge within the embankment (Mathon-Dufour and Allard 2015)).
The hazard is then calculated for each of these dangers through the process outlined in Figure 31a. The
consequence of a danger is then calculated by taking the direct and indirect costs into account. The direct
cost is calculated similarly to methods for estimating the cost for construction bidding and includes the
cost of repair, design, material, and labour. For indirect costs, since it is difficult to quantify the cost of
injuries or fatalities, a scalar factor defined by the user will be applied to direct cost. This process is defined
in Figure 31b. Once the hazard and consequences are calculated, the risk is determined by multiplying
hazard and consequences. The total risk is the summation of the individual risks from all the dangers
analyzed. Finally, to reflect the effect of climate warming, an increase in the MAAT is used to determine
the resulting increase in the thaw depth and thaw settlement, and thus, hazards (Figure 31c).

a)

b)

c)
Figure 31. (a) Hazard calculation process, (b) Consequence calculation process, and (c) MAAT fragility assessment process used
in the program (Brooks, Doré and Locate 2017)
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6. Methods to prevent permafrost instability
Disturbing the sensitive thermal balance of permafrost causes its thaw settlement and can result in both
instability and failure of the embankment. According to (Hua, et al. 2014):
“…the key to the success of railways in permafrost regions lies in the roadbed, the key to the
stability of the roadbed lies in the frozen soil, and the key to the stability of the frozen soil lies in
its thermal stability.”
Therefore, special mitigation techniques have to be employed for constructing embankments in
permafrost regions to ensure the sensitive thermal balance of the frozen ground is maintained.
There are various cooling methods used to maintain permafrost under an embankment and prevent its
degradation. According to (R. McGregor, et al. 2010), these methods function under one of the following
principles:
Methods based on limiting heat intake underneath the embankment,
Methods based on enhancing heat extraction from the embankment, and
Methods based on the reinforcement of the embankment to resist permafrost degradation.
Each method has its own advantages and limitations in preserving permafrost and their effectiveness is
heavily dependent on the characteristics of the construction site such as soil type, local environmental
conditions, precipitation, vegetation, etc. The selection of the proper mitigation method is based on
finding a practical balance between initial cost and performance.
From a thermal perspective, the mitigation methods can be divided into two main categories: 1) active
methods and 2) passive methods. Active methods are those that freeze or refreeze soil, while for the
passive method the main objective is to delay thawing or slow permafrost degradation with no heat
removal (S. M. Ferrell 2009). Active methods are particularly needed to ensure embankment stability on
ice-rich permafrost (V. G. Kondratiev 2002).
The QTR is one of the latest railway lines constructed in a permafrost region. This line goes through 275
km of “warm” permafrost and 221 km of ice-rich permafrost (ice content 20% by volume). To preserve
permafrost over this challenging combination, a series of mitigation methods were employed, including:
solar radiation control using shading boards, heat convection control using air ducts, thermosyphons, and
air-cooled embankments (Cheng, Sun and Niu 2008). The selection of these techniques was based on
three main principles (Qingbai, et al. 2007): (1) delaying permafrost thaw; (2) controlling the speed of
permafrost thaw; and (3) maintaining permafrost in the frozen conditions. In the areas where MAGT was
below -1 °C the third approach was the dominant method whereas in the areas warmer than -0.5 °C a
combination of the first and second approaches were used. For areas with MAGT between -0.5 °C and 1.0 °C, a combination of the second and third approaches were adopted.
After reviewing the experience and lessons learned from Qinghai-Tibet highway, (Wei, Guodong and
Qingbai 2009) concludes that using a passive method such as increasing embankment height or using
thermal insulation may not be sufficient to assure embankment stability of QTR, especially in a warm
permafrost region, because these methods only slow the permafrost warming but do not prevent it. They
conclude that for QTR construction, new active methods should be employed that not only make the
permafrost table stable or allow it to rise slightly after construction but also effectively decrease
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permafrost temperatures so that permafrost beneath the embankment is thermally stable. A similar
conclusion was made in a paper by (Regehr, et al. 2013) in which they synthesize literature findings
regarding the effectiveness and costs of strategies to improve roadbed stability in a permafrost region.
They concluded that the strategies that cool the roadbed, such as air convection embankments,
ventilation ducts, thermosyphons, and heat drains, are more effective than those employed to control
roadbed thawing and result in reducing the permafrost temperature and long-term stability.
In the following sections, a detailed discussion is provided regarding various mitigation techniques and
their effectiveness to stabilize an embankment over the long term.

6.1

Sheds, shading boards

Shelter or shading boards have been used as a mitigation method to protect permafrost below
embankments (V. G. Kondratiev 1996). In winter, embankment shading lowers ground surface
temperature by enhancing air convection between the shading surface and the ground surface. This also
prevents snow accumulation and thus removes its insulating effect (convection is the transfer of heat due
to the bulk movement of molecules within fluid (gas or liquid)). In the summer, shading boards reduce
solar radiation (Regehr, et al. 2013) and precipitation infiltration and thus heat influx (V. G. Kondratiev
2002). These mechanisms are schematically illustrated in Figure 32.

Figure 32. Effect of sunsheds (summer) and snowsheds (winter) for embankment protection in permafrost region (Doré and
Zubeck 2008) cited in (R. McGregor, et al. 2010)

This method is more commonly used in locations with low latitudes, high altitudes, south-facing
exposures, or deep cut sections (S. M. Ferrell 2009). Figure 33 schematically shows various protective shed
types over a railway embankment and Figure 34 shows an example of shading boards installed over a test
section along QTR. Even though they may seem simple, sheds are an engineering element and need to be
designed and constructed thoroughly, similar to a bridge or culvert (Passek and Tsernant 2016). Sheds
provide maximum protection against the harmful effect of snow drifts, solar radiation, and rainfall.
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Figure 33. Schematic diagram of a railway track with sun-precipitation protective shed after (V. G. Kondratiev 2002)

Figure 34. Shading boards installed at the slope of a test section along QTR (Qin and Zhang 2010)

(Yu, Pan, et al. 2008) used experimental tests to evaluate the cooling mechanism of shading boards and
concluded that it reduces the permafrost temperature by signiﬁcantly reducing the input of solar radiation
onto the side slope surfaces. Another experimental study conducted by the Chinese Academy of Science
showed that one year after installation of shading boards, ground temperature at depth of 2.5 m below
the south-facing slope of the embankment surface with shading boards was 3 to 5 °C lower than those
without shading boards (Feng 2002) (Cheng, Sun and Niu 2008). Another field study over the TommotKerdem railway line in Russia showed high efficiency for sun-precipitation protective sheds for cooling of
permafrost soils. (V. G. Kondratiev 2017).
The orientation of a road or railway can affect the solar absorption of the embankment. Observations
from a fully instrumented railway embankment along the Harbin to Dalian passenger dedicated line
(HDPDL), constructed in seasonally frozen ground in China, indicated the presence of 2.5 °C temperature
difference between the sunny-slope and shady-slope sides of an embankment during the coldest months
of the year (Figure 35).
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Figure 35. The comparison of temperature difference between sunny-slope and shady-slope at 0.65 m depth in the roadbed
section (Hua, et al. 2014)

The QTR orientation is such that one shoulder is generally sunnier than the other. This has led to an
asymmetrical thermal regime and causing differential deformation to the embankment (Mu, et al. 2018).
Figure 36 is an example of differential settlements between the south and north shoulders of a crushedrock embankment along QTR. Some measures such as using different thickness of crushed-rock layers and
inserting thermosyphons (Wei, Guodong and Qingbai 2009) or applying light-coloured paint to the
aggregates (Huzeyong and Qianzeyu 2006) at the sunny slope could be employed to adjust the
asymmetrical temperature distribution under the embankment.

Figure 36. Comparing accumulative settlements with time for south and north shoulder of a crushed-rock embankment along
QTR (Wei, Guodong and Qingbai 2009).

To improve the air convection mechanism under a shading board, the height at which the boards are
installed needs to be designed based on site-specific characteristics. (Yu, Pan, et al. 2008) suggested
shading installations be at 15 cm above the surface while (Feng, Ma, et al. 2012) suggested a height
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between 20 and 70 cm. (R. McGregor, et al. 2010) recommended a minimum height (gap) of 30 cm and
using highly reflective material for covering the sunsheds.

6.2

Coarse (crushed) rock embankment

Using crushed rock material, highly porous and poorly graded aggregates, is a common (active) cooling
method used to construct an embankment in permafrost regions. This type of embankment is also
referred to as an air convection embankment (ACE). ACE was first developed in the 1990s at the University
of Alaska, Fairbanks (Goering 1996). ACE was extensively tested and its cooling effect is well documented
for different types of permafrost and climatic conditions. Some of the projects that have employed this
method include: Baikal-Amur railway in Russia (Rooney 1997), Tasiujaq Airport (Jørgensen and Doré 2009)
in Canada, Alaska Highway, and Qinghai-Tibet Railway (QTR) (Mu, et al. 2018). This method is one of the
key cooling methods proposed for preserving permafrost under the Baffinland rail project, and therefore
it is explained in more detail here (further information regarding the Baffinland rail project is presented
in Section 8 of this report).
The mechanism through which the coarse rock embankment lowers the permafrost temperature is
extensively discussed by (Harris and Pedersen 1998). It involves the Balch effect, the chimney effect,
summer time evaporation, and continuous air exchange with the atmosphere. Figure 37 shows the
principles of a cooling roadbed under ACE. In winter, when the permafrost temperature is warmer than
the air temperature, the heat exchange intensifies due to convection and the permafrost loses its heat to
the air (this is referred to as Raleigh-Bernard convection). In summer the permafrost is colder than the
air, and since cold air is denser air circulation does not occur and heat exchange occurs only through
conduction. Due to the small contact areas between the crushed rocks and the low thermal conductivity
value of the air (0.025 W/m·K), it is difficult for heat to transfer into the permafrost (Goering 2003).
Therefore, crushed rock acts as a “thermal semi-conductor” material for the underlying ground. This
condition, increased heat losses in winter and reduced heat gains in summer, results in a net annual heat
loss and thus lowered ground temperature (Cheng, Sun and Niu 2008).

Figure 37. (Left) air convection process in ACE (RSI & uOttawa 2013) and (right) principle of cooling roadbed under periodic air
temperature variations (Wei, Guodong and Qingbai 2009).

Three different configurations of ACE, with rock diameters between 20 and 30 cm, have been used along
the QTR: (1) crushed rock-based embankments; (2) crushed rock revetment embankments; and (3) Ushaped crushed rock embankments (Figure 38).
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Figure 38. Three ACE configurations used along the QTR in permafrost zones: (a) crushed rock–based embankment; (b) crushed
rock revetment embankment; and (c) U-shaped crushed rock embankment (Mu, et al. 2018).

The influence of these boundary conditions on the cooling effect of a crushed-rock embankment was
studied by (Zhang, et al. 2006). They considered two possible boundary conditions: (1) closed crushedrock embankment, in which there is an impermeable layer on all surfaces of the embankment and (2)
open crushed-rock embankment in which the two side slopes are permeable and other surfaces are
impermeable. In an open configuration, the ambient air (or wind) is allowed to infiltrate the embankment
and heat and mass transfer between internal and external air occurs. The results of numerical simulations
suggested that the cooling effect of the closed crushed-rock embankment on the underlying soil mainly
relies on internal natural convection caused by the thermal boundary condition, but that of the open one
is from the convective heat transfer enhancement induced by the external low temperature airflow
(wind). This difference in convection mechanism did not produce an obvious difference for a low
embankment, however for a high embankment it was found that the cooling effect under an open
boundary condition is far better than that under a closed one. The effect of climate warming (assuming
the air temperature will warm up 2.6 °C in 50 years) has also been considered to evaluate the long-term
performance of the two configurations. It was concluded that both configurations can counteract the
climate warming effect and permafrost thawing. However, the ground temperature in the case of a closed
boundary condition and a high embankment is relatively higher and a large deformation may still occur.
On the other hand, for an open boundary condition and high embankment, an asymmetrical temperature
distribution occurs and results in an uneven deformation of the embankment that may affect its stability.
(Zhang, et al. 2006) suggested that both the effect of a boundary condition and embankment heights
should be considered during the design stage.
The long-term effectiveness of the ACE over QTR was studied by (Mu, et al. 2018) by analyzing the
permafrost table and temperature at 14 monitoring sites (8 sites located in a cold permafrost zone and 6
sites in a warm permafrost) between 2002 and 2016. The field data suggested that the permafrost table
moved upward for both warm and cold permafrost zones (Figure 39) and a positive relationship was found
between the magnitudes of the upward movement and the embankment thickness. The greater the
embankment thickness, the greater the upward movement (the authors noted that the embankment
thickness cannot be the only parameter contributing to the magnitude of the upward movement and
other factors such as permafrost temperature, slope orientation, and embankment structure are also
important). This upward movement of the permafrost table under the ACE occurred while in nearby
natural ground, an increase in the thickness of the active layer was observed. In the cold permafrost zone,
the upward movement of the permafrost table (varies between 1.5 m and 6.0 m from site to site during
the monitoring period) was greater than the original active layer’s thickness, and hence the permafrost
table moved into the embankment. Since the embankment was constructed with non-frost-susceptible
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soil, it did not result in any frost heave issues (soil classification as frost-susceptible and non-frostsusceptible is discussed in Section 6.10). The field observations also suggested that most of the upward
movement occurred within the first three years since construction and then it remained stable. In warm
permafrost, the upward movement was less than the thickness of the original active layer. Despite their
similarities in terms of permafrost table movement, warm and cold permafrost showed two distinct
behaviours in terms of temperature. In cold zones, the permafrost temperature under the embankment
decreased, while in the warm zones a warming trend had been observed (Figure 40). This difference is
explained by the fact that the intensity of heat convection is influenced by the difference between the
ambient air and the permafrost temperatures, and in the case of warm permafrost this difference is small
and as a result the outflow of heat is limited.

HX, FHS, WDL-2 in the cold and WL and KXL-3 in the warm permafrost zone

Figure 39. Variations in permafrost table depth over time of the ACEs at five monitoring sites. (Mu, et al. 2018)

Figure 40. Variations in ground temperature over time beneath the ACEs in the (a) WDL-2 (cold permafrost); and (b) KX:-3 (warm
permafrost) (Mu, et al. 2018). Depths in the graphs are relative to the natural ground surface.
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(Wu, et al. 2020) investigated the thermal stability of various configurations of crushed rock embankment
over QTR through analyzing soil temperature data from 2005 to 2015. NRC extracted data from this paper
and created the plots presented in Figure 41. These plots show the average rate of change for both the
artificial permafrost table (APT) and the active layer thickness (ALT), as well as the average rate of change
of temperature at the top of the permafrost table (TTOP) and at the interface of the crushed rock structure
embankments and natural surface (TTOPn) [The term APT is used by the authors of the paper and is meant
to emphasize the fact that the permafrost table changes as a results of construction and/or the employed
cooling methods. In this context, the terms artificial permafrost table and permafrost table can be used
interchangeably]. Each plot shows data for crushed based rock embankment (CBRE), crushed-rock berm
embankment (CRBE), crushed-rock revetment embankment (CRRE), and u-shaped crushed-rock
embankment (UCRE) (Figure 38). From these observations, it was concluded the UCRE has the best cooling
effect, followed by CRBE. It was concluded that UCRE and CRBE could adapt to a climate warming of 1.0
°C, while the other two configurations (CBRE and CRRE) can adapt to 0.5 °C climate warming.

Figure 41. Plots show (a) average rate of change of permafrost table under the embankment (b) average rate of change of
temperature on top of permafrost, (c) average rate of change of active layer thickness, and (d) average rate of change of
temperature under the crushed rock structure embankments and natural surface. Note: Data used in these plots are extracted
from (Wu, et al. 2020). APT: Artificial permafrost table, TTOP: temperature at the top of permafrost, ALT: Active layer thickness

In another QTR study, (Sun, et al. 2018) analyzed field measurements between 2006 and 2012 at 28
observation sites with various combinations of permafrost ice content, embankment height, and
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permafrost temperature and compared the changes of permafrost table between those embankments
that were mitigated using crushed rock aggregates and those with no mitigation measures (Table 17). The
results suggest that among 11 sites where a descending permafrost table was observed, only two sites
had cooling measures in place and the remainder were those that were directly placed on an undisturbed
ground surface without any cooling measures. The results also suggest that a descending permafrost table
occurs at the warm permafrost region with MAGT > -0.5 °C. At some sites with MAGT ≥ −0.5 °C and cooling
measures in place, an ascending permafrost table was observed.
Table 17. Summary of changes of permafrost table at 28 observations sites along QTR between 2006 and 2012 (Sun, et al. 2018)
Site
No

MAGT
(°C)

PT

P36

-0.9

B,F

CRB

P3

-0.5

D

CRC

P10

-1.7

H,B,D

CRC

P27

-0.8

H,F

CRC

P29

-0.8

F

CRC

P43

-0.2

H,F,D

CRC

P6

-1.5

B,F,D

CREC

P12

-2.4

H,F,D

CREC

P15

-1.28

H,F,D

CREC

P16

-2

B,F,D

CREC

P22

-0.54

F

CREC

P25

-0.74

H,F,D

CREC

P30

-0.46

B,D

CREC

P31

-0.05

F,D

CREC

P32

-0.12

D

P2

-3.17

P4

-0.75

P7

-1.14

Engineering measures
Crushed rock on toe
of conventional
embankment

Dnpt in
2006 (m)

Embankment
height (m)

Dapt in 2012(m)
shoulder
South
North
facing
facing

Vapt (m) shoulder
South
facing

North
facing

2.8

4.4

0.69

5.75

6.51

1.45

2.5

6.4

3.27

2.9

5.63

6

1.8

2.8

1.77

2.45

2.83

2.15

2.9

3.6

5.08

4.39

1.42

2.11

3.4

3.6

4.38

5.40

2.62

1.6

3.5

7

7.71

4.32

2.79

6.18

2.9

3.3

—

3.57

—

2.63

0.9

4

1.75

2.37

3.15

2.53

2.3

3

3.5

3.21

1.8

2.09

1.7

5.7

4.33

2.64

3.07

4.76

5.2

3.6

5

4.32

3.8

4.48

2.4

3.4

4

3.95

1.8

1.85

2.7

5.7

6.11

4.48

2.29

3.92

8

4

12.05

12.15

-0.05

-0.15

CREC

4.8

3.5

11.75

—

-3.45

—

D

N

1.9

1

1.75

1.52

1.15

1.38

F,D

N

1

5.5

4.84

8.95

1.66

-2.45

B,D

N

3.2

3.4

4.33

3.36

2.27

3.24

A layer of crushed
rock with thickness
of
80–100 cm on the
two side slopes of a
conventional
embankment

a layer of crushed
rock with thickness
of
100–120 cm under a
conventional
embankment with
crushed rock cover.

P8

-0.5

D

N

5

2.8

6.76

4.27

1.04

3.53

P17

-0.55

B,D

N

4

0.9

5.57

5.46

-0.67

-0.56

P18

-0.5

F,D

N

3.3

4.2

9.1

5.24

-1.6

2.26

P19

-0.24

D

N

6.2

2.4

18.00

12.93

-9.4

-4.33

P20

-0.5

F

N

3.1

3.6

7.68

6.58

-0.98

0.12

P33

-0.4

F,D

N

3.4

2.9

6.92

5.45

-0.62

0.85

P34

-0.27

F

N

5

3

10

10.74

-2

-2.74

P37

-1.7

B,F

N

2.4

0

1.39

—

1.01

—

P41

-0.27

B,F

N

5

6.8

11.72

12.35

0.08

-0.55

P44

-0.12

B,F

N

2.4

3

6.83

5.97

-1.43

-0.57

conventional
embankment
without measures

Note: B = saturated ice soil; CRB = crushed rock berm; CRC = crushed rock cover; CREC = crushed rock-based embankment with crushed rock
cover; D = icy soil; F = ice-rich soil; H = ice with soil; MAGT = mean annual ground temperature; PT = permafrost types. Dapt = depth of artificial
permafrost table beneath embankment in 2012; Dnpt = depth of natural permafrost table; EH = embankment height; Vapt =variation of artificial
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permafrost table beneath embankment, Vapt= Dnpt+EH−Dapt, negative and positive values represent descending and ascending of APT,
respectively.

The heat transfer mode in soil is a function of soil texture, particle size, and degree of saturation (Figure
42). As a result, the size of crushed rock is an important parameter affecting its cooling ability. If the size
of the stones is too small, cold air will not be able to flow within the embankment. Several experimental
and numerical studies have investigated the optimum average size of crushed rock to maximize the
cooling effect (Yu, et al. 2003) (Quan, Li and Li 2005) (Sun, et al. 2004). The main conclusion from these
studies is that natural convection increases with increasing rock size, but taking the other factors into
account the optimum size of rock varies between 6 and 9 cm. The larger rock size has a stronger heat
exchange effect in windy areas as the airflow forces the convection and results in a greater cooling effect
(Cheng, Sun and Niu 2008). It is also preferred to use angular rocks rather than round rocks as the
interlocking effect can provide better embankment stability (R. McGregor, et al. 2010).

Figure 42. Heat transfer modes in a porous medium with a relation to particle size and degree of water saturation (Côté, Fillion
and Konrad 2011) cited from (Johansen 1975). 1- conduction, 2- redistribution of moisture, 3- vapour distribution due to the
moisture gradient, 4- free (natural) convection in water, 5- free (natural) air convection, 6-heat radiation. Sr: degree of
saturation, d10 is the maximum diameter for the smallest10% of soil particles (by mass).

When fine particles find their way into the voids between the crushed rock fragments during construction
or by wind (Figure 43), it could decrease the porosity (the ratio of volume of the voids space to the bulk
volume) and consequently the cooling effect of crushed rock embankments (Wei, Guodong and Qingbai
2009). An experimental study by (Ming-hao, et al. 2017) suggested that the optimized porosity for a better
cooling effect ranges between 34% and 42%. They concluded that if the porosity of the crushed rock layer
is less than 34% as a result of wind-blown sand or clogging from weathered rock debris, its cooling effect
is substantially reduced and thus, the thaw depth under the embankment will increase. (Li, Kang and Quan
2007) studied the combined effect of shading boards and ACE, proposing optimum values for shading
board height, thickness of crushed rock, embankment height, etc. One main advantage of this
combination is that the shading board could prevent the migration of fine particles into the embankment
voids.
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Figure 43. Wind-blown sand closing pores in a railway embankment along QTR (Ming-hao, et al. 2017)

Through numerical modelling (Wang, Ma and Wu 2005) showed that the thickness of overlaying sand and
gravel have a significant impact on the cooling ability of crushed rock. They suggested that when the
thickness of the overlaying layer is greater than 5.5 m, the airflow velocity reduces at the embankment
and as a result the cooling ability of crushed rock is degraded.
One of the main test sites used to study the effectiveness of various mitigation techniques in Canada is
located along the Alaska Highway near Alaska-Yukon border and close to the village of Beaver Creek,
Yukon. The Alaska Highway is mostly constructed in the warm discontinuous permafrost zone and
therefore is susceptible to thawing. The test site was used to study various mitigation techniques including
ACE, longitudinal culvert, heat drain, snow/sun shed, snow clearing technique, grass-covered
embankment, insulation and high albedo surface. (Kong, Doré and Calmels 2019) developed a twodimensional model in the SVHeat geothermal modelling software and calibrated it based on field data
collected from this site. Based on this numerical analysis they developed a relationship between heat
balance (summation of heat extracted from the ground and the heat inflows to the ground) and thermal
gradient, at the soil-embankment interface for conventional gravel and sand embankments of various
heights (Figure 44a). Then (Kong, Doré, et al. 2021) developed a relationship between heat extraction
capacity of ACE at the embankment-soil interface, embankment thickness and temperature difference.
This relationship is presented in Figure 44b. In this figure, the temperature difference (ΔT) refers to the
difference between mean annual winter air temperature (MAWAT) and permafrost temperature. Figure
44b indicates that while increasing embankment thickness increases the heat extraction capacity, it has
less effect on heat extraction capacity in high ΔT conditions (heat balance with negative values indicate
more heat flow out of the foundation than into the foundation). The two proposed charts should be used
together, first the amount of heat at soil-embankment interface need to be estimated using Figure 44a
and then based on the amount of the heat that need to be extracted, the proper thickness of ACE is
selected from Figure 44b.
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Figure 44. (a) Heat balance at the embankment-soil interface as a function of embankment thickness (H) and thermal gradient
and (b) Heat extraction capacity chart for the ACE at the embankment-soil interface as a function of embankment thickness and
temperature difference (ΔT) between MAWAT and permafrost temperature (Kong 2019)

According to (Beaulac 2006), the MAAT in Nunavik, Northern Quebec has increased by approximately 3.0
°C between 1990 and 2000. This has resulted in thaw settlements in this area including the large
depression observed on the runway at the Tasiujaq Airport. This airport plays an essential role in
connecting the villages in this area to the rest of Quebec since there is no all-season road available. To
maintain stable and safe airport infrastructure, and minimize the effect of thawing permafrost, a 200 m
test site was established in 2007 at Tasiujaq Airport to study the effect of three different mitigation
methods: heat drain, air convection embankment, and gentle slope (8:1) (Jørgensen and Doré 2009). The
three test sections and the reference section, each 50 m long, were instrumented with thermistors at
various locations. The ACE at this test site was modified with a ventilation system to compensate for the
impeded heat extraction due to the presence of dense snow accumulation on the embankment. This
modification was implemented based on the results of experiments conducted by (Jørgensen, Doré and
Voyer, et al. 2008) in which they concluded that the effectiveness of ACE can be increased by introducing
openings at the top and the bottom of the embankment that will allow the cold air to penetrate into the
embankment from the bottom and warm air to dissipate at the top (Figure 45).

Figure 45. Hypothetical heat flow and convective flow for an ACE with an open top (left), and an ACE with an open top and an
open bottom (right). (Jørgensen, Doré and Voyer, et al. 2008)

The temperature measurements at the Tasiujaq Airport test section, with ACE as the mitigation method,
suggested that during the first few months after installation of the ACE, the temperature measurements
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were disturbed due to the excavation required to install the protection system. Then, from the time the
daily average temperature dropped below 0 °C, the cooling effect of the ACE started. (Jørgensen and Doré
2009) reported that the test section mitigated with the ACE showed less drop in temperature (compared
to the other two methods) and they attributed it to the size of ventilation pipes. The first year of
measurements (Figure 46) also suggested that the temperature at subgrade level was significantly colder
during the summer period compared to the reference section (not mitigated), and the MAGT reduced
from 2.7 °C at the reference section to -0.4 °C, 1.0 °C, and 0.1 °C for the sections mitigated with a gentle
slope, ACE, and heat drains (Figure 46). (Hernández, Lemieux and Doré 2019) discussed the long-term
performance of these three methods by analyzing data from 2007 to 2017 and concluded that the ACE
section with ventilation did not provide the expected results due to the ineffective ventilation system. The
heat drain was slightly effective by raising the permafrost table by about 10 cm in 10 years. The most
effective method was the gentle slope due to the reduction of the insulating effect of snow, producing a
total permafrost table rise of approximately 1.20 m over the monitoring period.

Figure 46. Annual temperature variations at sub-grade level for the four embankment types: reference embankment, gentle
slope, air convection embankment and heat drain (Jørgensen and Doré 2009)

6.3

Air (ventilation) ducts

Air ducts are another common method used to preserve permafrost under embankments. This technique
removes heat from the soil based on natural convection. In winter, cold and dense atmospheric air sinks
into the ducts. Because the temperature of the embankment is higher than the air inside the ducts, air in
the system is warmed up by heat loss from the pipe wall in contact with the embankment material
(Coulombe, Fortier and Stephani 2012). The warmer air has a lower density and rises up owing to the
force of buoyancy and escapes the system (Figure 47).
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Figure 47. Conceptual diagram of ventilation ducts (Regehr, et al. 2013)

Air ducts also increase the heat absorbed by the underlying ground during the warm season. To prevent
this and enhance its cooling effect, the air inlets and outlets need to be closed during the warm months
of the year. Temperature-controlled shutters are usually installed at either end of the air ducts. The
shutters are closed when the air temperature is higher than a preset value. Installation of shutters is
proven to greatly enhance the cooling effect of ventilation ducts (Liu and Lai 2005) (Yu, Cheng and Niu
2004). The temperature measurements at 3.5 m beneath the embankment with shutters was 0.45 °C
lower than the one vent without shutters (Wei, Guodong and Qingbai 2009). However, the installation of
these shutters increased the overall cost by roughly 10% (Qihao, et al. 2008). An example of a
temperature-controlled air duct installed at QTR is shown in Figure 48.

Figure 48. Temperature-controlled ventilation ducts embankment installed at QTR (Wei, Guodong and Qingbai 2009).

The extensive field and numerical observations conducted over QTR suggested that the location of air
ducts greatly affects their performance, with the lower portion of the embankment (near the original
ground surface) seemingly the optimum location to install them (Li, Su, et al. 2005). However, (R.
McGregor, et al. 2010) suggest to place the air duct high in the embankment to prevent snow plugging.
Some experiments showed that using perforated air ducts in an embankment could further enhance their
cooling effect and accelerate the heat exchange between the air inside the duct and the surrounding soil
(Hu, et al. 2004).
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(Coulombe, Fortier and Stephani 2012) studied the effectiveness of heat exchange of four 50 m-long air
ducts installed at the Beaver Creek experimental site. They measured the temperature of the
embankment (about 4 m high), the underlying permafrost, and the temperature at different locations on
the air duct including the inlet, middle, and outlet. Figure 49, presenting the monthly average temperature
at different locations in the air duct, shows that the outlet temperature is warmer than the inlet (about 6
to 10 °C) which indicates heat extraction from the surrounding ground to the ducts via the duct walls. In
addition, by comparing the thermistor measurements in the embankment and natural ground, they
concluded that for the section mitigated with air ducts, the permafrost table moved upward by about 1.0
m three years after it was installed. During the same period, the permafrost table in the control section
(not mitigated) declined by about 1.0 m (Figure 50). In addition, comparing the heat loss from different
air ducts (oriented in different directions) with wind direction suggest no significant difference and
consequently the authors concluded that the air convection ducts do not appear to be a wind-driven
cooling system.

Figure 49. Monthly average temperature distributions of different subsections of duct combined with the average atmospheric
air temperature from June 2008 to May 2010 (Coulombe, Fortier and Stephani 2012).

Figure 50. Vertical thermal profiles of the control section (YG5) and the air convection ducts section (YG7). Note: The red-dotted
line shows the position of the permafrost table in the subsurface natural ground. The blue line indicates the limit between the
embankment material and the natural ground below (Coulombe, Fortier and Stephani 2012).

6.4

Insulation Layer

Insulation layers, typically composed of polystyrene or polyurethane, increase the thermal resistance of
the embankment and prevents the penetration of heat into the ground and thus the warming or
degradation of permafrost. In the warm seasons, the embankment is colder than the ambient air and the
insulation layer provides a “cold preservation” effect that limits heat absorption into the soil. During cold
seasons, when the embankment is warmer than the air, the insulating layer provides a “heat preservation”
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effect which decreases heat release and reduces the natural ability of the embankment to freeze (Cheng,
Zhang, et al. 2004). As a result, there has been some doubt about using an insulation layer as the sole
mitigation methods in permafrost region. (G. Cheng 2005) concluded that even though the installation of
insulation boards may reduce the fluctuation of ground temperature, it does not prevent the warming
trend. This method is more effective in an area of cold permafrost rather than warm permafrost as its
warming effect could potentially thaw permafrost if it is near 0 °C (Regehr, et al. 2013). (Zhang, et al. 2007)
recommended the installation of insulating boards beneath the surface of rock-revetment embankments
and indicated its positive effect on cooling embankment. Generally, the effectiveness of the insulation
layer is very site-specific and must be studied using geothermal modelling.
The results of simulating a culvert under a railway embankment along the HDPDL by (Hua, et al. 2014)
showed the effect of installing an insulation layer in reducing the thermally affected area near the culvert.
The study site was located in seasonally frozen ground, and therefore its goal was to minimize the
differential frost heave occurring near the culverts. They concluded that by proper installation of an
insulation layer (as close as possible to the culvert), the thermal inﬂuence of the culvert can be ignored.
They recommended that the thickness of ﬁll above the culvert should not exceed a certain value,
otherwise it would induce two-way freezing and thawing. If this situation cannot be avoided, an insulation
layer should also be installed on top of the culvert. (R. McGregor, et al. 2010) suggested that placing an
insulation layer underneath culverts is an effective approach to protect the integrity of the culvert.
However, the thawing on either side of the culvert may lead to large differential deformation. A possible
solution is to also place the insulation layer on the sides of the sub-excavation (Figure 51). It was also
recommended to install the insulation layer close to the surface and during the early spring to maximize
its effectiveness.

Figure 51. Culvert design with insulation layer installed on sides of excavation slopes (R. McGregor, et al. 2010)

A length of 4 cm thick polyurethane foam insulation was installed 0.8 m below the subballast at a test
section along the QTR in 2001 as the sole method to protect the permafrost. Field measurements reported
by (Wen, et al. 2007) show that the permafrost table under the north-facing slope had risen and the
permafrost table under the south-facing slope had lowered. Partial ice-rich permafrost under the southfacing slope thawed in 2004 and continuous embankment settlement (1–2 cm per year under north
shoulder and 2–3 cm per year under the south shoulder) occurred. Differential settlement caused
longitudinal cracks in the south shoulder and the potential instability threatened the safety of the railway
system. Remedial measures including thermosyphons and placement of crushed rock at the south-facing
slope were implemented at this section in 2006 (Ma, et al. 2012) (discussion about these mitigation
techniques and their results can be found in Section 6.6). Another concern with the use of an insulation
layer is its susceptibility to mechanical damage as a result of direct contact with very sharp and angular
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ballast aggregates. A work-around to this is to place a geotextile layer or intermediate soil layer above the
insulation layer to prevent damage (S. M. Ferrell 2009).
Insulation layers are commonly used for construction of railway embankments in seasonally frozen ground
regions to prevent frost from reaching the frost-susceptible soil (Figure 52). For example, in Finland,
extruded polystyrene (XPS) foam boards have been used in railway structures since the 1970s. In the
1970s, expanded polystyrene (EPS) foam was also used, but its use was discontinued because of its higher
water absorption rate. Over the years and due to some environmental concerns, the blowing agents in
the manufacture of XPS changed from heavy molecule chlorofluorocarbon gas (HCFC) to the present
carbon dioxide (CO2). This change of blowing agent increased the thermal conductivity of XPS board
(Nurmikolu and Kolisoja 2006).

Figure 52. Installation of an insulation board under the ballast layer during ballast cleaning (Nurmikolu and Kolisoja 2006)

The study by (Nurmikolu and Kolisoja 2006) investigated the effect of mechanical damage and water
absorption on the performance of insulation boards under track structures. Several samples of used
(removed from an in-service track) and new XPS were tested for this analysis. All the used XPS samples
(had HCFC as blowing agents) showed indentations caused by the penetration of ballast aggregates (all
less than 20 mm deep). Another form of damage were cracks on the bottom surface of the boards running
in the direction of or perpendicular to the rails but which had not reached all the way through the board.
Examples of these samples are presented in Figure 53.
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Figure 53. Samples of XPS taken from track. Crack and dents are observed. (Nurmikolu and Kolisoja 2006)

The moisture content of the used samples varied between 0.9 - 3.4 % (volumetric moisture content) which
is equivalent to 0.21-0.57 % water absorption per year. Despite the increase in their water content, the
used XPS showed lower thermal conductivity compared to new XPS at same moisture content (Figure 54).
This difference is attributed to the difference in blowing agents.

Figure 54. Results of thermal conductivity measurements on XPS boards removed from a track structure representing the earlier
technology where HCFC was used as a blowing agent and boards made using CO2 as a blowing agent and moisturised artificially
(Nurmikolu and Kolisoja 2006)

In addition, the effect of increasing axle loads on the compressive deformation of insulation boards was
evaluated by conducting cyclic testing with varying loading levels. In these tests, the total loading was 300
million tons, thus the higher loading levels had a smaller number of loading pulses. The results (shown in
Figure 55) suggested that the compressive deformation caused by cyclic loading increases exponentially
with increasing loading levels. It was concluded that to increase axle loads on the Finnish rail network the
compressive strength requirement for XPS needed to be increased.
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Figure 55. Effect of the magnitude of the loading pulse compared to the compressive strength of board on the compressive
deformation of XPS frost insulation boards in a cyclic loading test (Nurmikolu and Kolisoja 2006).

6.5

Heat drain

A heat drain (Figure 56) is an innovative system developed by Groupe de recherche en ingénierie des
chaussées de l’Université Laval. It is a method for extracting heat from an embankment during winter and
to raise or, at the minimum, to prevent a depression of the permafrost table (Beaulac and Doré 2006).
Heat drains enable cool outside air to pass through the embankment and for internal heat to be released.
The drains consist of a corrugated plastic core covered by highly permeable geotextile layers with a total
thickness of 25-30 mm (Figure 57) and placed in the shoulder or under the full width of an embankment
(Beaulac 2006). As the warm air moves upward through the membrane, due to its low density (the
chimney effect), heat is extracted from the embankment by convection.

Figure 56. Schematic of a heat drain, developed at l’Université Laval (Regehr, et al. 2013)

National Research Council Canada

70

Figure 57. (Left) 25 mm-thick heat drain made of a corrugated plastic core covered by geotextile (Beaulac 2006), (right)
Installing heat drain in the shoulder of the embankment at Salluit, Northern Quebec, Canada (Kong 2019)

This method was tested under controlled lab conditions by (Beaulac and Doré 2006). They built two
identical small-scale test embankments (a reference embankment and the embankment containing the
heat drain) in the lab using sand and gravel. They then placed a layer of glass wool on top of each
embankment to mimic the insulating effect of snow. The two embankments were instrumented using
thermistors and then subjected to various climate scenarios. The results of the thermistor measurements
(Figure 58) as well as infrared images (Figure 59) showed that heat drains are effective in extracting heat
from the embankment. This method was also employed at the test site located at Tasiujaq Airport and
the results showed its effectiveness in cooling the embankment.

(a)

(b)

Figure 58. (a) Thermistor location and temperature boundary condition, (b) comparison of temperature profile within the
reference embankment and the embankment with heat drain

Figure 59. Images comparing the temperature for reference embankment and heat drain embankment with A) Visible radiation
image, (B and C) IR image for two different climate scenarios (Beaulac and Doré 2006)
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6.6

Thermosyphon

Thermosyphon is another cooling method used to effectively increase the depth of permafrost beneath
transportation embankments (Figure 60). They take advantage of various heat transfer mechanisms
including conduction, condensation, evaporation, and convection (R. McGregor, et al. 2010). A
thermosyphon is partially filled with a purified liquid with a low boiling point, such as ammonia, carbon
dioxide or propane, in equilibrium with its gas phase. It has two major sections: (1) an evaporator which
is located within the embankment; and (2) a condenser which is above the ground. In winter, the ground
is warmer than ambient air and causes the liquid to vaporize. This vapour flows upward to the condenser,
where it condenses back into a liquid and flows back to vaporizer by gravity. The process recurs naturally
as long as the outside air is colder than the ground. In summer, the thermosyphon is dormant (Regehr, et
al. 2013).

Figure 60. Installation of thermosyphons along a section of (left) QTR (Qingbai, et al. 2007) and (right) HBR (R. McGregor, et al.
2010)

Figure 61 shows the different components of a thermosyphon and their functions. Figure 62 shows a
typical installation under a railway embankment. The presence of condensers along the infrastructure
may cause safety concerns. A solution is to bury this part underneath the embankment surface using
hairpin thermosyphons (Figure 62). The design, construction, and maintenance of thermosyphon
foundations is described in CAN/CSA-S500-14 (CSA Group 2014). The main problem with thermosyphons
is their relatively high cost which makes them hard to justify for linear structures such as railways. For this
reason, they are mainly used in severe permafrost degradation areas (R. McGregor, et al. 2010).
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Figure 61. Thermosyphon components and their functions (CSA Group 2019)

Figure 62. Conceptual diagrams of conventional and hairpin thermosyphons (Regehr, et al. 2013)

Thermosyphons have been used along HBR line (Figure 60) to mitigate thaw settlement issues that caused
the frequent formation of sink holes. Some sinkholes required up to 100 to 150 mm of backfilling to
restore the embankment stability. Although this technique was found to be effective, the major challenge
was the detection of high priority areas for efficient employment of this costly method. A potential
solution is the use of GPR (R. McGregor, et al. 2010).
To eliminate the differential settlement between the south and north shoulders at a section of QTR (the
root cause of this issue was discussed in Section 6.4), several mitigation techniques were implemented
including the installation of: two rows of thermosyphons at the berm and toe of the south-facing slope,
one row of thermosyphons at the top of the north-facing slope, and placing crushed rock revetment on
the south slope (Ma, et al. 2012) (Figure 63). For this installation, 7 m long (2 m above the surface and 5
m into the ground) thermosyphons (using ammonia as liquid) with an outside diameter of 89 mm and 3
m spacing were used (Figure 64). Figure 65 shows the ground isotherm, since the construction of an
embankment, over the years. As the figure shows, the embankment construction in 2002 leads to
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significant heat accumulation in the embankment. Under the south slope, the permafrost table lowered
gradually and reached approximately 3 m in 2006, meaning that approximately 0.5 m of ice-rich
permafrost has thawed since embankment construction. After the installation of mitigation techniques in
2006, soil temperature fell significantly and the permafrost table moved towards the track surface (Figure
65). According to (Ma, et al. 2012), the unsymmetrical mitigation measure employed at this section has
successfully eliminated the differential settlement between north and south embankment. The field
observation suggested the thermosyphons effectively reduce soil temperature within 1.8 m. Based on
these results, it is recommended to install the cooling tubes with 3.0 m spacing to achieve a consistent
cooling of the embankment (Cheng, Sun and Niu 2008).

Figure 63. Remedial measures and observation system at a section of track along QTR (Ma, et al. 2012)

Figure 64. View of thermosyphons installed at a section of QTR. Note: the embankment on the right side of image is south-facing
slope and is remediated with two rows of thermosyphons and crushed rock revetment. (Ma, et al. 2011)
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Figure 65. Ground temperature isotherms (unit °C) at a section of track along QTR: (a) South shoulder, (b) north shoulder. Note:
The embankment was installed in 2002 and only used insulation layers near the surface. In 2006, thermosyphons were installed
at either side of the embankment to mitigate the differential deformation.

6.7

Methods used for protecting cutting slope

Slope instability is a serious issue that may arise due to soil excavation in ice-rich permafrost. (Wen, Zhang,
et al. 2011) reviewed the measures used along QTR to protect the permafrost under a cutting slope. These
measures, including construction of a retaining wall, turf and insulation covering, coarse-grain soil
replacement and insulation, and drainage systems, are briefly described in Table 18. They concluded that
the choice of treatments should consider a balance between engineering and environmental effects and
the economic costs.
Table 18. Countermeasures used to protect underlying ice-rich permafrost at cutting slopes along QTR (Wen, Zhang, et al. 2011)

Method

Description

Retaining wall: Prefabricated concrete with 5 m high
and 1 m long blocks are used. Once soil is excavated,
these concrete blocks are installed and backfilled with
coarse grain soil. This method minimizes the exposure
time of ice-rich permafrost. Extruded polystyrene
insulation with a thickness of 10.0 cm is installed at
the back of the wall to reduce frost penetration. It is
an environment-friendly technique due to lesser
impacts on surrounding environment. Retaining wall is
found to be an effective remedial measure to prevent
slope failure of deep cuts in permafrost regions.
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Turf covering: Vegetation covers are known to favour
permafrost protection. Surface treatment using turf
covering improves the performance of cut slope by
reducing convective heat transfer. The result of field
observations showed that the depth of active layer
protected with turf covering is less than half that of
the slopes that are not treated. Long term
observations indicated that the slopes with turf
covering were stable and no significant deterioration
was observed.

Insulation covering: A section of QTR was covered with
foam glass insulation with white reﬂective material to
limit heat flux into the underlying permafrost. The
field observation suggested that the insulation could
reduce seasonal thaw depth signiﬁcantly and has
better thermal protection effects than turf covering.
However, it is more expensive. The long-term
observations showed that frost heaving deformation
of the slope surface caused part of the insulation to
damage and more than 50% of the insulation was
broken into small pieces. In addition, the reflectivity of
the boards reduced over time. It is concluded that the
insulation covering is not suitable for treating ice-rich
permafrost due to cost and long-term performance.
Concrete framework: Is made of many rhombic panes
made of concrete members and bolts. The pane is
made of two assembled members with 75 cm in
length and 15×15 cm cross section. The junction of
panes is made using a bolt and 85 cm long grouting
anchor. It allows a small amount of displacement and
can release the frost heaving force resulting from soil
frost heaving. The damage of a single member does
not affect the whole and it is also convenient to
replace a damaged individual member. This is an
economical way to keep the slope stable due to
construction convenience and material saving,
especially in a shallow cut.
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Drainage system: Is a key countermeasure to prevent
damage in cuttings in permafrost regions. It eliminates
the erosion action of runoff and groundwater on a
slope surface and reduces the water content of the
slope soil. Field observations at QTR prove that the
drainage system improves the stability of cutting
slopes.

6.8

Other cooling methods

This section describes some of the cooling methods that are not very common but have been used in
some projects.

6.8.1

Organic material

Organic material such as peat, moss, and wood chips are natural versions of insulating layers. Peat has
been used by engineers for its insulating properties due partially to its abundance in northern regions,
particularly near swamps and marshland (S. M. Ferrell 2009). Peat has a relatively low thermal
conductivity, roughly 50% that of natural soil but when frozen, due to its high water content, its
conductivity is doubled. This is an important characteristic of peat that limits the heat inflow during
summer and increases heat extraction during winter. Overall, the benefits of placing peat insulation rarely
outweigh the associated costs but if it is encountered, it is recommended to be preserved as an insulation
layer. In this situation, the peat should be thawed and consolidated using a thin gravel layer for one
summer before construction to reduce its compressibility (Esch 1988). In addition, the embankments on
permafrost regions are generally thick enough that the low strength of organic soil does not have any
detrimental effect on the structural integrity of the fill (R. McGregor, et al. 2010).

6.8.2

Vegetation

The presence of vegetation affects the thermal balance of the soils by minimizing the solar radiation
directly reaching the soil. For example, dry moss and lichens have been found to have an insulating
value roughly comparable to fibreglass insulation (Gavriliev 2004).

6.8.3

Gentle slope, snow cleaning, and painting

Removing snow and its insulating effect from the railway embankment slopes and the adjacent ground
surface in the winter will allow the embankment to cool. According to (V. G. Kondratiev 2002), the width
of a strip near the embankment to be cleared of snow should be, as a rule of thumb, more than the
embankment width. The clearing of snow should be limited to the portion of winter when there is the
outflow of heat from the ground and should stop when the average daily air temperature becomes
consistently higher than the soil surface. Once the snow has melted, painting the embankment with white
colour will increase reflection of solar radiation and reduce summer warming of the embankment. Using
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light colour aggregate or painting aggregate was reported by various researchers as an effective method
to increase surface reflectivity and reduce solar absorption (Reimchen, et al. 2009) (Huzeyong and
Qianzeyu 2006) (Jørgensen and Doré 2009). Performing these two (snow clearing and embankment
painting) together will increase winter cooling, decrease summer warming, and result in net heat outflow
from the embankment, helping to lower the permafrost temperature. The downside of this method is the
high cost of annually repainting the embankment.
Based on the results of geotechnical monitoring over Obskaya-Bovanenkovo railway line in Russia, (Ashpiz
2020) concluded that the most effective solution to preserve permafrost under the embankment is to
reduce the thermal insulation effect of snow cover. He suggested that the construction of an embankment
with a gentle slope (1V:3H-1V:4H) and constructing a soil berm at the embankment toe would help to
prevent snow accumulation and reduce its insulating effect. A similar conclusion was made by (Hernández,
Lemieux and Doré 2019) based on their long-term observations from a test site established at Tasiujaq
Airport in Nunavik (Figure 66). They concluded that compared to ACE and heat drains, gentle slopes are
the best option to preserve permafrost and they attributed it to the fact that at this site, crosswinds during
winter accumulate snow along the embankment and provide a natural insulation that prevents heat
extraction from the embankment. The effect of a gentle slope is schematically shown in Figure 67.

Figure 66. Construction of a gentle slope (1V:8H) along Tasiujaq airstrip in Nunavik, QC (R. McGregor, et al. 2010)

Figure 67. Comparing the effect of conventional slope (left) and gentle slope (right) on the accumulation of snow on the
embankment slope (Hernández, Lemieux and Doré 2019).

6.8.4

Dry bridge

This method has been used in ice-rich and unstable permafrost sections of QTR (Figure 68). Piles of 1.2 m
diameter and 25-30 m long were driven deep into the ground where settlement was not anticipated. Dry
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bridge can shade the ground from the sun, allow air flow, and provide a migration path for wild animals
(Wei, Guodong and Qingbai 2009). This method is extremely costly and used when other mitigation
methods cannot prevent settlement.

Figure 68. “Dry bridge” over high-temperature, ice-rich permafrost area along QTR (Zhang, et al. 2008)

6.9

Cost associated with mitigation methods

(Regehr, et al. 2013) synthesized the publicly available information on cost associated with various
mitigation methods that are commonly used to stabilize roadbeds in permafrost regions in North America.
They used data from two main sources and converted their estimated cost to 2009 U.S. dollars
(summarized in Table 19):
1) (S. M. Ferrell 2009) which provides an estimate of capital costs required for methods to stabilize a siding
along the Alaska railroad. This siding was constructed in 2003 but due to severe settlements that occurred
during the first four years of service, the operator decided to explore the costs of various methods that
could potentially stabilize the embankment. He concluded that from a stabilization point of view, a
thermosyphon with an insulation layer offered the best solution to reduce settlement and minimize
permafrost degradation. However, this solution is very expensive. From an economical point of view, the
“do nothing” approach, continuing maintenance by lifting track and adding ballast to address settlement,
was found to be the most cost-effective option.
2) (Reimchen, et al. 2009) which provides life-cycle costs (expressed as annual cost per kilometre) based
on information collected from test sections along the Alaska Highway in Yukon.
Table 20 shows a qualitative evaluation of the cost of various mitigation methods and the maintenance
cost during their service life, provided by (R. McGregor, et al. 2010).
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Table 19. Cost estimates for methods used to stabilize roadbed in permafrost region (Regehr, et al. 2013)

Mitigation technique

Cost estimate (2009 USD)

source

138,300 per km of road per year over 20 years

(Reimchen, et al. 2009)
(S. M. Ferrell, Maintaining
Stability Beneath Cold Region
Transportation Infrastructure
With Special Emphasis on
Railroads 2009)

Snowsheds

Reflective surface
Full air convection embankments

900,500 per km of track

45,200 per km of road per year over 10 years for lightcoloured aggregate
168,500 per km of road per year over 50 years
81,600 per km of road per year over 50 years

Shoulder air convection
embankments

393,700 per km of track

Rock-based air convection
embankments

1,469,800 per km of track

107,200 per km of road per year over 35 years for
longitudinal culverts
Ventilation ducts

a: Data
b: Data

321,700 per km of road for plastic ducts
541,700 per km of track for concrete ducts
779,400 per km of track for metal ducts

Thermosyphons

902,200–1,010,500 per km of track for conventional
thermosyphons

Full heat drains
Shoulder heat drains

454,900 per km of road per year over 10 years
217,200 per km of road per year over 10 years

Dry bridge

34,120,700 per km of track

(Reimchen, et al. 2009)
(Reimchen, et al. 2009)
(Reimchen, et al. 2009)
(S. M. Ferrell, Maintaining
Stability Beneath Cold Region
Transportation Infrastructure
With Special Emphasis on
Railroads 2009)
(S. M. Ferrell, Maintaining
Stability Beneath Cold Region
Transportation Infrastructure
With Special Emphasis on
Railroads 2009)
(Reimchen, et al. 2009)
(S. M. Ferrell, Maintaining
Stability Beneath Cold Region
Transportation Infrastructure
With Special Emphasis on
Railroads 2009)
(S. M. Ferrell, Maintaining
Stability Beneath Cold Region
Transportation Infrastructure
With Special Emphasis on
Railroads 2009)
(Reimchen, et al. 2009)
(Reimchen, et al. 2009)
(S. M. Ferrell, Maintaining
Stability Beneath Cold Region
Transportation Infrastructure
With Special Emphasis on
Railroads 2009)

provided in this source are capital costs.
provided from this source is life-cycle cost.
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Table 20. Cost of construction and maintenance of various mitigation techniques (R. McGregor, et al. 2010)

Mitigation technique

Discontinuous
(warm) permafrost

Continuous
(cold) permafrost

Maintenance
cost

Embankment thickening
Air convection embankment
Heat drain
Air duct
Thermosyphon
Insulation
Reflective surface
Sunshed/snowshed
Geotextile/Geogrid
Pre-thawing
Excavation/replacement

$$
$$$$
$$$$
$$$$
$$$$$
$$$
$$$
$$$
$$$$
$$$
$$$

$
$$$$
$$$$
$$$$
$$$$$
$$$
$$$
$$$
$$$$
$$$
$$

NA
Low
Low
Moderate
Moderate
High
High
High
Low
NA
NA

Suggested application
Application possible but not optimal

6.10

Frost-susceptible soil

As discussed in Section 6.2, it is possible that using mitigation techniques may result in the rising of a
permafrost table. Therefore, the material in the embankment may be subjected to frost heave that could
damage infrastructures. Three elements are required to create frost heave: frost-susceptible soil, freezing
temperature, and presence of water (Rieke 1983). Frost susceptibility refers to the propensity of natural
or manufactured aggregates to induce significant ice segregation when required moisture and freezing
conditions are present (Chamberlain 1981). To avoid creating frost heave problems, it is important to
make sure that the filling material is not frost-susceptible. For example, in China it is suggested that the
depth of an anti-freezing layer be 70–95% of the frozen depth in the railway roadbed, and 50–70% of the
frozen depth in a highway roadbed (Hua, et al. 2014).
The most frost-susceptible soils are silt and fine-grained sand, due to the ideal combination of reasonably
high negative pressure and high groundwater mobility (Li, et al. 2016) (Takagi 1979). Various standards
are available to classify frost susceptibility of a soil. Table 21 and Table 22 provide a summary of the frost
susceptibility classification of soils from the National Cooperative Highway Research Program (NCHRP 137A 2002) and the American Corps of Engineers (COE) which are based on the amount of fine particles in
a soil sample.
It should also be noted that the silt-sized fines and rock powder generated due to the abrasion and
degradation of railway ballast (Hendry, Onwude and Sego 2016) (A. Nurmikolu 2005) and the subballast
material are also found to be highly frost-susceptible (Pylkkanen and Nurmikolu 2011) (Nurmikolu and
Silvast 2011).
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Table 21. Frost susceptibility classification of soils (NCHRP 1-37A).
Frost
Group

Degree of Frost
Susceptibility

Type of Soil

F1

Negligible to low

F2

Low to medium

F3

High

Gravelly soils
Gravelly soils
Sands
Gravelly Soils
Sands, except very
fine silty sands
Clays Plasticity Index > 12
All Silts
Very Fine Silty Sands
Clays PI < 12
Varied clays and other fine
grained, banded sediments

F4

Very high

Percentage Finer than
0.075 mm (# 200) by
wt.
3-10
10-20
3-15
Greater than 20

Typical Soil
Classification
GC, GP, GC-GM, GP-GM
GM, GC-GM, GP-GM
SW, SP, SM, SW-SM, SP-SM
GM-GC

Greater than 15

SM, SC

Greater than 15
-

CL, CH
ML-MH
SM
CL, CL-ML

-

CL, ML, SM, CH

Table 22. Corps of Engineers frost susceptibility classification
Frost
Group

Soil Description

Percentage finer than
0.02 mm by weight

Typical soil types under
Unified Soil Classification System

Gravel, Crushed
0-1.5
GW, GP
stone, Crushed Rock
Sands
0-3
SW, SP
Gravel, Crushed
01.5-3
GW, GP
stone, Crushed Rock
PFS(2)
Sands
3-10
SW, SP
S1(3)
Gravely soils
3-6
GW, GP, GW-GM, GP-GM
S2(3)
Sandy soils
3-6
SW, SP, SW-SM, SP-SM
F1
Gravely soils
6-10
GM, GP, GW-GM, GP-GM
Gravely soils
10-20
GM, GW-GM, GP-GM
F2
Sands
6-15
SM, SW-SM, SP-SM
Gravely soil
Over 20
GM,GC
Sands, except very
F3
Over 15
SM,SC
fine silty sands
Clays, PI>12
CL,CH
Silts
ML, MH
Very fine silty sands
Over 15
SM
Clays, PI<12
CL, CL-ML
F4
Varved clays and
CL, ML and SM, CL, CH and ML, CL,
other fine-grained,
CH, ML and SM
banded sediments
(1) Non-frost-susceptible.
(2) Possibly frost-susceptible, requires lab tests to determine frost potential.
(3) Usually sands used as subbases that may have some frost-susceptible material.
NFS(1)
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% finer than 0.075
mm by weight
0-3
0-6
03-6
0-6
6-11.5
6-11.5
11.5-19
19-38.5
11.5-29
Over 38.5
Over 29
Over 28.8
-
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7. Railway construction in permafrost regions
It is not possible to construct any infrastructure without initiating changes to the ground’s thermal balance
(R. McGregor, et al. 2010). (Lingnau 1985) concluded that the construction of an embankment during
summer induces heat into the ground and leads to its warming and thawing. He estimated that it takes
approximately three years to re-establish thermal regime equilibrium. Therefore, to preserve permafrost
and minimize the environmental impacts, highway embankments are often constructed during the winter.
However, each project must be evaluated individually and the most appropriate timing for construction
determined based on site-specific characteristics. Table 23 describes the major advantages of constructing
in winter and summer.
Table 23. Advantages of construction in winter and summer. The content of this table extracted from (R. McGregor, et al. 2010)

Winter
Ability to use winter roads to reach terrains separated by streams
Placing embankment on frozen active zone, which may not be able to
withstand it in a thawed condition
Ice on lake or river provides platforms for setting bridge piers
Easier installation of culverts as there is no flow
Cuts in ice-rich soil are preferable as excavated material remains in a
solid state and easier to handle

Summer
The ability to achieve
compaction of granular fills
Preferable working
conditions with respect to
daylight hours and working
temperature

Figure 69 shows the results of long-term monitoring of three test sites near Fairbanks, Alaska: the first
site remained in its natural state; in the second site, trees were removed while the organic soils and shrubs
remained undisturbed; and in the third site, all trees and organic soil were removed. As this figure
suggests, changing vegetation has a significant impact on the degradation of permafrost. Therefore to
preserve vegetation within the embankment and avoid direct equipment contact with vegetation, it is
recommended that trucks should end-dump their fill material. Then dozers should push and spread the
material forward (R. McGregor, et al. 2010). In addition, construction equipment should not go beyond
the limit of the embankment footprint (Guzman, et al. 2019).

Figure 69. Permafrost degradation under different surface conditions (Linell (1973) cited by Dore and Zubeck (2008))
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To minimize permafrost disturbance, the following principles are proposed by (Gravesen, Ammendrup
and Lollike 1995) for construction of railway embankments in permafrost regions:
“No cuts must be made in the permafrost unless very special measures are considered.
No construction traffic will be permitted on the unfrozen ground within the embankment and 50
metres either side.
The vegetation will be left undisturbed; the rather sparse bushes will be cut only mainly during
the summer period.
At the time of the year when the active layer is completely frozen a layer of sand/gravel will be
placed covering the part of the embankment base to be insulated.
An insulation layer will be placed in the predetermined areas and ballasted. This operation can
take place when the active layer is completely frozen.
No embankment will be permitted to be placed in natural ground unless the active layer is
completely frozen.
The embankment fill will be placed in even layers and cover the entire base of the embankment.
Each fill layer will be compacted using heavy compaction equipment.
No snow will be permitted in the embankment fill.
The embankment slopes will be shaped consecutively with placing of new fill layers.
The subballast layer will be placed as soon as the final formation level is reached.
Heavy construction traffic will not be permitted on the subballast.”
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8. Baffinland Mary River Mine Project
Baffinland Iron Mines Corporation (BIM) Mary River Mine site is located on Baffin Island, about 160 km
south of the community of Pond Inlet (Mittimatalik) and 1000 km northwest of Iqaluit, the capital of
Nunavut (Figure 70). This mine has one the richest iron ore deposits ever discovered. The ore for this
project is mined, crushed, and screened into marketable products while no chemical processing is
required (no tailings are produced). The ore from the mine is transported by trucks to Milne Port and then
shipped to international markets during the open-water season (typically around July-October). The
development proposal published in 2008 had predicted that the mine would continue to operate for about
21 years, however, it was suggested that there may be additional reserves that may extend the life of the
project (BAFFINLAND IRON MINES CORPORATION 2008).

Figure 70. Mary River project location. Map taken from (Knight Piesold 2007)

BIM undertook the initial exploration between 1963 and 1966, including the construction of the 100 km
Milne Inlet Tote Road and construction of a gravel airstrip near the Mary River camp, at Milne Inlet. BIM
resumed the field exploration in 2004. After acquiring the required permissions, BIM began operations in
2015 transporting 3.5 million tonnes (Mt) of iron ore per year using hauling trucks. In 2018, BIM received
an approval to increase production to 6.0 Mt. BIM has proposed a plan to increase production to 12 Mt
per year. The proposal includes the construction of an approximately 110 km railway line to connect the
mine site to Milne Inlet. Over the years, extensive geotechnical site investigations have been carried out
at the proposed site for the railway construction. The history of these investigations is summarized in
Table 24.
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Table 24. History of geotechnical and geophysical investigation for the proposed railway line

Date

2006-2008

Carried out by
Knight Piésold
Consulting Ltd

2010

AMEC Earth and
Environmental
(AMEC)

2011

Thurber engineering

2013-2014

Hatch

Description
Site investigation during 2007 along the proposed south rail
alignment consisted of geotechnical drilling and excavation of
shallow pits (from less than 0.5 m to slightly more than 1.5 m),
collection of samples for index testing, and the installation of
thermistors for monitoring thermal regime.
Sampling and testing for potential borrow areas along the Tote
Road
Not available
Offshore boreholes were drilled at the Milne Port. Soil thermal
resistivity was tested, and a geophysical survey consisting of
seismic refraction, seismic resonance, and multichannel analysis of
surface waves were conducted (Hatch 2017a).
Phase 1 (2016): 113 boreholes were drilled, out of which 88 were
along the propose railway line, ranging from 1.5 m to 30 m depth.
590 soil samples were collected and tested.

2016-2017

2018

8.1

Hatch

Hatch

Phase 2 (2017): 14 boreholes ranging from a depth of 4.6 m to
25.9 m were drilled, out of which 12 boreholes were along the
propose railway line and 2 boreholes were at the abutments of a
proposed bridge. In addition, geophysics work was undertaken
along the rail alignment which included refractive seismic surveys
and ground-penetrating radar.
Identifying, sampling, and physical and chemical testing of 29
potential quarries
Seismic and radar surveys to define ice depth, thickness, and
extent of proposed line over ice-rich zones

Site description

Note: The information in this section is from “Baffinland Iron Mines Corporation Mary River Expansion
Project, Rail infrastructure 2007 site investigation summary report” submitted to BIM by Knight Piésold
Consulting Ltd in December 2007.
The site proposed for the railway line is located in a semi-arid climate with an average annual precipitation
in the order of 200 mm (~70% in the form of snow), long dark winters, and short summers. The site passes
through continuous permafrost with an active layer of up to 2 m and a probable total permafrost depth
of approximately 0.5 km. The surficial geology consists of glacio-lacustrine sediments, alluvial deposits,
marine and glacio-marine deltaic sediments and end moraine till, with occasional outcrops of preQuaternary bedrock and sedimentary rock formations.
The MAAT at Pond Inlet is -15.1 °C. The warmest and coldest months are July and February with a daily
average temperature of 6 °C and -30.6 °C, respectively.
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During the 2007 site investigation, 75 geotechnical drilled holes and 24 test pits were excavated along the
proposed south rail alignment. Samples were taken and sent to the lab for index testing (moisture content,
sieve gradation analysis, hydrometer analysis, specific gravity, and bulk density). In addition, four test pits
were excavated in the area of a potential granular borrow pit. The material encountered during the
sampling was variable but could be generally categorized as organic, glacial till, glacial-alluvial, and
bedrock or ice, with glacial till, glacial-alluvial sand and gravel being the predominant soil strata. A surficial
layer of organic soil was also commonly encountered in many of the investigated areas. Many of the finer
grained soils are expected to be frost/thaw susceptible, while coarser soils are commonly ice-rich in
nature. The upper horizon of bedrock underlaying the overburden soils is often highly fractured with ice
lenses and ice infilling in the joints. Although recovery of the frozen core samples was usually quite poor,
extremely high ice content was noted along several sections of the alignment.
A total of 15 thermistor strings (seven 12 m, two 22 m, and six 32 m long strings) were installed to monitor
the thermal regime and ground temperatures over time. Based on preliminary measurements collected
in 2007, permafrost temperatures at the point of zero amplitude ranged from -8 °C to -10.5 °C and
occurred at a depth of between 9 and 14 m from the ground surface. The measurements also indicated
that the active layer ranged between less than 1 m to just over 2 m.

8.2

Geotechnical investigation

Note: The information in this section is from “Baffinland Iron Mines Corporation Mary River Expansion
Project-Stage II, 2016 Rail Geotechnical Investigation Factual Data Report” and “Baffinland Iron Mines
Corporation Mary River Expansion Project-Stage II, 2016-2017 Rail Geotechnical Investigation Factual
Data Report” submitted to BIM by Hatch in April and October 2017, respectively.
In 2016, Hatch undertook a geotechnical investigation along the proposed rail alignment. The
investigation consisted of drilling 113 boreholes from which 88 were along the proposed rail alignment,
12 at the proposed bridge abutments, 15 boreholes at Milne Port, and 5 boreholes drilled at the proposed
borrow pit locations. In 2017, the site geotechnical investigation consisted of drilling 14 boreholes (12
along the proposed railway line and 2 at the proposed bridge abutments). A brief description of soil
samples along the proposed railway alignment (from the 2016 and 2017 investigations) is presented in
Table 25.
In addition to drilling, geophysics work was undertaken along the proposed rail alignment during 2017
which included refractive seismic surveys and ground-penetrating radar (GPR) (Geophysics GPR
International Inc. was contracted by Hatch to carry out the geophysical survey). The GPR survey was used
at seven sites to identify the extent of ground ice in the areas that were identified as ice rich or had large
ice bodies during the 2016 and 2017 drilling. Seismic refraction testing was carried out at km 4.5 of the
proposed alignment and at the unloading area to estimate bedrock depth in the areas that were not
accessible by a track-mounted drilling rig.
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Table 25. Description of soil along the proposed railway line established from samples taken during Hatch 2016 geotechnical
investigation. Note: the text and photos are taken from (Hatch 2017a) (Hatch 2017b)

km 0 to km 20: Sand with trace to some gravel, silt and cobbles.
Km 20 to km 54: Sand and silt matrix. Silt content increases from approximately 14% at 20 km, to
approximately 34% at 54 km. A large ice body was encountered at approximately km 27 and km 47
(following image shows a sample taken at km 47, from 1.5 to 3.0 m depth).

km 54 to km 58: Sand or sand with silt from the surface to termination depth (4.5 m), bedrock was not
reached in any of these investigations.

km 58 to km 78: No boreholes were drilled due to a lack of access to the borehole locations and
weather-related constraints.
km 78 to km 90: Silty sands with some gravel. Visible excess ice observed as individual ice inclusions

km 90 to km 96: Sand with silt and trace to some gravel. Ground ice observed at approximately km 92,
km 94 and km 96 at a depth of 6 m, 5.5 m and 7.5 m respectively.

km 96 to km 100: Sand with silt, trace to some gravel, cobbles and boulders. The ground is
ice-rich at km 96 with ice body encountered at two boreholes drilled in the area.

km 100 to km 105: Overburden is sand and gravel with some silt, cobbles and boulders. Some excess
ground ice was encountered past km 103 of the rail alignment.

8.3

Design Basis

Note: The information in this section is from “Railway criteria and Design Rational” and “Geotechnical
Design Basis” reports submitted to BIM by Hatch in November 2017 and July 2019.
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The effect of railway construction on the thermal regime of permafrost is an important factor affecting
the future performance of a railway. To ensure that the disturbance in temperature will not lead to
excessive thawing and deformation, the following temperature thresholds are considered during the
design:
The temperature within one metre below embankment should be kept below -3 °C (Line A in
Figure 71 )
The temperature within one metre below the cut slopes should be kept below -2 °C (for ice-rich
layers) and 0 °C for ice poor layers (Line B and C in Figure 71 ).

Figure 71. Temperature threshold below typical railway cut (image taken from (Hatch 2018))

These criteria are used during thermal analysis. The measurements from thermistors installed during the
2006-2007 investigation were used to calibrate the thermal model.
Another important factor that needs to be taken into account is climate change. As discussed earlier, an
increase in air temperature is expected in the Arctic. To ensure that the change in air temperature is
reflected in the design, the mean temperature increase suggested by IPCC 2014 under RCP4.5 is adopted
for the thermal analysis of this project. Table 26 shows the mean temperature increase for different
periods of time used for analyzing the thermal regime under an embankment. The numbers in this table
show the increase relative to the 1986-2005 baseline period.
Table 26. Mean temperature increase (relative to 1986-2005 baseline) used for thermal modelling (Hatch 2018)

Period

Temperature increase (oC)

Dec – Feb

3.8

Mar – May

2.7

Jun – Aug

1.9

Sept – Nov

3.5

In addition, for foundation design, the design loading pressure of 380 kPa for the permafrost temperature
from -4 °C to -7 °C, and 560 kPa for the permafrost temperature of -7 °C and below were considered.
These values are based on the ultimate resistance bearing capacity of frozen ground, from Russian code
SNiP 2.02.04-88, with a factor of safety of 2.5. A summary of design criteria is presented in Table 27.

National Research Council Canada

89

Table 27. Design criteria summary (Hatch 2017c)

The operating speed for all loaded or empty train will be 60 km/h and the design speed will be 75
km/h.
Typical heavy haul diesel electric locomotives (3,280 kW) with 33 tonne axle loads will be used on the
line.
Typical standard gauge gondola ore cars with a practical capacity to carry 108 tonne iron ore with a
tare weight of 22 metric tonnes or 32.5 tonnes axle loads will be used.
Standard gauge (1435 mm or 56.5”), 136 lb/yd, continuously welded rail will be used for track
construction. The rail shall be 136RE for both mainline track and yard track.
Untreated hardwood No. 1 ties (178 mm x 229 mm x 2.6 m) with 540 mm spacing and fastenings
Pandrol “e”-clips with 18” Victor tie plates will be used.
The primary usage is for transporting crushed iron ore from the mine site loading facility to an offloading facility at Milne Port.
The ore trains will be unit trains dedicated to ore traffic configured to remain as a complete train-set
throughout the operation cycle with at least one locomotive at each end.
Operate 2 train sets of 80 cars and 2 locomotives. Required car fleet is 168 ore cars and 5 Locomotives
(1 spare/exchange locomotive and 8 spare cars). One locomotive (3,280 kW) at each end of the train.
The train design length is 900 m.
The rail traffic controller software modelling suggested the location of a siding close to km 56,
providing a clearance of 900 m, fit for maximum train length of 80 cars.
Level crossings without road access will be constructed to allow refuge for hi-rail trucks, the distance
between them should not be more than 10 km.
Unevenness of the natural ground level will be smoothed out with backfill of varying thickness.
The ballast shoulder will vary from 300 mm to 600 mm depending on the curve radius to provide lateral
support for the continuously welded track.
To prevent road accidents from interfering with rail operations, the rail centreline will be offset 15 m
from the Tote Road centreline where the track and the road are at the same grade.
A nominal radius of 500 m as the rule and an absolute minimum of 230 m as an exception for
horizontal curves.
Spiral lengths of horizontal curves are designed based on AREMA.
Minimum tangent track between spirals of reverse curves is 20 m.
A ruling grade of 1.5% for loaded ore trains; exceptional grades of 3.0% for empty ore trains.
The hydraulic design for culverts and bridge structures for this project is based on 1 in 200 years return
flood period.
No. 9 lateral turnouts will be used. Track ties along mainline turnouts shall be steel ties in accordance
with an AREMA No. 9 turnout.
To assist the caribou in crossing over the track, a total of 11 crossings has been included in the design.

8.4

Proposed railway line

Note: The information in this section is from “Baffinland Iron Mines Corporation Mary River Expansion
Project, Geotechnical recommendations for North Railway” report submitted to BIM by Hatch in April
2019.
A railway line is proposed to be constructed between the Mary River Mine and the Milne Port. This line
will be approximately 110 km long and will follow the exiting Tote Road for the most part with some
deviation in the middle to avoid passing through undesirable foundation conditions as well as steep
inclines and declines (Figure 72). This design is intended to take advantage of the ice-poor subgrade along
Tote Road which has shown a satisfactory performance over the years. The railway line will pass through
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a fairly cold continuous permafrost (temperatures below -8 °C and -10 °C at depths over 10 m). The
boreholes have indicated that the depth of permafrost in this site could extend to approximately 500 m
with an active layer ranging between 0.5 and 3 m. There will be 4 bridges and 450 culverts along the
proposed railway line.

Figure 72. Location of proposed railway line relative to existing Tote Road (image taken from (Hatch 2017a))

8.4.1

Embankment design

To design an embankment for the proposed railway line, an attempt to minimize the cut and fill volumes
and the disturbance of the native soil was made. In addition, passing through ground ice or ice-rich
permafrost was avoided as much as possible. According to the latest design, 84 km out of 109 km of the
railway line is constructed on embankment fill and the rest is located on an excavation cut. The
embankment may be constructed over a cut through bedrock, cut through ice-poor or ice-rich soil, or fill
on ice-poor or ice-rich foundation. Depending on the foundation situation, the composition of the
embankment will vary, but generally it consists of ballast, subballast, rockfill, thermal insulation,
geotextile, and subgrade soil or bedrock. The particle size distribution of the materials to be used to
construct the embankment is presented in Table 28.
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Table 28. Particle size distribution for different layers of embankment taken from (Hatch 2017c)

Type 12 Fill
Sieve size
(mm)

Percentage
finer (by
weight)

1000
600
300
150
19
4.75

100
95-100
50-100
0-80
0-30
0-10

Ballast

Type 26 Fill-Sub ballast

Sieve size
(mm)

Percentage finer
(by weight)

Sieve size
(mm)

Percentage finer

73
63.0
53.0
37.5
26.5
19.0
13.25

100
90-100
40-70
10-30
0-5
0-1
0

50
13.2
4.75
1.18
0.0475

100
60-80
20-45
0-15
0-5

(by weight)

Sections on excavation cut
Approximately 25.0 km of the proposed railway line will be located on an excavation cut where 7.5 km
will be on bedrock, 13.0 km on ice-rich soil and 4.3 km on ice-poor soil. The excavation will have a 1 V: 2 H
slope on the sides. The major concern about the construction on cut is the disturbance of the soil and
degradation of the permafrost. Therefore, the designers have performed an extensive thermal analysis
and investigated various climate scenarios and design configurations. To ensure that there will be no
permafrost degradation, a criterion of a minimum of -3.0 °C at 1 m below the base of the embankment, 2 °C at 1 m below the cut slope in ice-rich soil, and 0 °C below the cut slope in ice-poor soil is proposed
(see Figure 71). The results of a thermal analysis suggested that this criterion can be achieved by placing
a 100 mm thick high density polystyrene insulation layer under the railway embankment and a 50 mm
thick layer (placed between 300 and 200 mm of fill) on the side of the cut slope located on ice-rich soils.
The analysis suggested that no insulation will be required on the cut slope located on ice-poor soil.
However, it is recommended. The slope stability analysis suggested that the proposed design can meet
the design requirement. Additional analysis found that the rebound of the excavated areas due to
unloading was insignificant. Figure 73 to Figure 75 show typical cross-sections in a cut.
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Figure 73. Typical cross-section, cut in granite rock (Hatch 2019).

Figure 74. Typical cross-section, cut in ice-poor permafrost (Hatch 2019).

Figure 75. Typical cross-section, cut in ice-rich permafrost (Hatch 2019).
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Sections on embankment fill
A major portion of the proposed railway line, approximately 84 km, will be constructed on embankment
fill. The embankment will have 1.5 H: 1.0 V slope and its height will vary depending on the topography of
the site and could be up to 26.0 m high (Figure 76). An extensive analysis was performed to identify the
thaw and creep settlement of the embankment on ice-poor and ice-rich permafrost. The maximum total
settlement of the embankment will depend on its height. For instance, a 17 m high embankment
constructed on an ice-rich soil may experience up to 1.1 m of settlement and a 15 m high embankment
constructed on ice-poor soil may experience up to 350 mm of settlement during 20-year design life. The
thermal analysis also suggested that the proposed design will not result in any permafrost degradation
beyond what has previously occurred within the active zone (approximately 1.5 to 2.0 m below the
existing ground).
The following two strategies are proposed to mitigate the settlement of the embankment:
Careful construction planning that prioritizes high embankments to exploit the early settlement
under load before the final layer; and
Preloading of the formation will be managed by considering the use of construction equipment
and road vehicles where appropriate.

Figure 76. Typical cross-section-fill

8.4.2

Culvert design

To ensure adequate drainage, 450 culverts will be placed under the proposed railway embankment. The
main challenge of having culverts in a cold region is that in addition to water, they allow the passage of
hot and cold air, facilitating the heat exchange of the surrounding soil. This may impose the risk of
permafrost degradation during the summer. An extensive thermal analysis was performed to determine
the temperature regime near the culverts. To ensure uniform deformation of an embankment near a
culvert, two sloped (1 V: 1.5 H) insulation panels should be placed and connected to a 100 mm thick
insulation layer placed just under the culverts. In the case of culverts beneath fill with a height less than 4
m, a 1.2 m sub-excavation is recommended below the culvert to place the insulation layer 1 m below the
culvert invert.
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9. State of permafrost research in Canada
This section presents the extent of permafrost research in Canada based on analyzing the number of
research articles and conference papers that have been published between 1963 and 2019. This analysis
was undertaken in Scopus (https://www.scopus.com/search/form.uri?display=basic). Scopus is the
world’s largest abstract and citation database of peer-reviewed literature, including scientific journals,
books and conference proceedings, covering research topics across all scientific and technical disciplines,
ranging from medicine and social sciences to arts and humanities.
We used the following search strategy in Scopus advanced search:
((TITLE-ABS-KEY(permafrost*)) OR (TITLE-ABS-KEY(frost PRE/0 (effect* OR heave OR heaving OR
susceptib*))) OR (TITLE-ABS-KEY(frozen PRE/0 (ground OR soil*)))) AND (SUBJAREA (engi OR
mate)) AND (DOCTYPE (ar OR cp OR re))
This strategy finds documents (journal articles, conference papers, and review articles) that have the word
“permafrost” in their title, abstract, or in keywords and fall within the “engineering”or “material
science”subject area. The search results were then used to find trends regarding the state of permafrost
research in Canada and around the world. This information is presented in Figure 77 to Figure 81.
Figure 77 shows the number of publications per country. The permafrost problem is a concern in the Arctic
region, and therefore it is not surprising to see China, US, Russia, and Canada to be among the top
publishers. China has significantly invested, in last few decades, to develop transportation infrastructures
in the Tibet Plateau, such as QTR. This has created a large number of opportunities for research and
development which is clearly reflected in the number of publications.

Figure 77. No. of permafrost-related publications per country

Figure 78 shows the history of permafrost research based on the variation of the number of publications
over the years. This figure suggests that since 2000, there has been an increasing trend in the number of
publications around the world. This could be attributed to the fact that since infrastructure development
in the Arctic is accelerating, countries are becoming more concerned about thawing permafrost and as
result are investing more in research and development. In Canada, however, the number of publications
show more fluctuation (Figure 79).
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Figure 78. Variation of No. of permafrost publications over the year (worldwide)

Figure 79. Variation of No. of permafrost publications over the year (Canada)

Figure 80 shows the number of publications produced by various research organizations in Canada during
the search period. Among the universities, Université Laval has the highest number of publications while
among government organizations, the Geological Survey of Canada has generated the highest number of
publications.
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Figure 80. No. of Canadian publications broken out by organization

Figure 81 shows the name of Canadian-based researchers who have authored five or more publications
during the search period. Readers should note the limitations of this list. It is solely based on the results
obtained from the search strategy defined above and is only related to permafrost engineering. There are
other researchers in Canada who have made a significant contribution in improving our understanding of
permafrost and their names may not appear in this list.

Figure 81. Canadian researchers with five or more publications
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10. Permafrost research gap
NRC AST contacted some of the country’s most experienced and distinguished researchers in the area of
Canadian permafrost. Their opinion about the most significant gap in the current state of knowledge
regarding the construction of transportation infrastructure over permafrost regions in Canada was
requested. Six of the 14 contacted researchers responded to our request, submitting their opinion via
email.
What follows is the list, in alphabetical order, of responses received, including the name and affiliation of
each individual. It should be noted that NRC AST has not edited the following text and it appears as
submitted.
Dr. Marolo Alfaro
Professor of Civil Engineering, University of Manitoba
“Long-term monitoring of instrumentation (temperature and movements) of transportation
infrastructure is needed to understand how climate warming impacts the performance of new
and existing infrastructure and the cost of maintaining them. The data would help in the design,
construction, and maintenance operations of the infrastructure.
There is a quick turnover of personnel (e.g. engineers, scientist, technologists) working in the
North who have good knowledge how to design, maintain, and monitor transportation
infrastructure.
Research programs are needed to help Canada with the capacity to manage infrastructure in the
permafrost regions in the context of a changing climate. Research projects will provide students
the opportunities to develop a specialized knowledge of cold regions engineering and climate
change issues. They will be particularly well positioned to tackle emerging engineering and
sustainability challenges associated with northern transportation infrastructure”.
Dr. Lukas Arenson
President and Member of the Board – Canadian Permafrost Association
Principal Geotechnical Engineer, BGC Engineering Inc.
“The construction of infrastructure in permafrost environments is challenging even in the absence
of climate change because any activity changes the ground thermal regime of the foundation
which then affects the mechanical properties of the sensitive ground. In addition, ground
conditions are often very heterogeneous, for example with respect to the ground ice content,
which means that those changes in the mechanical properties vary spatially and temporally, often
resulting in differential deformation of linear infrastructure, such as road or railway embankments
build on permafrost. Climate change adds a new level of complexity and uncertainty to the design,
construction and maintenance of northern infrastructure. Not only are parameters, such as air
temperature or precipitation, which are directly used for the design of transportation
infrastructure, affected by climate change, there are also new geophysical processes developing
that are occurring outside a typical right-of-way. Those processes, which are higher order effects
of climate change, are creating new and altered hazards to transportation infrastructure. Because
of the rapidly changing environment many of these hazards had not occurred in the past which
makes designing of infrastructure in permafrost environments very challenging. Specifically,
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changes in the hydrology and development of mass movements must be assessed and the hazard
potential evaluated. The complexity and uncertainties in how the permafrost environment is
reacting to climate change, thereby altering the hazards on infrastructure, is likely the most
significant gap in the current state of knowledge regarding the design, construction and
maintenance of transportation infrastructure in Canada’s permafrost regions.”
Dr. Kevin Biggar
President, K.W. Biggar Engineering Consulting.
“Not sure if it’s a knowledge gap, per se, but I see a lot of design and construction that does not
adequately take into account surface water management, and the need to keep both ponding and
running water away from road embankments.
Some of us do know about it, but it doesn’t seem to be well put into practice.
And as a corollary to this, ensuring there is adequate capacity to move water beneath roadways
during freshet, especially if culverts ice up can be another major problem, and can contribute to
the former.”
Dr. Adolfo Foriero
Associate Professor, Department of Civil and Water Engineering, Université Laval
“In my opinion one area that is not clearly understood in permafrost engineering concerns the
case of cyclic loadings that lead to cyclic stresses and strains.
Specifically continuous cycling: a) strain controlled cycling with relaxation of stress during hold
periods; and b) stress controlled cycling with creep during hold periods.
Basically this means a form of permafrost degradation under cycling loadings at changing
temperatures. This is needed in order to determine the life of a structure such as a railway track
resting on permafrost. Normally this is accomplished numerically on a computer with a histogram
for which stresses and strains have been obtained.
Basically it is a creep-fatigue interaction problem as a result of two external factors which are
cyclic loading and temperature changes. Of course all this leads to the evaluation of damage which
is made up of fatigue damage because of cyclic loading and creep rupture damage that occurs
during any hold times in the cycle. Design of structures resting on permafrost should address
these issues.
I am redirecting my research in this area at the moment. Unfortunately I don’t have the
equipment to run such tests, but I certainly will create a theoretical model in this area.
Finally, I’m a proud Canadian being born and raised in Canada, I want universities to add a course
in permafrost engineering in their undergraduate program as a mandatory course.
At the moment most undergraduate programs give one soil mechanics course, however these
courses are not geared for frozen soil regions. Hopefully university programs will understand that
a permafrost course is essential.”
Dr. Antoni G. Lewkowicz
Past-President, Canadian Permafrost Association
Chair, Canadian National Committee for the International Permafrost Association
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Chair, International Advisory Committee for the International Permafrost Association
Professor, Department of Geography, Environment and Geomatics, University of Ottawa
“For linear infrastructure projects over permafrost, such as railways, I think the most important
knowledge gaps relate to climate change impacts. These are:
(1) Predicting where and when permafrost containing excess ice (i.e. thaw-sensitive) will start
thawing during the design life of the new linear infrastructure.
a. The challenge here, apart from not knowing which RCP will be followed, is that
permafrost is highly heterogenous in terms of ground temperature and ground ice
content, as well as soil materials, and basic information about these characteristics
across Canada is still lacking. New airborne geophysical methods could help in this
regard for a given planned route but require further testing.
(2) Developing cost-effective designs that can cope with the projected thawing, either by
postponing its start through proactive ground cooling techniques, or by implementing
enhanced maintenance reactively during the decades when thaw is likely to impact the
infrastructure.
a. It’s not clear to me that we know how to build infrastructure that would be resilient
to the thaw of ice-rich permafrost and if the degree of warming that is currently
projected for northern Canada during this century materializes, such thaw is
inevitable over most of the mainland. I do not know of any solutions other than rerouting and this may be impossible if thawing is widespread. Railways are particularly
challenging given generally lower tolerances for differential settlement and much
more difficult maintenance than for a gravel road. Although there is considerable
expertise on railway construction over permafrost in China, I do not think that they
have yet had to confront widespread thaw.”
The following response was received from a geotechnical engineering specialist:
“In response to your question “what is the most significant gap in the current state of knowledge
regarding the [design and] construction of transportation infrastructure over permafrost regions in
Canada?”, I am not sure there are “significant” gaps in our knowledge regarding the design and
construction of linear transportation infrastructure.
Research by Universite Laval at Beaver Creek, the construction of the Inuvik – Tuk highway, design
and construction of the Wha Ti all season road provide examples of research and application of
research to linear transportation in permafrost terrain.
In terms of performance of these facilities, where there is distress, it is most likely not the result of a
poor design or lack of research but lack of application of the knowledge that we already have. For
example, shallow slumping of road embankments induced by ground warming due to plowing snow
onto the shoulders of the road embankment and not throwing the snow well away from the
shoulders.”
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11. Proposed future work
The review of literature presented in this report showed that there is a long history of railway construction
in permafrost regions around the world, however most of these lines were constructed at a time when
climate change was not considered as a major concern. QTR is a more recent example of railway design
and construction in a permafrost region in which future climate warming is considered. This line has been
extensively studied by researchers in China and the results from long term monitoring are published in
various peer-reviewed papers and articles. This information provides a great understanding regarding the
interaction between railway tracks and permafrost and is useful as guideline for the design and
construction of railways in the permafrost regions of Canada. However, permafrost behavior is strongly
affected by site-specific characteristics and thus a solution that worked in the case of QTR may not
necessarily work in Canada and vice-versa. Therefore despite the availability of a tremendous amount of
information, a universally applicable standard does not exist and further research and development for a
specific route under consideration would be required. As mentioned in the research gap section of this
report, there is still limited understanding regarding the extent of the impact of future climate on
permafrost degradation and consequently on the performance of transportation systems. While there is
limited knowledge on railway construction on permafrost, there is a long history of constructing all-season
roads in permafrost regions in Canada. Several sections of these roads, located in different areas of
Canada, have been fully instrumented and their performance has been studied over the long term. As a
result, there is a strong foundation for permafrost-related research within Canadian universities. In fact,
some of Canadian researchers are world-renowned for their contributions in enhancing knowledge in the
area of permafrost studies.
In the author’s opinion, the research in the area of “railway on permafrost” requires a collaboration
among researchers with expertise in the area of permafrost engineering, railway engineering, and climate
scientists. In addition, this collaboration should take advantage of existing capabilities within different
government departments and agencies and academia to accelerate research in this area. Following are
several examples of research topics proposed by the author of this report:
-

-

-

-

Studying the implications of climate change on permafrost degradation at different regions across
northern Canada using the most recent climate models and evaluating its impact on the cost of
developing new railway lines and maintaining existing ones.
Investigating the proper embankment height and width and the optimized size of rock aggregates,
ballast, and subballast particles to preserve permafrost below the embankment. There have been
a lot of simulations and in-field studies in this area, however testing various configurations under
controlled laboratory conditions would provide a basis for a route-optimized design. The NRC’s
large climatic chamber enables testing of large-scale models under various climatic conditions.
Investigating the most suitable types of track components for railway construction in northern
Canada including rail, ties, fastening systems, etc. The types currently used in Canada’s rail
network may not necessarily be sufficient for the extremely cold temperatures of the north. The
research may involve testing components under controlled laboratory conditions.
Investigating proper rail neutral temperature for constructing continuously welded rail in the
north to minimize the risk of rail breaking.
Testing train braking systems under extreme cold temperature.
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-

-

-

Simulating vehicle/track interaction under various permafrost degradation conditions (various
track surface deformations) and determining the allowable speed under different
heave/settlement amounts.
Investigating the use of distributed sensing technologies such as fibre optics to monitor
permafrost temperature and embankment temperature at various depths.
Investigating the potential of emerging technologies such as satellite data and unmanned aerial
vehicle (UAV) to monitor ground condition during site selection, construction, and operations
stage.
Evaluating the potential of ground penetrating radar installed on revenue-service trains to
continuously monitor permafrost conditions under railway embankments.
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